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ABSTRACT. Two scparate scts of laboratory experiments were performed to study
the changes produced by deposit-feeding organisms in marine sediment and overlying
water chemistry. The organisms used: Clymenella torquata, a sedentary tube dweller,
and Yoldia limatula, a mobile subsurface deposit feeder, are representative of two im-
portant and distinctive deposit-feeding groups. Both species produce radical changes
in pore-water profiles of Fe and Mn and increase the sediment-water flux of these
metals. Clymenella did not feed during the experiment. Alterations of pore-water pro-
files compared to controls in this case are best explained by changes, brought about
by burrow construction and irrigation, in the geometry of molecular diffusion in secdi-
ment. A non-steady-state radial-diffusion model is used to characterize transport
geometry. On the other hand, Yoldia limatula is highly mobile, and pore-water trans-
port in its presence can be characterized by a non-steady-state, composite-layer model
in which an effective or biogenic diffusion coefficient acts in the zone of feeding, and
molecular diffusion controls transport in underlying sediment. Pore water and flux
data show that the eflective biogenic diffusion coefficient for pore-water transport by
Yoldia is ~1 X 10— cm?/sec. Modeling of interstitial metabolites and solid phase
properties also shows that Yoldia increases the rate of microbial metabolic activity
and associated reactions in sediment, but that alteration of eflective diffusion rates is
most important in controlling pore water profiles. Control experiments indicate that
HPO,= and HCO,— are consumed near the sediment-water interface by adsorption on
Fe-oxides and oxidation of sulfides respectively. CaCO, is also dissolved in the same
region, at a rate of ~9 mg/g sediment-yr, producing a Ca** maximum in pore
water. These abiogenic reactions are largely masked in the presence of Yoldia by
increased biogenic diffusion. Solid-phase Mn profiles typical of natural deposits are
found to form on time scales of a month and to be influenced by Yoldia in accor-
dance with the chemical hehavior expected for Mn and the changes in transport caused
by Yoldia. Production rates of dissolved Mn are 2 to 4 times higher in the presence
of Yoldia than in its absence. The transport of particles and pore water during feeding,
burrowing, and irrigation of sediment by both Yoldia and Clymenella influences dif-
ferent pore-water and solid-phasc constituents to a variable degree consistent with
their individual chemistry. In general, the eflect of both organisms is to speed the
rate of transfer between chemical reservoirs while at the same time masking the
presence of specific reactions which would otherwise be expressed in stunding concen-
trations of dissolved ions in interstitial or overlying water.

INTRODUCTION
The influence of a given deposit-feeding species on sediment proper-
ties depends on its taxonomic group, size, mobility, life habit, particle
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size selectivity, depth and rate of feeding, and the population densities
in which it normally occurs. In this study, two species, representing two
very different and important functional groups of marine deposit-feeding
organisms, have been examined in the laboratory for their effects on
selected aspects of chemical diagenesis near the sediment-water interface.

One of these species is Yoldia limatula, a siphonate, protobranch
bivalve which occurs commonly in shallow sub-tidal muds off the north-
east coast of North America (fig. 1A). The protobranchs are small (0.1-4
cm), highly mobile, and generally feed below the sediment-water inter-
face but within the top 2 to 4 cm (Stanley, 1970; Levinton and Bambach,
1975). They are conspicuous and abundant enough that a protobranch
species is sometimes used as a characteristic species in the classification of
bottom communities, for example, the Yoldia limatula-Nephtys incisa
community of Long Island Sound (Sanders, 1956). They are active, which
together with natural population densities of several hundred per m?
results in high rates of particle reworking in bottoms where these animals
are present (Rhoads, 1963; Young, 1971; Aller and Cochran, 1976). Be-
cause of this biogenic activity and the resulting changes in mass proper-
ties and physical stability of the bottom, protobranchs are thought to
play a significant role in determining the distribution of other organisms
(Rhoads and Young, 1970).

The other species investigated in this study is Clymenella torquata,
a maldanid polychaete which normally inhabits muddy sands along the
east coast of North America (fig. 1B). Maldanids orient vertically in the
sediment, ingest particles at depths from 10 to 30 ¢m, and pass them
vertically to the sediment surface (Mangum, 1964; Rhoads, 1967). In this
respect they are functionally representative of many deposit feeders that
orient and feed in a similar way. Clymenella is capable of reburrowing if

Py
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Fig. 1. A. Sketch of Yoldia limatula in feeding position, labial palps extended.
Unstippled region represents visually oxidized sediment. Arrows indicate direction of
particle transport. B. Clymenella torquata in tube. Unstipled sediment represents
oxidized zone; arrows indicate transport direction of particles.
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exumed but under normal conditions tends not to be highly mobile.
Maldanids are tube-dwellers; Clymenella constructs a permeable, lined-
tube of poorly sorted sand grains while other maldanids such as Maldan-
opsis may form less permeable, firmly packed tubes of mud. Maldanids
are common members of near-shore and deep-sea bottom communities.

Many of the effects of deposit-feeding organisms on sediment chem-
istry result from the changes that these animals produce in the trans-
port processes occurring in a deposit. These changes can be divided into
those predominantly involving the transport of either particles or fluid.
Feeding, burrowing, and construction activity influence particle trans-
port while fluid transport is aflected mostly by irrigation (for respiration)
and burrowing. Changes in selected aspects of average sediment chemistry
which accompany biogenic transport activity are investigated in this
study. Changes resulting from the formation of tube microenvironments
(Aller and Yingst, 1978) or indirect changes caused by synergistic inter-
action Dbetween macro- and microfauna are also considered but given
less emphasis.

Fe and Mn were chosen for special study for several reasons: (1) These
metals are believed to have a dominant role in determining the distribu-
tion and mobility of many other metals such as Cu, Zn, Co, and Ra
(for example, Goldberg, 1954; Krauskopf, 1956; Jenne, 1968). (2) Both Fe
and Mn are highly sensitive to oxidation-reduction conditions and the
presence of sulfide and are thereby particularly sensitive to diagenetic
processes involving the destruction of organic matter by O, or SO,=
reduction. Reactions of this type are especially rapid in the near inter-
face zone inhabited by benthos and can be expected to be influenced
by the activities of the animals dwelling there. (8) As a result of the con-
ditions mentioned above, Fe and Mn are present in suflicient concentra-
tions in sediment pore water to be readily measured without extensive
preconcentration.

In addition to Fe and Mn: NH,+, HPO,=, §O,=, pS, and alkalinity
were also measured in some cases. These constituents are useful indicators
of decomposition and metabolic processes, are potential reactants with
Fe and Mn, and are important nucrients. The similar sources (organic
material) but different reactivity and chemistry of NH,+ and HPO,=
also allow the tracing in certain cases of reactions involving their differ-
ential precipitation or other mechanisms of their removal, such as ad-
sorption.

METHODS

Experiments consisted basically of comparing pore water profiles,
sediment, and overlying water chemistry in seawater aquaria containing
animals, with aquaria in which macroorganisms were absent (controls).

Experiments with Yoldia limatla.—Yoldia limaiula and sediment
were collected at station NWC in Long Island Sound, 6 km south of
the New Haven Harbor entrance on October 21, 1975 (see Rhoads, Aller,
and Goldhaber, 1977). Samples of the upper ~10 cm of sediment were
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taken by grab and placed in polyethylene containers. Yoldia were re-
moved as they came near the surface of the samples and placed tem-
porarily into a holding tank. The wet sediment, which is > 75 percent
silt-clay, was then forcibly passed through a 1 mm sieve to remove other
macrofauna and large shells debris. No additional water beyond that
naturally in the sediment was added. This sieved sediment was homoge-
nized and placed as a 10 ¢m deep layer in each of two plexiglas tanks
having dimensions of 28.7 x 29.7 X 30.5 cm for width, length, and
height. The tanks were then carefully filled with water, 30 Yoldia added
to one tank, aerators inserted, and then the top partially sealed with a
glass plate. This was all completed on the same day as collection. Tem-
perature was subsequently maintained at 22°C. Collection site tempera-
ture at this time of year is ~17°C.

A sample of the starting sediment was taken and processed for pore
water analysis as follows. Sediment was packed into a 10 cm long section
of butyrate tubing (4.5 cn LD.), then squeezed using the method of
Kalil and Goldhaber (1973). Pore water was expressed first through glass
fiber filters followed by 0.45 um pore size Millepore filters directly into
plastic syringes without air contact. Water was analyzed for SO,=, NH, ¥,
HPO,=, alkalinity, Ca, Cl—, Fe, and Mn. (Si(OH), was also measured,
but the results will not be described in this report.) SO,= analyses were
made on 10 ml samples. A 10 ml sample was taken for alkalinity, Fe, and
Mn determination as follows. Immediately after filling of the sample
syringe the pore water was transferred through a short section of tygon
tubing into a 10 ml pipet. This pipet was drained directly into an acid-
cleaned and thoroughly rinsed 2 oz polyethylene wide-mouthed bottle;
total transfer time was approx 30 sec. Alkalinity titrations were then
made directly in this vial, and the samples acidified to pH ~ 1.5 to 2.
After sitting for at least a week following acidification, these samples
were analyzed for Fe and Mn as described under analytical techniques
below. No significant Fe or Mn blank or loss (recovery 100 = 1 or 2
percent for Fe and Mn respectively) is incurred by this method, if titra-
tion and acidification are performed within about 1 week after transfer
(Aller, 1977). Samples for HPO,=, NH,*, and Cl— were taken in 3 cc
syringes and analyzed as described below.

Overlying water in each tank was changed at approx 1 week inter-
vals. Water samples were taken by inserting a piece of Tygon tubing
below the water surface in each tank and drawing water directly into a
syringe. An inline filter holder was attached, and water filtered directly
through a 0.4 um pore size Nuclepore filter into acid-cleaned poly-
ethylene sample bottles. Water used for Fe and Mn determinations was
acidified to 0.1 N HCI] immediately. Filtered samples for HPO,= and
NH,+ analyses were placed in a refrigerator (4°C) and either analyzed
or fixed, in the case of NH,+, within 24 hrs. Samples for Cl— analysis
were titrated immediately.

After 6 weeks the tanks were drained and inserted directly into a
glove bag. The bag was pumped down with a vacuum pump and flushed
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with N, several times. Sediment was carefully removed at 1 or 2 cm inter-
vals by use of plastic spoons and placed in precut 10 cm sections of
butyrate tubing (4.5 cm 1D.). Yoldia were picked out during sampling,
although some may have escaped notice. The pH and pS were measured
by insertion of electrodes directly into the upper portion of the sample,
and the tube then sealed with end caps. A portion of sediment from each
depth was taken for H,O content and ATP determination. When all
intervals had been sampled and tubes sealed, the glove bag was opened,
and the samples were removed and placed into a refrigerator (4°C) for
storage prior to squeezing. Pore water was removed by the method of
Kalil and Goldhaber (1973), and samples treated as described previously.
Squeezing was completed within 12 hrs of sampling; sediment was
allowed to come to room temperature (22°C) before squeezing.

Experiments with Clymenella torquata.—Clymenella and sediment
from their natural habitat were collected at Calves Pasture Point, Barn-
stable Harbor on Cape Cod, Mass., and transported to Yale University,
New Haven, Conn. Collections during 1972 and 1973 showed that
these organisms were easily maintained alive in the laboratory for periods
longer than 6 months. All animals used in the experiments described
below were collected on June 29, 1974 and introduced to experimental
tanks within 1 day of capture.

The muddy sand from the collecting site was dried, sieved through
a 2 mm mesh sieve, then mixed with mud from New Haven Harbor
(Long Wharf), Conn. in a ratio of 15 parts sand/1 part mud in order to
increase the organic matter content of the sediment and raise the con-
centration of the elements measured to detectable levels in the sediment
pore water. Sediment layers 15 cm deep were deposited in small incre-
ments (to prevent graded bedding) in each of four plexiglas aquarium
tanks and covered with seawater for 12 days prior to the start of the
experimental run. These aquaria had dimensions of 33.3 X 29.1 x 33.3
cm for length, width, and height and were each connected by latex
rubber tubing to separate 50 { polyethylene carboys, the outside of which
were painted black (fig. 2). The carboys acted as seawater reservoirs for

Fig. 2. Plan view of tank set up used in Clymenella experiment. H; = holding
tanks, T; = aquaria, F; = refrigerating units, WB = water bath (stippled), PP =
pump. Path of water circulation is shown only for tank 1.
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each tank, and water was continually circulated hetween the reservoir
and its associated tank using a centrifugal pump (no metal parts in water
contact) and a gravitational return. Sheet-like flow over the sediment
surface was maintained by using perforated, pyrex glass tubes at each end
of the tank for uptake and return of water. Salinity of the seawater was
in the normal range found in the Barnstable Harbor collection area
(see Aller and Yingst, 1978). Both the carboys and aquaria were sur-
rounded by a water bath which kept the temperature at 19 + 1°C. The
entire system was placed under a polyethylene tent to prevent contamina-
tion by dust.

After an initial equilibration period of 12 days, the water over the
tanks was changed. Water was then circulated and monitored for pH,
Cl-, HPO,=, NH,*, Fe, and Mn for an additional 2 week period in
each tank. At the end of this 2 week period, tanks 1 and 2 were desig-
nated controls, and tanks 3 and 4 designated to receive Clymenella; tank
2 was drained at this time, and the sediment cored using a PVC coring
tube. The core was immediately placed in a glove bag, and the bag
flushed repeatedly with N,. The core was then extruded in 1 cm intervals
into specially constructed plastic squeezers made {rom syringes. These
squeezers were sealed and then mounted into vises, and pore water
mechanically squeezed out directly through 0.4 um pore size Nuclepore
membrane filters, which had been previously flushed with N,, into 3 cc
syringes. Syringes were weighed, and pore water expressed into 10 ml
volumetric flasks where it was immediately acidified with 0.1 ml of HCI
and diluted to 10 ml. Syringes were reweighed, and the amount of pore
water obtained by difference. Great care was taken to prevent air con-
tact with pore water during handling and squeezing prior to acidification.
This minimizes loss of Fe due to oxidation and precipitation (Troup,
Bricker, and Bray, 1974).

On the same day that tank 2 was sampled, 30 Clymenella torquata
(a matural density of 300/m? comparable to the collection site) were
placed in both tanks 3 and 4; tank 1 continued as a control tank. Over-
lying water was sampled during the following 2 week period at the end
of which tanks 1 and 3 were cored and sampled as described above for
tank 2. Cores taken in tank 3 were positioned to avoid burrows. Sedi-
ment from tank 4 was not sampled.

Analytical techniques—pH was determined by direct insertion of a
rugged, combination electrode into either a sediment or overlying water
sample after standardization of the electrode in 7.414 buffer followed by
rinsing. Measurements of pS were made by insertion of a standardized
Ag.S electrode (Berner, 1963) into sediment using the Ag/AgCl portion
of the pH electrode as reference. In the case of sediment, these measure-
ments were made directly in the glove bag by passing the lines through
a sealed port in the side of the bag. The portion of sediment in which
the electrodes were inserted in the squeezing tubes was eventually re-
moved just before squeezing during the emplacement of glass fiber filters
and squeezing caps.
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All Fe analyses were made with the colorimetric reagent Ferrozine
using a modification of the procedure of Stookey (1970); samples were
not boiled but were reacted at room temperature for 1 hr prior to color
development. Mn analyses were made using three different methods:
formaldoxime colorimetric method (Goto, Komatsu, and Furukawa,
1962), a modified leuco malachite green colorimetric method (Strickland
and Parsons, 1969; Aller, 1977) and atomic absorption spectrometry.
Intercomparison of these methods on tap water and standard rock sam-
ples gave results within 5 percent of one another. Formaldoxime was used
for analysis of Mn in all overlying water samples, leuco malachite green
for pore water Mn samples in the Clymenclla experiment, and atomic
absorption was used for pore water Mn analysis in the Yoldia limatula
experiment. All HPO,= determinations were made using the molybdate
method (Strickland and Parsons, 1969; Presley, 1971). NH,+ was analyzed
by use of the phenolhypochlorite method after initial fixing with phenol
(Solérzano, 1969; Degobbis, 1973). C1— was determined by AgNO, titra-
tion using chromate or starch-fluorescein indicators. Alkalinity was deter-
mined by titration with 0.1 N HCIl (Gieskes and Rodgers, 1974). SO,=

was analyzed gravimetrically following precipitation of acidified samples
with BaCl..

Estimates of percentage of organic matter were made by ignition of
sediment at 475°C (~12 hrs) after drying to constant weight at 100°C.
Percent H,O was determined by drying sediment to constant weight at
80°C.

Mn determinations were made on aliquots of ashed sediment by
heating for 24 hrs in 12 N HCI] (80 ml), taking to near dryness, picking
up in 0.2 N HCI, and filtering through Whatman 42 paper. The result-
ing leachate was diluted to known volume and analyzed for Mn by use
of AA.

ATP analysis was done on wet sediment by J. Yingst. Sediment sam-
ples, with and without the addition of standard, were extracted in boiling
bicarbonate buffer (Christian, Bancroft, and Wiebe, 1975), and ATP
leached from the samples was determined by reaction with luciferin-
luciferase (luminescence assay). Extraction efliciency was determined using
the standard addition; average yield and total precision for this analysis
are 108 = 24 percent (Yingst, 1978).

RESULTS

Yoldia experiment, sediment description.—The sediment surface in
the tank containing Yoldia was flocculent and watery (table 1) compared
to the control. Protobranchs are known to increase the water content of
fine-grained sediment during reworking (Rhoads and Young, 1970;
Young, 1971).

Except for some very minor disturbance by meiofauna, the control
tank maintained surface features that were formed when sediment was
laid down in each tank. In comparison, the Yoldia tank surface sediment
was composed of gently sloping fecal mounds and loosely aggregated
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pellets with no hint of the original flat surface. In section, the control
tank sediment was capped by an orange-yellow oxidized layer 0.3 to 0.4
cm in depth underlain by black colored sediment. The color stratigraphy
of the Yoldia tank was similar, except that the surface yellow zone was
2 to 3 cm thick.

Yoldia experiment, pore water—Analytical results of pore water
and solid phase analyses in the Yoldia and control tanks are listed in
table 1 and graphed as depth dependent concentration profiles in figures
3 and 4; initial values, when available, are usually graphed for com-
parative purposes. Differences between Yoldia and control tanks are
subtle in some instances but dramatic in others. Sulfate profiles show
definite depletion of seawater sulfate with depth in both tanks; normal-
ization to Cl— does not significantly change this observation. The Yoldia
tank has slightly higher sulfate concentrations in the upper 5 cm and
slightly lower values from 5 to 9 cm depth interval compared to the
control, but these differences are not analytically significant. Decreasing
SO,= is mirrored by decreasing p$S values with depth in both tanks, with
slightly lower pS below 5 cm in the Yoldia tank than control (table 1).

Associated with decreases in sulfate are increases in interstitial con-
centration of alkalinity, ammonia, and phosphate (fig. 3). These trends

TanLE 1
Yoldia tank experiment: pore water and sediment

_________ Pore Warer e oo Sediment
Depth zuzo pH pS c1” Alk 304= .\'H“+ HPOA: Ca Mo Fe Ignition ATP Mn
(cm) ) (meq/l) (@)  (uM)  GM) (mM)  GM) (M) loss(X) (wg/g)(ng/g-ash)
Control
0-1 61.6 7.45 - 0.539 4,45 28.3 62 5 10.75 33.5 1.1 5.99 0.503 694
1-2 57.0 7.14 - 0.534 4.80 27.3 135 20 11.56 72.8 55.9 6.08 1.67 589
2-3 56.2 7.03 - 0.526 5.47 26.5 208 34 11.92 91.0 91.5 6.30 1.32 600
3-4 54.2 7.02 - 0.515 6.11 24.3 256 49 11.83 105 61.8 6.52 1.43 620
4-5 S4.4 7.15 14.2 0.509 7.49 23.6 372 86 10.78 109 7.31 6.35 0,685 631
5-7  54.2 7.27 12.4 0.501 8.28 23.5 420 97  10.36 101 4,28 6,47 0.812 615
7-9  53.8 7.40 13.2 0.494  8.93 22.3 497 112 9.82 81 2.9 6,37 0.23 603
Yoldia
0-1 6.3 7.16 - 0.546 3.07 28.5 63 6.9 10.12 17.5 0.91 6.23 0.552 647
1-2 60.3 7.19 - 0.543 3.60 28.1 133 20 10.09 48.9 4.06 5.92 1.84 538
2-3 56.6 7.15 - 0.534 4.15 27.0 183 32 10.39 61.3 4.62 5.89 1.29 608
3-4 53.4 7.27 - G.519 4.21 25.2 290 65 9.40 67.5 2.3 5.65 1.01 605
4-5 53.7 7.36 12.5 0.515 5.94 24.1 374 90 9.31 74.4 2.1 6.44 1.51 607
5~7 53.5 -7.35 11.5 0.505 6.74 23.5 453 114 9.25 69.2 2.1 6.33 1.50 637
7-9 53.5 7.37 11.9 0.493 7.48 22.2 507 113 8.75 66.4 1.8 6.17 1.34 596
Initial Values
- - 7.49 % 0.457 3.72 22.8 217 65.2 8.89 73.5 1.7 (5.92) - 617

* not measured
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are predictable results of nutrient regeneration resulting from the de-
composition of organic matter during sulfate reduction (for example,
Richards, 1965; Goldhaber and Kaplan, 1974). Alkalinity concentrations
are lower at all depths in the tank containing Yoldia than in the control.
The profile in the Yoldia tank shows a break in concentration gradient
at ~3 to 4 cm, while the control tank profile is slightly bowed from a
smoothly increasing profile to lower values in the region from 2 to 4
cm, yielding a profile shape similar to that present in the Yoldia tank.
The ammonia profiles are similar in both tanks, but some distinct differ-
ences do occur. Above 3 cm, NH,+ concentrations are the same or lower
in the Yoldia side than the control, below 8 cm the Yoldia tank invariably
has higher concentrations. This results in a slight break in the depth
trend of concentration at ~3 cm in the Yoldia tank. Phosphate concen-
trations show the same trends and differences between tanks as does
ammonia, except a definite bowing or concavity in the profiles of both
tanks can be noticed above 4 cm.

Dissolved Mn profiles are similar in shape in both tanks in the
sense that in both the concentration of Mn increases to a maximum at
4 to 5 cm and then decreases below that interval. The tanks differ in
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Fig. 3. Porc water sulfate, alkalinity, NH,*, and HPO,= profiles from Yoldia experi-
mental tanks. Control tank = dashed lines; Yoldia tank = solid lines, dotted profile;
starting value = large dots.
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that Mn concentrations are lower at every depth in the tank containing
Yoldia than in the control (fig. 4; table 1).

In the same way, dissolved Fe profiles are similar in basic depth
trends: increasing to a maximum followed by decreasing concentration
at depth, but concentrations are higher in the control (fig. 4; table 1).
This is especially true in the region of the maximum value from 2 to 3
cm, where dissolved Fe is dramatically higher in the control.

Like Fe and Mn, Ca in the control increases to a maximum concen-
tration at a depth of 3 to 4 cm then decreases below that interval (fig. 4).
Ca values have been normalized to Cl— to show that Ca increases beyond
seawater Ca/Cl ratios (~0.0187) at all depths in the control tank and in
the upper 3 cm in the Yoldia tank.

The depth dependence of pH differs considerably in the two tanks
(fig. 4; table 1). In the control, pH reaches a very low minimum value
of 7.02 at 3 to 4 cm with sharply increasing values above and below.
pH is relatively low and constant in the upper 3 cm of the Yoldia tank
and then increases abruptly at 3 to 4 cm followed by a slower increase
with depth.

Yoldia experviment, solid phase properties—The distribution of or-
ganic matter differs in the two tanks and, in both, underwent change
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Fig. 4. Pore water Ca, pH, Mn, and Fe profiles from Yoldia experimental tanks.
Control tank = dashed lines; Yoldia tank = solid lines, dotted profile; starting value
= large dots.
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Fig. 5. ATP and ¢, organic matter profiles from Yoldia experimental tanks. Con-
trol tank = dashed lines; Yoldia tank = solid lines.

from the initial value (fig. 5; table 1). In the Yoldia tank the organic
matter profile was changed from initially constant with depth to one
that decrcases steadily from a surface maximum to a low at 3 to 4 cm,
then jumps to a higher value which is maintained to depth. This higher
value at depth is greater than the initial starting value. The control tank
increases, below the interface, to a relatively high value similar to that
found below 4 c¢m in the Yoldia tank.

ATP distribution (no correction for yield, see Methods) is similar in
the upper few centimeters in the two tanks but shows distinct differences
below 3 cm (fig. 5; table 1). In the Yoldia tank ATP reaches a local mini-
mum at 3 to 4 cm and then increases to a relatively constant level inde-
pendent of depth. The control profile reaches a slight maximum in the
second cm and then decreases steadily to depth. No ATP values for the
homogenized starting sediment were measured; typical ATP profiles at
the sediment collection site are given in Yingst (1978).

Solid phase Mn (fig. 6; table 1) underwent a radical redistribution
in the sediment during the 45 day experiment. Again, similarities and
differences can be found between the tanks. Both have maximum Mn
concentration in the top 0 to 1 em, minimum levels at 1 to 2 cm, and
then mild increases to a second maximum at depth followed by a de-
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Fig. 6. Solid phase Mn profiles in Yoldia experimental tanks. Coutrol tank =
dashed lines; Yoldia tank = solid lines.
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crease in concentration at the lowest sampling interval. Mn concentration
profiles differ in that at most sampling intervals Mn is lower in the
Yoldia than the control tank and that the interval in which the second
maximum occurs is deeper in the Yoldia tank than control.

Yoldia experiment, overlying water—A number of differences were
found in overlying water properties and chemistry of the two tanks. The
water in the Yoldia tank was continuously turbid throughout the experi-
ment, and the sediment surface could not be seen from above. In the
control, the overlying water was clear at all times.

Time dependent change in the concentration of total alkalinity,
ammonia, phosphate, and Mn is plotted in figure 7, and additional data
given in table 2. Plots are discontinuous at intervals, because water was
changed at that time. In general, NH,+, HPO,=, and Mn concentrations
increase after each water change. The rate of increase after each succes-
sive change decreases throughout the experiment in both tanks so that,
in the case of Mn, little change occurs in overlying water concentrations
toward the end of the experiment. The amount of increase of NH,+

10 5
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Fig. 7. Alkalinity/Cl—, Mn, NH,*, and HPO,~ concentrations in overlying water of
Yoldia experimental tanks with time. Control tank = open triangles, dashed lines;
Yoldia tank = open squares, solid lines; source water used in each water change =

open circles.
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and Mn is greater in the tank with Yoldia than in the control, but
HPO,= increase is often greater in the controlL

Changes in alkalinity levels of overlying water differed in general
trends from NH,+, HPO,=, and Mn. At all times alkalinity decreased
after each water change in the Yoldia tank, the magnitude of the decrease
decreased through time. In the control tank, alkalinity decreased at first,
then increased during all successive time intervals but at a decreasing
rate. No associated change in Ca/Cl concentrations were found (table 2).

Clymenella experiment, pore water—Pore water concentration pro-
files of both Fe and Mn underwent radical change in the presence of Cly-
menella. Prior to addition of animals, both metals had pore water concen-
trations that increased steadily with depth (fig. 8; table 3); this increase can
be roughly approximated by a simple straight line. Comparisons of tank 2
with tank 1 data show that control tank profiles of dissolved Fe and Mn
remained relatively stable over the 14 day period between samplings,
but there is a tendency for somewhat lower values in tank 1. After addi-
tion of Clymenella in tanks 8 and 4, pore water concentrations became
low at depth and high near the interface compared to the control tanks
(fig. 8). Fe reaches a maximum in the second an, while Mn continues to
increase or stay the same in the top one cm. The deepest sampling inter-
val, 9 to 10 cm, indicates that pore water values begin to increase again
below that depth.

The measured dissolved Fe concentrations are high but not out of
the range found in naturally accreting sediments (Bricker and Troup,

TABLE 2
Yoldia tank o . 1vi .
oldia tank experiment: overlying water

Sample Sample time

e (“fzﬁ:n;:‘;r ) Alk(meq/1) Ca )
lative days source  Yoldia  Control source  Yoldia Coutrol source  Yoldia  Control
days) water water water

[ 0 0.521 2.60 9.18

3.6 3.6{change) 0.520 0.523 2.20 245 8.98 8.96
4.6 1.0 0.521 0.524 2.48 2.65 9.08 9.06
6.9 3.3 0.524 0.528 2.24 3.05 9.13 g.18
15.9 12.3{change) 0.536 0.529 1.96 5.02 9.41 9.58
33.9 18 (chauge) 0.559 0.546 2.43 4.58 9.86 10.2
44.9 11 (end) 0.548 0.540 2.74 3.66 9.91 9.91

s 0 HPO, " (1) M ()
source Yoldii Control source Yoldia Control source Yoldia Control
water water water

0 0 0.0 3.23 <0.14

3.6 3.6 (change) 50 32 3.92 4.79 3.63 1.18
4.6 1.0 18.8 9.98 3.72 3.74 1.0 <0.14
6.9 3.3 30.3 15.9 5.46 8.40 1 <0.14
15.9 12.3(change) 70 32 4.17 10.1 3.2 <0.14
33.9 18 (change) 30.8 5.9 3.54 6.33 0.16 <0.14
44.9 11 (end) 11 0.7 3.6 5.0 0.13 <0.14
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1975; Troup, 1974; Aller, 1977). Mn concentrations are well within the
range found in natural sediments. The Fe/Mn ratio of ~100 is higher
than the 10 to 20 found normally in sediment pore waters from Barn-
stable Harbor (Aller and Yingst, 1978), probably as a result of the addi-
tion of sediment from New Haven Harbor.

pH showed a decrease with depth in all tanks, and the average pH
in both the control and Clymenella tanks also increased with time. In
the presence of Clymenella, however, pH increased beyond the control
values in the top 5 cm of sediment (fig. 9).

Clymenella experiment, overlying water—Cl— concentrations in the
overlying water remained relatively constant throughout the experi-
mental period; a minor increase in chlorosity of ~0.015 M (8 percent of
starting value) took place over the 29 day period of measurement due
to evaporation. There is no significant difference between tanks (table 4).

The pH of overlying water decreased from ~8.2 to ~7.4 in all tanks
during the experimental run. The pattern of change is similar in all
cases (fig. 10; table 4).

HPO,= decreased initially in all tanks and remained at constant low
values in control tanks 1 and 2. After addition of Clymenella in tanks
3 and 4, HPO,= increased and then dropped slightly in the last sampling
(fig. 10; table 4).

NH,+ was low and essentially constant or decreasing in each tank.
Following the addition of Clymenella in tanks 3 and 4 a radical increase
in NH,*+ concentration in tank water took place (fig. 10; table 4), and
this increase continued, but at a decreased rate, until the end of the
experiment.

Dissolved Fe and Mn (= 0.4 um) were initially near or below the
detection limits for the analytical methods in all tanks. They remained

TABLE 3
Clymenella tank experiment: pore water results
pH Fe (uM) Mn (M)
Tank 1  Tank 2 Tank 3 Tank 1 Tank 2 Tank 3 Tank 1  Tank 2 Tank 3
Depth (control (control {Clymenella (control (control (Clymenella (control {(control (Clymenella
(cm) t =29) t=15) t = 29) t=29) t=15) t = 29) t =29) t=15) t = 29)
duplicate cores

0-1 7.00 6.96 7.22 7.20 122 310 1190 4.0 4.6 22
1-2 6.93 6.89 7.22 7.24 657 757 2010 4.2 4.6 20
2-3 6.93 6.85 7.15 7.26 962 1340 160 5.3 9.5 2.7
3-4 6.93 6.83 7.00 7.15 1650 1060 110 11 13 2.4
4-5 6.92 6.82 6.96 7.04 1750 1574 150 14 16 2.7
5-6 6.91 6.80 6.%4 6.95 1650 2220 39 14 16 <1.8
6-7 6.91 6.80 6.93 6.92 1950 2150 20 16 20 <1.8
7-8 6.89 6.78 6.91 6.89 2170 2600 9 18 24 1.8
8-9 6.89 6.76 6.91 6.90 1770 2360 160 21 29 1.8
9-10 6.88 6.72 6.90 6.90 - 3010° 636 - 22 6.0
10-11 6.88 6.72 6.87 6.89 - 3800 - - 25 -
11-12 6.83 6.63 - 6.85 - - - - - -
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low in the control tanks, but after addition of Clymenella to tanks 3 and
4 both Fe and Mn in overlying water increased (fig. 11; table 4). Like
HPO,=, dissolved Fe decreased in the last sampling period after an
initial large jump in concentration. Mn, like NH,¥, continued to in-
crease.

DISCUSSION

Pore water and sediment chemistry profiles in the experimental
tanks result, like their natural counterparts, from competition between
transport and reaction processes. These processes will be examined first
for the mobile deposit feeder (Yoldia) experiment, and then results and
interpretations compared with the sedentary tube-dweller (Clymenella)
experiment.

Decomposition reactions in tank sediment.—Many of the observed
changes in pore water chemistry and sediment color distribution in the
Yoldia experiment are consistent with the decomposition of organic
matter in tank sediment by sulfate reducers (see Richards, 1965; Gold-
haber and Kaplan, 1974). The reactions can be described in a general
way by the equation (Richards, 1965):

6(CH,0), (NH,), (H,PO,), + 3x(50,~) — 6x(HCO,~) + 6y(NH,)
+ 62(H,PO,) + 3x(H.S) (1)

The stoichiometry of C/N/P (x/y/z) in the metabolized fraction depends
on the stage of decomposition and may vary as a function of depth and
time in sediments (Sholkovitz, 1973). In the free state and at normal
pH values of sediments, reaction products are present predominantly as
NH,+, HPO,=, HS—, and HCO,~ (Berner, Scott, and Thomlinson,

Fe (mM) Mn (M)
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Fig. 8. Fc and Mn pore water profiles from tanks 1 (dashed lines), 2 (solid lines),
and 3 (dotted lines) of Clymenella experiment. Clymenella present in tank 3.
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1970; XKester and Pytkowicz, 1967, Goldhaber and Kaplan, 1975).
Anaerobic remineralization reactions other than sulfate reduction must
also take place in tank sediment, but these are probably less important
under the experimental conditions and will be generally ignored in this
discussion.

Depth dependence of decomposition reaction rates.—The rate and
depth dependence of organic matter decomposition and therefore the
production of interstitial metabolites in a deposit is related to the
quantity of metabolizable organic matter present in a given depth inter-
val (Zobell and Anderson, 1936; Waksman and Hotchkiss, 1938). In the
case of decomposition of organic matter by SO,= reducers, rates are
known in many instances to decrease sharply with depth (for example,
Zobell and Rittenberg, 1948; Oppenheimer, 1960; Sorokin, 1962; Gold-
haber and others, 1977). This decrease is thought to depend predomi-
nately on depletion of reactive organic substrate.

At station NWC, where sediment was collected for the Yoldia experi-
ment, the rate of sulfate reduction decreases exponentially with depth.
The rate (22°C) can be approximately described in the top 10 cm by the
expression: R = 129 exp (—0.33x) mM/yr (Aller and Yingst, in prepara-
tion). In the experimental tanks, sediment was thoroughly homogenized
before beginning the experiment so that both quality and quantity of
organic matter were initially constant with depth. This means that, to a
first approximation, the initial rates of sulfate reduction or production
of NH,+, HPO,~, HS—, and HCO,~ (~ alkalinity) can be assumed con-
stant with depth. Such an assumption is important in the interpretations
of the profiles given later.

Reactions associated with the production of dissolved Fe, Mn, and

Ca will be discussed as required.

pH
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Fig. 9. pH profiles from tanks 1 (dashed lines), 2 (solid lines), and 3 (dotted lines)
of Clymenella experiment,
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TABLE 4
Clymenella tank experiment: overlying water
Time Tank 1 Tank 2 Tank 3 Tank 4
(days) Measurement (Control) (Control) (Clymenella) (Clymenella)
0 pH 8.16 8.16 8.16 8.16
1™ ) 0.488 0.490 0.486 0.491
HPO, = (1) 1.39 1.39 1.39 1.39
NH;(uM) 1.22 1.22 1.22 1.22
Fe (uM) < 0.05 < 0.05 £ 0.05 < 0.05
Mo (uM) < 0.14 < 0.14 < 0.14 £ 0.14
9 pH 7.60 7.62 7.68 7.62
c1 ) 0.490 0.487 0.489 0.491
HPO, = (1) 0.09 0.16 0.17 0.17
NHZ*'*'(;JM) 0.92 - - 1.29
Fe (j1) < 0.05 < 0.05 <0.05 < 0.05
Mn (M) < 0.14 < 0.14 < 0.14 < 0.14
15 pH 7.80 7.80 7.92 7.78
c1 M) 0.496 0.497 0.497 0.497
HPO, = (M) 0.13 0.17 0.22 0.07
NH4+(UM) 1.00 0.57 0.84 1.35
Fe (M) 0.16 £0.05 0.13 0.14
Mo (M) < 0.14 < 0.14 < 0.14 < 0.14
16 Add Clymenella to tanks 3 and 4
22 pH 7.53 - 7.38 7.38
c1 (M) - - - -
HPO, ™ (M) 0.19 - 0.54 0.47
NH, + () 0.76 - 22.4 15.6
Fe (yM) 0.11 - 6.21 0.20
Mo (M) < 0.14 - 0.22 0.20
29 pH 7.40 - 7.39 7.38
cl ) 0.502 - 0.507 0.503
HPO,= (uM) 0.10 - 0.51 0.43
N, * (M) 0.82 - 26.1 18.9
Fe (uM) 0.11 - 1.95 5.17
Mn (uM) < 0.14 - 0.51 0.40
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TABLE 5
Solubility products at 25°C and 1 atm for selected compounds
Solubility
Reaction product Reference
++ = -34,6
Mn3(P04)2°3H20 Z 3Mn + ZPO4 + 3H20 10 )
. o> ++ = -36.0
Fe3(P04)2 8H,0 ¥ 3Fe = + 2P0, + 8H,O 10 (2)
Fe§ rrett 4 5 107173 3)
mackinawite
Fe,S, % sret™ + 357 + 5° 107182 (3)
FeS Zre 45T 107169 (3)
amorphous
MnS Tt 45T 10778 (&)
alabandite
Mn$S T 45T+ s° 10720-6 &)
hauerite
FeCO, 2re™ 4+ co” 107102 (5)
3
siderite
MnCO v+ co3= 107104 (6)
rhodochrosite
CaCo zcatt 4+ co,” 1078+42 ¢
. 3
calcite
CaCo z a4 co, 1078:23 (8)
aragonite
(1) Nriagu and Dell, 1974 - AG; data (5) Singer and Stumm, 1970
(2) Nriagu, 1972 (6) Morgan, 1967
(3) Berner, 1967 (7) Jacobsen and Langmuir, 1974
(4) Mills, 1974 - Acg data (8) (1.48 x k calcite) e.g.

Berner, 1976a
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Evaluation of equilibrium controls on tank pore water profiles—
Adsorption reactions involving ions such as NH,+ and HPO,= or the
formation of specific solid phases may contribute to the form of the pore
water profiles and magnitude of the observed concentrations. The likeli-
hood of equilibrium controls on sediment pore water chemistry in the
Yoldia tank experiment can be evaluated by calculating the state of
saturation with respect to a range of pure solid phases likely to form.
The less complete pore water data available for the Clymenella experi-
ment do not allow similar determinations in that case.

To calculate dissolved ion activities both nonspecific and specific
(ion pairing) effects must be taken into account; techniques for doing
this are outlined in detail by Garrels and Christ (1965) and Berner (1971).
In the present study, a computer program developed and written by
R. Holdren (Holdren, 1977) was used for calculation of activities. Ion
pairing for HCO,—, CO,=, SO,=, H,PO,—, HPO,=, HS—~, OH-, CI-,
H+, Na+, K+, Cat+, Mg++, Fet+, and Mn*+ is calculated using ac-
cepted values for association constants at 25°C (for example, Sillén and
Martel, 1964; Morgan, 1967), the choices of which are discussed in detail
by Holdren (1977). The formation of complexes with organic material is
ignored. Activity coefficients are estimated using the extended Debye-
Huckel equation for the appropriate ionic concentrations. This results in
an error of ~ 10 to 20 percent which becomes insignificant compared to
other uncertainties such as the value chosen for the K, of a given phase.

Charge balances for the data are = 0.1 percent in the Yoldia tank
and —0.1 to 0.5 percent in the control assuming Mg/Cl, Na/Cl, and
K/Cl ratios of seawater. The calculated y;’s (total activity coefficient in-

TABLE 6
Yoldia experiment pore water: log (IAP/K) for selected phases
Reddingite Vivianite Mackinawite Greigite Alabandite
Hn3(POA)2'3H20 Fe3(P04)2‘8H20 FeS FeBSI‘ MnS
Depth Yoldia Blank Yoldia Blank Yoldia Blank Yoldia Blank Yoldia Blank
0-1 -5.83 -4.62 =7.74 -7.17 - - - - - -
1-2. -3.50 -3.09 -4.77 -1.46 - - - - - -
2-3 -2.87 -2.59 -4.28 ~0.59 - - - - - -
3-4 -1.82 -2.09 -4.28 -0.78 - - -~ - - -
4-5 -1.22 -1.24 ~3.93 -2.77 -1.4 -2.6 -0.70 -1.9 0.23 -2.9
5-7 -1.12 -0.96 -3.72 -3.09 -0.40 -1.0 0.30 -0.3 1.20 G.46
7-9 -1.11 -0.82 -3.87 -3.20 -0.10 -2.0 0.60 -1.3 -1.6 -0.43
Rhodechrosite Siderite Calcite Aragonite
HuCO3 FeCO3 CaCO3 CaCO3
Depth Yoldia Blank Yoldia Blank Yoldia Blank Yoldia Blank
o-1 -1.27 -0.55 -2.58 -2.06 ~0.22 0.26 -0.39 0.087
1-2 ~0.73 -0.48 ~1.82 -0.60 -0.12 0.021 ~0.29 -0.15
2-3 -0.60 -0.43 -1.74 ~0.43 -0.078 -0.017 -0.25 -0.1%
3-4 -0.43 -0.32 ~1.9% -0.55 -0.010 0.023 -0.16 ~0.15
4-5 -0.15 -0.093 -1.72 -1.27 0.25 0.20 0.075 $.033
5-7 -0.13 0.038 -1.67 -1.34 0.29 0.35 0.12 0.18
7-9 -0.079 0.11 -1.67 -1.36 0.34 C.49 0.17 0.32
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cluding ion pairing) by the model are, for example, 0.16 to 0.17 for
Fe++, 0.11 for Mn++, and 0.21 to 0.22 for Ca at tank conditions and
are within the expected range (Berner, 1971).

Selected reactions involving some of the solid phases likely to form
(see Berner, 1967, 1970; Rickard, 1969; Sholkovitz, 1973; Bray, 1973;
Troup, 1974; Norvell, 1974; Holdren, 1977) and a representative Ky, for
each are given in table 5. Saturation indices (log JAP/K;) for individual
depth intervals are calculated and listed in table 6. Errors in calculation
are largest in the cases of phosphate phases where K’s are questionable
(for example Nriagu, 1972; Nriagu and Dell, 1974; Tessenow, 1974)
and in the cases of sulfides where measurement error of pS is probably
large. Pure end member phases, particularly for the Fe, Mn-phosphates
and carbonates, are unlikely as well. Within this context, several con-
clusions can be made. (1) Dissolved Fe is controlled by equilibrium with
variably stable sulfides below ~4 c¢m depth in both tanks. (The greigite
calculation assumes saturation with respect to elemental sulfur). This is
consistent with the black color of the sediment, the known occurrence
of Fe-sulfides in NWC sediment (Berner, 1970; Aller, 1977), and the rela-
tive stabilities of Fe-sulfides, phosphates, and carbonates in the presence
of measurable sulfide. In the control tank, a zone of near saturation with
respect to vivianite and siderite occurs just above the sulfide zone, but
otherwise Fe concentrations in this near interface region are probably
controlled by reaction kinetics and transport as discussed later. (2) Below
~4 cm depth, dissolved Mn is at saturation or supersaturation with re-
spect to several possible solid phases. Because of large uncertainties in
the reported Kg,'s for Mn-phosphates and sulfides, the formation of these
compounds in the tanks cannot be ruled out on the basis of pore water
chemistry alone. However, the closest correspondence of calculated IAPs
with theoretical solubility is found for MnCO, This is consistent with
the common geologic occurrence of rhodochrosite or solid solutions of
Mn, Ca carbonates (for example, Calvert and Price, 1970) and with a
number of field studies (Li, Bischoff, and Mathieu, 1969; Holdren,
Bricker, and Matisoft, 1975; Holdren, 1977; Aller, 1977). (3) Both calcite
and aragonite are undersaturated in selected regions near the sediment-
water interface of each tank. Saturation or supersaturation is reached
below ~4 cm. Because total alkalinity was used in the calculations, the
IAPs tend to be high. Similar saturation states are calculated using
the apparent dissociation constants for carbonic acid (Lyman, 1965)
and apparent solubilities of calcite and aragonite (Berner, 1976a) in
seawater. This gives added confidence to the model used hcre to deter-
mine activities.

Models of transport and kinetic controls—Simple transport-reaction
models can be used together with the equilibrium calculations to help
explain similarities and differences in the pore water and solid phase
properties of the Yoldia and control tanks. Of the pore water constituents
that were measured, NH,+ is the least reactive in terms of specific phase
formation, and its distribution will be considered first in order to sub-
stantiate or disprove assumptions about transport and decomposition in
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each tank. There is no net sedimentation during the experiment so that,
ignoring compaction, the NH,+ concentration, C(x,t), in pore water can
be described by the one dimensional diffusion-reaction equation (Berner,

1976D):

oC D 32%C Ry
ot 1+K ox? 1+K (2)
where:
t = time
x = dimension variable, origin at the sediment-water interface,
and positive axis into sediment
K = Langmuir adsorption coefficient for NH,+ in linear range
D = molecular diffusion coefficient modified for tortuosity; as-

sumed constant
Ry = rate of NH,+ production as a function of depth and time

Adsorption is included in the description because NH,* is known
to adsorb strongly to organic and clay particles (Mortland and Wolcott,
1965; Nommik, 1965). Rosenfeld (1977) has shown that, for marine sedi-
ments, adsorption of NH,+ is reversible and can be described by Lang-
muir isotherms. K ranges from ~1 to 2 (Rosenfeld, 1977).

As explained above, because of the homogenization of sediment it
will be initially assumed that Ry is constant with depth. Decomposition
experiments on sediments from NWGC show that Ry is unlikely to be a
strong function of time in a closed system over the length of the present
experiment as long as temperature is held constant (Aller and Yingst,
in preparation). Therefore Ry will be taken as a constant. Deviations
from these assumptions will be discussed as they become apparent.

Eq (2) can be solved using the initial and boundary conditions:

A. t=0, C=C,, 0=x=L
B. >0, G=Cyp, x=0

aC
G <ax >X:L =0

where
L = thickness of sediment to bottom of tank
C; = constant overlying water concentration
C, = initial homogenized concentration in sediment

Boundary condition (C) reflects the impermeable lower boundary of the
tank. The solution is obtained by a minor modification of the problem
solved by Nelson (1952) giving:

e 2 2
C=C, + R x (2L, )__IGRL- 2 e—(2n~1)27r‘Dr/4L'(1+K)Sin<(2n_1>ﬂx/2L)
zb Dm & (2n—1)3
n=1
4 [ee]
_ (CT _ C z e—(Zn—l) s Dt/tL (1+I\)51n<(2n_1>77_‘(/2]—_‘>
T n=1 (2n—1)

3
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The various constants can be obtained as follows. L — 10 cm as
defined and K ~ 1 (Rosenfeld, 1977). The diffusion coefhcient for NH,+
is estimated by taking the theoretical ratio: Dyyr+/Dgo,= at 22°C (from Li
and Gregory, 1974) and multiplying it by the Dgo,= (4 X 10%cm?/sec) cal-
culated for Long lsland Sound sediment (Goldhaber and others, 1977).
This gives a tortuosity corrected Dy, ~ 7.0 X 10—%cm?/sec — in reason-
able agreement with laboratory measurements (Rosenfeld, 1977). Charge
coupling during diffusion is ignored (Ben Yaakov, 1972).

A minimum Ry can be estimated by using the measured NH,+ con-
centration at 7 to 9 c¢cm, C, compared to the starting value, C,, to give
Ry/(1+K) ~ (C—C))/t with t = 45 days. A value of Ryx/(14+K) ~ 7.2 X
10—8 mM/sec is obtained. This is a minimum since the mean distance
influenced by diffusion in the tank is x = (2Dt)1/? = 7.4 cm in 45 days.
An independent check comes from decomposition experiments at NWC
which gave an average Ry/(1+K) for the upper 10 ¢m of sediment of
1.8 = 0.4 x 10-7 mM/sec (22°C) (Aller and Yingst, in preparation).
Since the grab sampler used to obtain sediment for the tanks may have
captured the upper portion of sediment in a somewhat different propor-
tion than exactly 0 to 10 cm, these Ry values can be considered to be in
good agreement.

Using Ry/(14K) = 7.2 x 10-8 (lower limit), the model generated
profile for t = 45 days is given in fig. 12A. The case where Ryx/(1+K)
= 8 X 10—% mM/sec is also graphed for even better agreement. Agree-
ment between the observed data and the simple production, adsorption,
and transport model is good indicating that the assumptions of the model
are reasonable and represent a basically adequate description of the
processes affecting NH,+ in the tank. Precipitation of NH,* as part of
an insoluble phase at depth in the tank would not be illuminated by
this treatment of the data. Slight changes in Ry near the interface do
not greatly affect the profile, while, as shown below, changes in D do,
so that the assumption of constant Ry need really hold only below the

. .
NH,  (uM) HPOR  (uM)

100 200 300 400 500 20 40 60 80 100 120

Depth {cm)

rearemanasapazelt®

10 :

Fig. 12. (A) Single layer, nonsteady-state diffusion-reaction model fit to NH,* pore
water profile of Yoldia experiment control tank. Control tank data = dashed vertical
lines. Model values: D = 7 X 10™° cm?/sec; R = 124 puM/d (144 X 10— pM/sec,
dotted line); R = 18.8 uM/d (16 X 10— yM/sec, solid linc); K = I, time = 45 days.
(B) Single layer model fit to HPO,= pore water profile of control tank. Model values:
D =26 X 10— cm?®/sec; R = 2.08 uM/d (24 X 10— yM/sec); K = 1; time = 45 days.
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upper few centimeters. The model is highly sensitive to values chosen
for D and K.

Phosphate data in the control tank were modeled in a similar way,
but with D = 2.6 X 10— cm?/sec (assume HPO,= form, estimate as for
Dyyn,) and R,/1+K, = 1.2 X 108 mM/sec estimated from the concen-
tration change in the 7 to 9 cm interval. No independent estimate of
HPO,= production other than that obtained from the tank is available.
K, is assumed to be ~ 1 for purposes of the present calculations; at
higher K,’s the fit becomes worse. The HPO,= data deviate strongly from
simple diffusion-production control as shown in figure 12B. The marked
upward concavity in the concentration profile presumably results from
interaction with Fe, either through precipitation as a distinct phase or
irreversible adsorption on oxides (Mortimer, 1941; Carritt and Goodgal,
1954; Li and others, 1972; Syers, Harris, and Armstrong, 1973; Parfitt,
Atkinson, and Smart, 1975). The Yoldia tank profile shows comparable
effects (fig. 3) but is complicated by reworking as discussed below.

It is possible to fit a similar diffusion-production curve to the Yoldia
tank NH,+ data as was done for the control using a slightly higher Ry,
but there are several clues that transport-reaction conditions are not the
same in the Yoldia and control tanks: (1) The flux of Mn out of Yoldia
tank sediment is three times the control tank during the first 3 days
when (9C/dx) Yoldia ~ (3C/x) control near the interface must roughly
be true (fig. 7; table 2). This means the effective diffusion coefficient for
Mn must be at least three times higher near the sediment-water inter-
face in the Yoldia tank than control or that Mn production rates differ
greatly between tanks. Since the precipitation rate of Mn is pseudofirst
order at high reactive-particle concentrations (Lewis, 1976) like that
present in the Yoldia tank, the discrepancy in flux must be even greater
when precipitation is considered. (2) Both the Mn and alkalinity profiles
in the Yoldia tank are lower in concentration level than the control
despite apparently higher rates of organic matter decomposition in the
Yoldia tank. These higher rates are indicated by slightly higher concen-
trations of NH,+, HPO,=, HS—, and ATP in Yoldia tank sediment
below 4 cm depth (figs. 3 and 4; table 1). (3) The dissolved Fe maximum
is greatly lowered in the tank with Yoldia compared to the control (fig.
4). (4) The dissolved Ca profiles differ between the tanks in the same way
as does Fe.

These differences, as well as similarities between tanks, can be ex-
plained by considering the effects of sediment reworking by Yoldia on
pore water distributions. Two distinctly different kinds of effects can
be expected: (1) changes that result from simply altering the rate of
transport of fluid and particles in the inhabited zone relative to under-
lying sediment, and (2) the effects of specific chemical reactions that result
when particles are transferred from one diagenetic zone to another during
reworking.

Alteration of transport mechanisms by the activities of Yoldia.—The
effect of reworking on transport in the Yoldia tank sediment can pre-
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sumably be described by a composite system where an upper zone has
an effective, biogenic diffusion coefhicient D, and a lower sediment zone
is controlled by a molecular diffusion coefficient D,. Because Yoldia is
mobile and its activities restricted to a thin zone near the interface, the
geometry of diffusion — unlike the case of the sedentary, tube-dweller
Clymenella (as demonstrated later) — can be adequately incorporated
into such an average vertical diftusion coeflicient. The use of a diffusion
analogue for biogenic reworking and of an average diffusion coefficient
in particular assumes that the sample of sediment taken at any given
depth integrates over a large enough area (or individual animals) to
eliminate heterogeneities in rates and depth of reworking (for example,
Hanor and Marshal, 1971; Aller, 1977). Using the same basic form and
assumptions as previously, the equations describing this composite system
are:

Zone 1, 9C, a°C,
0=x=1, ot D, ox? + R @)
Zone 2 aC, 32C,
’ = =D, ——=_ R,
=x =1, at D. ox? T R ®)

With initial and boundary conditions:

A t=0,C=C,0=x=1,
B.t>0,C=Cpx=0

C. D, <‘9C‘> —~ D, <8C‘2>,X:L1
ox ox

D.C,=Cy,x=0L1,

ox

For simplicity, linear adsorption has been left out at this stage; it may
be readily included by dividing both D and R in a given zone by the
appropriate factor (1+K). The values of R are constant in each zone
but may difter between zones. This allows for more general modeling
of the system.

The solution is obtained by method of the Laplace transform and
use of the inversion theorem:

=0,x=1,

Zone 1.
©)
s R, x? R,L, x R.x (L, — L,)
Ci=CG -5 +—p, D,
[v9)
D, <(; c, + >
) T = iV o .
\/ D, n:z P2
< I)nLl . P1|<L2 - I‘l) . an _P 2t
co \,,/*ﬁ; sin \/T sin v D, e

PHZ A,ll
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Where P, satisfy and are the n roots of:
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and A, is defined by:
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The steady state part of the solution has been separated and placed first
in the equations. At a time of 45 days only the first two to three terms
are needed for convergence of each series; in general, three terms were
used in the calculations presented here.

Pore water profiles in the Yoldia tank will be considered first.
Reasonable limits on the values of the various constants will be initially
estimated and then allowed to vary, if necessary, to obtain a better corres-
pondence between measured and modeled distributions. Based on the
size of the Yoldia present, the depth of the upper zone, L,, lies between
3 to 4 cm. L, is taken to be the minimum 3 c¢m. The ratio D,/D, can
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be estimated using the flux continuity condition (C) above and a linear
approximation to the concentration gradients around L, The NH,*
profile predicts D,/D, ~ 1.7, while the alkalinity profile (assumed present
as HCO,™) predicts D,/D, ~ 3.1. (In the upper zone, concentrations
were assigned to the midpoint of the sample intervals at 1.5 and 2.5 cn
and a line calculated to a depth of 3 cm; in the lower zone the concen-
trations at 3.5 and 4.5 cm were used). Taking D, for HCO,;— as 3 X 10—
cm?/sec and for NH,+ as 7 X 10—% am?/sec, an average D; ~ 1 X 10—3
cm?/sec 1s calculated.

An additional constraint can be placed on the value of D, based on
the initial flux of Mn from the Yoldia tank. This assumes that the pro-
duction rate of Mn is not dilferent at that stage of the experiment. If
the molecular Dy, = 2.4 X 10-% eam?/sec (estimated as previously for
Dyn, then D, > 7.2 X 10— cm?/sec.

Before fitting the data by use of eqs 6 to 9, the behavior of the com-
posite system in general will be examined. The effect of variation in
D,/D, is illustrated for the steady state case in figure 18A. Similar results
for slightly different composite systems have been presented by Vander-
borght, Wollast, and Billen (1977) and Hammond, Simpson, and Mathieu
(1975). It 1s obvious that even with biogenic mixing, reworking will not
noticeably alfect transport of that ion if D, ~ D,, but if D, > D,, the
concentration is lowered throughout the sediment column. The greater
the disparity between D, and D, for a given ion, other things equal, the
greater the effect of reworking on its entire profile. For example, NH,+
has a D, ~ 7 X 10-% cm?/sec, so that changes in its profile due to a
mixed zone of D; ~ 1 X 10—-3 should be subtle. D,/D, for HCO,~ in

HC 03 (meg/1)
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Fig. 18. Composite layer, steady state model showing effect of increasing diffusion
or reaction vates in a two layer system. L, = 3 cm, L, = 10 cm. (A) D, = 3 X 10—*
cm?/sec in all curves, R, = 0.116 meq/l/day (1.3¢ X 10—° meq/{/ sec) in all curves.
Curve a: DD, = 8 X 107° ecm?*/sec, R, = R.. Curve b: D; = 4.5 X 10—° cm?/sec, R, = R..
Curve c: D, = 9 X 10—® cm®/sec, R, = R,. Curve d: D, = 9 X 10—* cm®/sec, R, =
—2R,. (B) D, = D, = 3 X 10— cm?®/scc in all curves. Curve e: R; = R, (same as curve
a). Curve f: R, = 0.1 R, = 0.0116 meq/!/day. Curve g: R, = —R, = —0.116 meq/I/day.
Curve h: R; = —2R,. Curve i: Ry = —3R,.
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the same case is large, and the effect of mixing on its profile should be
correspondingly greater. This predicted difference is observed in the
data (fig. 3).

Changes in R, relative to R, do not influence the observed profiles
very much as long as L, is much less than L,, and R, and R, are both
positive (fig. 13B). When R, becomes negative, that is, the ion under
consideration is consumed uniformly in the upper layer, the profile can
become significantly affected without any change in diffusion coefficients.
In this case, the upper zone profile takes on an increasingly concave
shape, like that of the HPO,= profiles, as R, becomes greater than
| — 2R, | (fig. 18B). An example where both R, and D, differ from
D, and R, is given in figure 13A illustrating the effect of increasing D,
on the shape of the concavity produced by consumption in zone 1. The
curves where R, is 1/10 R, (fig. 13B) and D, = 3/2 D, (fig. 13A) demon-
strate that it is not possible to recognize easily changes in R and D near
the interface from the shape of profiles alone, although a significant
lowering of concentrations takes place in each instance.

Changing the functional form of R to R,e~** through the sediment
thickness does not alter the basic conclusions of the composite model.
In this case, a break in the concentration profile at the mixing depth
is harder to see, but the general lowering of concentration still takes

place. The steady state solutions, with the same boundary conditions as
above, are:

R, x R
f— — —al, 4 —_ p—Oax
C, =C; D.a e—ol, 4 D o (1 —e—ox)
(10
HCO_3 {meq/1)
18
o

(cm)

DEPTH

10

S L

c B

Fig. 14. Composite layer, steady state model showing effect of an exponentiaily
decreasing reaction rate in two layer system rather than constant reaction rates in each
zone as in figure 13. Iy = 8 c¢m, Ly = 10 em. R = R, exp (—ax), « = 0.33;
R, = 0.397 meq/i/day, R (0-10 cm) = 0.116 meq/l/day. D, = 3 X 10— cm?/sec in
all curves. Curve A: D, = 3 X 10— cm®/sec. Curve B: D, = 45 X 10— cm®/sec.
Curve C: D, = 9 X 10— cm?/sec.
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— R.L, —al R, —al
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T D im0t g <)

(11)
and solutions have been graphed for the case where « = 0.33, as found
normally for rates of sulfate reduction at NWC (Aller and Yingst, in
preparation), with R, evaluated so that the average R over 10 cm is
equivalent to the constant R, used in the previous examples (fig. 14).
The significance of the depth dependence of R in controlling the final
concentrations obtained is illustrated by comparison of the two examples
with R = constant and R = R,e—** (figs. 13 and 14).

The transient state solutions for the composite system (eqs 4-9) are
applied directly to the Yoldia tank NH,+, HPO,=, and HCO,~ (alka-
linity) data in figure 15. The values obtained at best fit are reasonable

NH; (M) HPOZ (M)
100 300 590 40 80 120
T e 1
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~ Fig. 15. Composite layer, nonsteady state model fits to Yoldia tank data. Values are
given in table 7. Alkalinity has been treated as though present entirely as HCO, ™.
Dotied line plot for Fe represents change in assumed lower boundary depth.
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within the limits discussed earlier. Adsorption constants of K ~ 1 are
assumed for both NH,+ and HPO,=. The values of D,, D,, R;, and R,
are listed in table 7. Model fits to control tank data are also shown (fig.
16). In the case of the control tank D, = D, has been assumed, although
porosity changes near the interface may result in slight increases in D;.
It is clear from the previous considerations and from concavities in the
HPO,= and alkalinity (~HCO,—) profiles that generally R, # R,. It
is also clear that R, is not constant with depth, but for simplicity con-
stancy will be assumed. Average consumption rates (R, < 0) for both
HPO,= and HCO,— were estimated by curve fitting as shown. L, =
3 to 4 cm was chosen as a reaction boundary in the controls based on
the form of the several profiles. NH,+ also appears to be consumed near
the interface in both tanks, due probably to nitrification, so that R, <
R, results in an even better fit in the control than previously found for
the single layer model (figs. 12, 16). HPO,= is apparently precipitated
in basal sections of the Yoldia tank.

NH; (uM) HPO;  (uM)

100 300 500 40 80 120

10

Fig. 16. Composite layer, nonsteady state model fits to control tank data of Yoldia
experiment. Values are given in table 7. Alkalinity has been treated as entirely HCO,—.
Dotted lines in the NH,*, HPO,;, and Alk plots represent single layer model predic-
tions, Dotted line plot for Fe represents change in assumed lower boundary depth.
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Several important conclusions can be drawn {rom the composite
layer modeling of NH,+, HPO,=, and HCO,~ pore water profiles. (1)
The effect of biogenic reworking by mobile deposit feeders on pore
water distributions can be represented in part by an eftective diffusion
coefficient acting over a fixed depth. In this case a value of ~ 1 X 10-3
cm?/sec was found. (2) Diilerent pore water constituents may be affected
to a greater or lesser degree depending on D,/D;. (3) Control tank profiles
demonstrate that consumption of HCO,—, HPO,=, and apparently
NH,+ takes place in the upper few centimeters. Alkalinity is probably
titrated during sulfide oxidation (see below), HPO,= presumably reacts
with Fe-oxides, and NH,+ may be consumed during nitrification. (4) The
modeling demonstrates that in the case of NH,+ and HPO,=, slightly
higher net production rates occur at depth in the sediment in the pres-
ence of Yoldia than in its absence. This is consistent with the higher
ATP values found at depth in the Yoldia than control tanks. Higher
production rates are masked in pore water concentrations by the trans-
port effects of Yoldia, adsorption, and possibly precipitation reactions.
Higher net production rates for HPO,= and HCO,~ are also found in
the upper few centimeters of the Yoldia than in the control tank, demon-
strating either increases in certain kinds of metabolic activity in the
presence of Yoldia or decreased relative rates of abiogenic reactions such
as HPO,= adsorption (figs. 15, 16; table 7). A lower net NH,+ produc-

TABLE 7
Model values for figures 15 and 16
Yeldia tank
constituent Ll LZ D1 D2 Rl Rz K
(em)  (em) @0 %m?/sec) (1078cm®/see) GM/day)  (uM/day)
e, 3 10 10 7 2 16.6 1
upo,” 3 10 10 2.6 0.2 3.1 1
ALK-HCO 3 10 10 3 130 100 -
ot 3 10 10 3 180 0 -
Fe™ (solid) 3 10 10 2.4 2.6 -1 -
Ftt (dotted) 3 4 10 2.4 2.6 -3 -
wt (sol1d) 3 10 10 2.4 12 -0.1 -
Mt (dotced) 3 10 10 2.4 13 0.1 -
Control tank
w,* (solia) 4 10 7 4 15.5 1
m{: (dotted) 4 10 7 13.8 13.8 1
HPOA_(solid) 4 10 2.6 -1.4 2.2 1
#EO, ™ (dotted) 4 10 2.6 2.08 2.08 1
A1k-HCO, (so1id) 3 10 3 -50 130 -
ALk-HCO, (dotted) 3 10 3 116 116 -
et 4 10 3 180 0 -
FeT (s011d) 4 10 2.4 8.7 -5 -
Fett (dotted) 4 s 2.4 8.45 _13 -
et 4 10 2.4 2.9 -0.05 -
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tion rate in the upper zone of the Yoldia tank compared to the control
may reflect increased nitrification in the former.

With regard to conclusion (4), stimulation of microbial metabolic
activity by macrofauna has been noted in several previous cases (for
example, Hargrave, 1970, 1976; Fenchel, 1970; Aller and Yingst, 1978).
The reasons given include: high turnover of bacteria due to grazing by
macrofauna, stimulation by mucus secretions, formation of favorable
habitats such as tube walls or fecal pellets, and the flushing of meta-
bolites from sediment by irrigation activity. In the present case, where
metabolic activity or biomass (ATP) is also apparently increased below
the feeding zone, the most probable effect of macrofauna is to lower
the concentration of some inhibiting by-product of metabolic activity
by the transport mechanism outlined above or to increase the supply of
a depleted nutrient (for example, a low molecular weight organic mole-
cule) available only in overlying water or sediment layer by the same
means. The effect would be most pronounced when D,/D, is large (for
example, fig. 13A).

Particle reworking and redistribution of organic matter—When ex-
pressed as a vertical diffusion coefficient, the rate of particle transport by
Yoldia has been shown by dimensional analysis of reworking data
(Rhoads, 1963) to be ~ 2 X 10—¢ cm?/sec for a feeding depth of 3 cm
(after Guinasso and Schink, 1975). This is much lower than the effective
biogenic diffusion coefficient of ~ 1 X 10— cm?/sec calculated above
for pore water. The discrepancy arises for several reasons: (1) Yoldia
pumps water for respiration into its mantle cavity. Although many
shelled animals would be effectively sealed from their environment (the
taxonomic effect referred to in the introduction), the relatively low
degree of mantle fusion in protobranchs together with the use of labial
palps helps to irrigate sediment with respiratory water during feeding.
Irrigation rates are volumetrically ~ 100 times greater than particle
reworking rates (Aller, 1977), so that even at low efficiency of exchange
out of the mantle cavity this will be an effective transport mechanism.
Pore water solutes presumably diffuse horizontally into the cavity where
respiratory currents advect them into overlying water. (2) Yoldia is
highly mobile. Burrowing does not result in a great deal of particle
transport relative to feeding but does greatly increase the exchange of
pore water as will be considered in detail in the case of Clymenella. To-
gether, burrowing and irrigation during respiratory pumping can easily
account for the increase in the ellective vertical diffusion coefficient be-
yond that accounted for by feeding alone.

One of the effects of redistributing particles during feeding can be
demonstrated by the percent organic matter (ignition loss) profiles (fig. 5).
Organic matter decreases from the interface to a minimum at 3 to 4 cm
in the Yoldia tank, then increases sharply, and remains relatively constant
below that depth. The increase at the surface presumably results {rom
the selection of small or organic-rich particles relative to ambient sedi-
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ment at depth (3-4 ¢cm) and placement of these particles at the interface
during defecation.

Based onn ATP data (fig. 5), these reworked sediment particles are
initially depleted in bacterial populations relative to deeper sediment or
are colonized by microbes having a different ATP/C ratio. This ATP
depletion in surface relative to slightly deeper sediments is also present
in the control tank. Both tanks, therefore, differ from mnatural, un-
homogenized sediment samples where ATP is commonly highest in sur-
face material (Yingst, 1978). This may reflect a true depletion of surface
substrate in the aerobic zone of the control (see lowered organic matter
values), an apparent decrease due to a maximum in microbial activity
around the macro redox boundary at I to 2 cm, or, in the case of the
Yoldia tank, a grazing phenomenon. In the latter case, a corresponding
minimum in ATP occurs at 3 to 4 cm, where particle extraction during
feeding takes place. The maximum ATP in between presumably re-
sults from recolonization of particles by bacteria and optimal growth
conditions along the macro redox boundary in the sediment. The de-
parture of the ATP profiles in both tanks from the typical exponentially
decreasing values found in nature supports the earlier assumption that
the distribution of organic matter substrate is a major control on
microbial activity and reaction rate distribution in sediments.

The reason for the increase of percent organic matter above the
starting value at depth in the sediment of both tanks is unknown. It
may result from an inaccurate measure of the starting value.

Effects of reworking on Fe and Ca~—The dissolved Ca and Fe con-
centration profiles in the control tank demonstrate the production of
these ions near the sediment-water interface (fig. 4). Cat+ production
presumably results from the dissolution of CaCO; — probably aragonite,
the most abundant shell debris {(see table 6 for calculation). On the other
hand, Fet++ formation is related to reduction of Fe-oxides (see Kraus-
kopf, 1957) or possibly oxidation of solid phase sulfides (see Stumm and
Morgan, 1970; Bloomfield, 1972) along boundaries (micro or macro) be-
tween oxidizing and reducing regions of sediment. Since sulfide oxidizes
at a lower Eh than Fe++, oxidation of dissolved sulfide alone will also
tend to increase Fet+ by mass action influence on the Fe-sulfide reactions
of table 5. This would occur over a restricted Eh range. Near the sedi-
ment-water interface Fet+ decreases rapidly due to diffusion and oxide
precipitation, while deeper in the sediment it precipitates as a sulfide
(table 6). Because oxidation of sulfide, oxidation ol Fe-sulfides, and sub-
sequent precipitation of Fe-oxides cause the production of acid, it seems
likely that the lowering of pH, the concavity in the alkalinity profile
(consumption), and the dissolution of CaCO, in the control tank are
intimately related to sulfide oxidation.

The rates of these production reactions can be estimated by use of
eqs 4 to 9 and the assumptions that production reactions are uniform
with depth and restricted to the upper 4 cm of the control tank. Diflusion
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coefficients were obtained in the way previously described. In the case
of Ca*++, a good correspondence is found between observed and modeled
profiles (figs. 15, 16; table 7). Supersaturation with respect to CaCO,
phases in the lower tank zone (that is, R, = 0) is consistent with observa-
tions in natural sediments (for example, Berner, Scott, and Thomlinson,
1970; see also Ben Yaakov, 1973, table 2 for illustration of this super-
saturation phenomenon even after precipitation). No correction for ad-
sorption was made as the model fit becomes worse; a low Cat+ adsorp-
tion coefficient would be consistent with the low monumnorillonite con-
tent of Long Island Sound sediments (for example, Rosenfeld, 1977).
The observed rate of dissolution could result in the loss of up to ~9
mg CaCO;/g sed/yr from the upper region of the sediment colummn,
assuming 50 percent water content.

The estimated Fe++ production rate in the control tank (8.7 uM/d)
is less accurate than that for Ca++ due to rapid precipitation above and
below the major zone of production (fig. 16). The average lower zone
precipitation rate (—5 uM/d) was estimated so as to cause the observed
decrease in Fet+ by a depth of 4 to 5 cm. If precipitation is assumed
to take place entirely in the interval 4 to 5 cm (that is, 9C/dx ~ 0 at
x = 5), then the precipitation rate required is —13 uM/d (table 7). This
represents an upper limit to the required rate. It should be kept in
mind that beneath approx 5 cm depth, equilibriuin, not kinetic, controls
apparently dominate. Because of the large error in the rate estimates,
no attempt was made to correct for adsorption. The calculated Fe++
production and precipitation rates are not unreasonably large with re-
spect to the sulfide available for precipitation as shown by sulfide produc-
tion rates. The average sulfate reduction rate for the sediment column,
estimated from the SO,= pore water profiles, is 31 uM/d.

In contrast to the control tank, there is only minor evidence of
Ca*+ or Fet+ production near the sediment-water interface of the tank
containing Yoldia. There are several ways in which reworking could
result in altered profiles. These relate both to changing the relative rates
of processes as well as the location of reactions in the sediment. (1) The
increased effective diffusion rate could prevent buildup of reaction prod-
ucts into distinct easily-detected concentration maxima. In fact, if the
production rates determined for the control tank are applied to the
mixed zone of the Yoldia tank (L, = $ cm, D, = [ X 10-%), the com-
posite model (eqs 4-9) predicts the observed Ca++ profile fairly well
(fig. 15; table 7) and the Fe profile with an additional minor decrease
in reaction rate (table 7). (Lower zone precipitation rates were estimated
in a similar way to the control (table 7)). Much of the difference in Ca
and Fet+ profiles between the tanks can therefore be accounted for
simply by increased transport. (2) During feeding, Yoldia places reduced
material obtained at depth onto the sediment-water interface. An in-
creased proportion of the sulfide oxidation occurring in the upper 3 to
4 cm of sediment now takes place at the interface where reaction products
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from oxidation or dissolution do not build up in pore water because of
diffusive loss. Once oxidized at the surface, particles are subducted
downward but with a critical change, their surfaces are oxidized so that
further oxidation of interior sulfides is lowered, and acid preduction
below the interface minimized. (8) The resulting higher pH of pore
water in the upper 4 cm and perhaps higher dissolved O, concentrations
should greatly increase the precipitation rate of dissolved Fe++. This
would lower the observed concentration of Fe++ further unless a corres-
ponding increase in production rate occurred. (4) Shell formation and
acid excretion by Yoldia may act to deplete Cat+ and HCO,— from both
interstitial and overlying water. Although HCO,~ does show lowered
values from those of the control, no depletion in Ca*+ is evident. This
suggests that processes in addition to shell formation are acting to main-
tain lowered alkalinity. This presumably is related to sulfide oxidation as
previously described.

These considerations demonstrate (as did the earlier modeling), that,
although reactions may be as or possibly more rapid in the Yoldia tank
than in the control tank, specific and nonspecific effects of reworking
can act to mask their presence. Reactions like CaCO, dissolution in
sediment from the Yoldia tank must be largely inferred from control
tank pore water profiles, knowledge of how Yoldia reworks sediment,
changes in overlying water chemistry, or separate experiments such as
determining the elfect of sulfide oxidation on alkalinity (for example,
Aller, 1977). In nature, scasonal temperature cycles can be used to
scparate temporally such biogenic [rom abiogenic effects. For example,
cores taken during winter periods (2°C) in Long Island Sound have
Cat+ and Fet++ profiles similar to those found in the control tank of
the Yoldia experiment. Cores taken during the fall, when macrofaunal
activity is the highest of the year, show Cat+ and Fe++ profiles like
those of the Yoldia tank (Aller, 1977).

Effects of reworking on Mn.—The relatively simple change in trans-
port regimes brought about by Yoldia has important effects on dissolved
and solid phase Mn distributions. These will now be considered.

Like Fet++, Mn++ s produced in sediment by the reduction of
Mn-oxides (Krauskopf, 1957), but, unlike Fe, oxidation of a reduced
phase is unlikely also to play a role. There is considerable evidence that
Mn reduction is metabolically linked to the decomposition of organic
matter (Mann and Quastel, 1946; Trimble and Ehrlich, 1968; Bromfield
and David, 1976). In field studies, for example, Mn production tracks
nutrient elements such as NH,+ (Aller, 1977; Holdren, 1977). Produc-
tion of Mn++, like that of a remineralized nutrient, may thercfore be
related to the quality of organic matter.

In the present case, it will be assumed that, mitially (like NH,*),
Mn is produced at a constant rate Ry, with depth in tank sediment and
that it is subject to the same kind of initial and boundary conditions
as described in eqs 4 to 9. Because it was shown earlier that Mn hecomes
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saturated with respect to a number of solid phases below 4 cm, at some
point after the stare of the experiment Mn concentration reaches a level
at depth where precipitation as a reduced phase becomes likely. For
illustrative purposes this phase will be taken as rhodochrosite for reasons
discussed earlier. .

I, for simplicity, a constant pH = 7.4 is assumed, and y, = 0.11 is
taken for Mn, then at saturation with respect to MnCO,:

Cany ~ 0.6/C 4

where Gy, = total concentration of Mn and C,, = total alkalinity,
assumed to be HCO,— 4+ CO,= only. Using this relation and the com-
posite layer model (eqs 4-9) it is possible to produce a time series of
Mn concentration curves in each tank. Both Mn and alkalinity are
allowed to increase with time in accordance with the transportreaction
conditions described by eqs 4 to 9. Depending on the values chosen for
D and R, at some time and depth in the sediment after the beginning
of the experiment, saturation with respect to MnCO, takes place. At this
time, C,y, becomes controlled by the equilibrium condition for rhodo-
chrosite at and below that depth (or a constant supersaturation due to
kinetic constraints on precipitation (for example, Holdren, 1977)). Be-
cause of its much greater abundance than Cyy, Gy, continues to increase
throughout the sediment column according to the kinetic model. Above
the depth where saturation is met, Mn concentration is still described
by the kinetic model as well, but now the lower boundary L, (3Cy./dx
= 0) is determined by where equilibrium contro] begins and becomes a
function of time.

For illustration of the equilibrium-kinetic model, only the control
tank will be considered quantitatively. Qualitative conclusions regarding
the Yoldia tank can be made readily based on the previous models. Dy,
and Dyeoy- (HCO,= is assumed dominant for transport modeling) are
estimated as done previously. Ry, near the interface of each tank was
determined by fitting the kinetic model (eqs 4-9) to the concentration
gradients in each case (fig. 16; table 7).

Using the values Ry, = 2.9 uM/d; Ry = —0.05 meq/1/d, 0= x
=3: and R, = 0.13 meq/1/d, 3= x =10 cm, a hypothetical time series
of Mn concentration profiles in the control sedinrent was generated and
is shown in figure 17. The time dependence of L, for Mn is not a serious
problem Dbecause of the relatively rapid attainment of a near constant
concentration gradient in the upper few centimeters which is fairly inde-
pendent of the L, values used. The basic features of the final Mn profile
at time of sampling the control tank are well described except that the
Mn maximum is at a lower depth and of somewhat higher magnitude
in the real case. This discrepancy is due in part to assuming a constant
pH throughout the tank in the model. The average rate of precipitation
of Mn required to sustain the Mn maximum is ~ —0.05 uM/d as shown
by direct application of the kinetic model (fig. 16, table 4). The advantage
of the composite kinetic-equilibrium model is that it probably reflects
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more realistically the successive changes in Mn profiles than a simple
application of the time independent kinetic model; that is, R, = 0.05
uM/d throughout the experiment.

The maximum in the dissolved Mn profile requires diffusion of Mn
both toward the interface and toward the tank bottom. This predicts a
redistribution of solid phase Mn (see, for example, Holdren, 1977), a
prediction substantiated by the measured solid phase Mn levels (fig. 6).
The time series of Mn pore water profiles suggests that a maximum ap-
peared only after a few weeks and that because of the nature of the
production distribution and the relative rates of Mn and alkalinity pro-
duction, once formed, the maximum Mn concentration rose rapidly from
the tank bottom to a depth of 4 to 5 an in just a few days. Ignoring
other reactions, the maximum theoretically would rise to a depth where
production rate is balanced by diffusive loss to the overlying water.

The flux of dissolved Mn to any part of the tank is determined by
9C/9x of the profile at a given time and depth; the modeled gradient
can be seen in figures 16 and 17 to decrease exponentially below the pore
water maximum. This predicts that most downward diffusing Mn will
be precipitated just below the maximum rather than at the tank bottom,
a prediction borne out by the solid phase distribution that shows the
lower solid phase Mn maximum occurring above the tank bottom (fig. 6).

Sediment reworking by Yoldia affects this pattern of Mn redistribu-
tion in several ways. Because biogenic diflusion induced by Yoldia is
greater than Dy, or Dy, the concentrations of both components are
lowered in pore water as demonstrated previously. This means that the
dissolved Mn concentration maximum will appear at the tank bottom

Mn (M) HCO, + CO, (megq/1)
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Fig. 17. Nomsteady state-cquilibrium composite model showing hypothetical se-
quence of pore water Mn and alkalinity profiles (assumed to behave as HCO, ™) which
may have occurred through time in the tanks. See text for detailed explanation. Upper
boundary value for alkalinity is changed after 14 days from the average for the first
14 days to the average value over time of experiment. I, = 8 c¢cm, L, = 10 cm. Dy, =
24 X 1075 Dyen,— = 3 X 107 cm?fsec. Ry, = 29 pM/day. R, (HCO,~) = 050
meq///day; R, (HCO,—™) = 0.130 meq/l/day. The starting values ave Cy, = 7385 uM
and Gy = 8.72 meq/l. ‘The appropriate times are indicated in the figure.
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later in time and that it will reside at a lower depth in the tank longer
than in the control hefore rising to a higher level such as 4 to 5 cm.
The result is that the solid phase Mn maximum should occur lower in
the Yoldia tank than in the control, and, in fact, it does (fig. 6).

Although the assumption of constant Ry, with depth explains many
of the features of the present experiments, it is clear that the Ry, values
of 2.9 and 12 to 13 uM/d (table 7), chosen for the control and Yoldia
tanks respectively, are minima. This can be shown by considering the
sediment interval 1 to 2 cm, where Mn concentrations dropped by 28
pg/g and 79 ug/g relative to starting values in the control and Yoldia
tanks during the experiment. This drop predicts an Ry, of 11 to 20
pM/day for that interval, using the appropriate water contents for calcu-
lation (table 1). The discrepancy between the estimate of Ry, from pore
water and solid phase Mn profiles may result for several reasons: (1)
The pore water gradient near the interface is not described adequately
by the equations used. (2) The second centimeter interval may have a
uniquely high Ry, resulting from the particular conditions, either
microbial or physical, that exist there. (3) Ry, may be a strong function
of time. In any case, the presence of Yoldia apparently rvesults in a higher
rate of dissolved Mn production than when it is absent. This is sub-
stantiated by both the solid phase measurements and pore water models
(figs. 6, 15; table 7).

The rapid redistribution of solid phase Mn during the 45 day period
of these laboratory experiments is consistent with field observations
where, based on #V['h (t,,, = 24.1 d) time scales (Aller and Cochran,
1976), it was shown that Mn profiles must form and reform on time
scales of the order of ~ 35 days (Aller, 1977).

Reworking increases the {lux of Mn out of the Yoldia tank as dis-
cussed previously. Because the overlying water was changed repeatedly,
Mn was removed from the system. The higher flux and higher suspended
particle concentration onto which precipitation took place in the Yoldia
tank resulted in a higher loss of Mn during water changes than in the
control. This explains the general lowering of Mn levels in the solid
phase of the Yoldia tank compared to the control (fig. 6). More impor-
tantly, it suggests that under natural conditions, Yoldia may help main-
tain a higher proportion of sedimentary Mn in the overlying water
than would occur in its absence,

The effect of a tube-dweller on pore water distvibutions—As in the
case of Yoldia. the experiment with Clymenella showed that the activities
ol this organisin have a major influence on interstitial and overlying
water chemistry (figs. 8-11). Clymenella did not feed during the experi-
ment, as evidenced by the lack of fecal mound formation, so that the
changes produced by these animals resulted strictly from burrow con-
struction, fluid transport associated with irrigation activity, excretion,
and alteration of microbial populations in the sediment rather than
particle transport during feeding. This means that although the experi-
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ment does not document fully the influence of Clymenella, it does allow
separation of fluid from particle transport effects on Fe and Mn. It also
allows comparison of the processes involved with those associated with
Yoldia.

Direct excretion of Fe and Mn by Clymenella is unlikely to be a
source of these metals for overlying or interstitial water (Aller, 1977).
Based on the control tank profiles, it also seems unlikely that microbial
activity alone can account for the pore water changes observed. The
interpretation accepted here is that the changes in Fe++ and Mn++ dis-
tributions produced by Clymenella are caused predominantly by tube
construction and irrigation.

Mangum (1964) showed that individual Clymenella pump from 50
to 100 ml of seawater/animal/day into and out of their burrows for
respiratory purposes. This rate lies well within the range reported for
other infaunal deposit feeders (Aller, 1977). It can readily be shown in
the laboratory that irrigation results in the oxidation of the sandy sedi-
nment surrounding tubes inhabited by Clymenelia (for example, Rhoads,
1967). Oxidation to a maximum distance of a few centimeters away
from stationary animals can take place in a period of days depending on
grain size and the organic content of the surrounding sediment. Together,
tube construction and burrow irrigation offer a transport mechanism
which, in some cases, could result in considerable exchange of pore water
and overlying water with a minimum of particle movement.

A simple mass balance calculation can be made in the Clymenella
tanks to demonstrate: (1) that the observed increase in Fe and Mn in
overlying water can be accounted for hy pore water supply consistent
with simple exchange by irrigation, and (2) dilferences between Fe and
Mn behavior can be explained by differences in precipitation kinetics
during oxygenation.

A minimum loss of Fe and Mn from pore water in the Clymenella
inhabited tank compared to the controls can he estimated as follows. The
pore water concentrations in each depth interval ol tank 3 (Clymenella)
are subtracted from the initial control tank 2 values (table 3). This dif-
ference is multiplied by the volume of sediment in each interval (1 1/
I cm interval) and an assumed porosity of 0.5 (reasonable sandy sediment
value). The sum of these products over the core length is then taken to
obtain a minimum of 5.6 mmoles of Fe and 48umoles of Mn lost from
pore water. This is a minimum, because no production of new Fe and
Mn is taken into account.

There are three possible sinks for dissolved Fe and Mn lost from
pore water in this system. (1) The introduction of oxygen into pore
water by irrigation activity may cause precipitation of Fe or Mn in
ambient sediment or at preferred sites such as burrow walls (for example,
Aller and Yingst, 1978). (2) If exchange is rapid relative to precipitation
rates both dissolved Fe and Mn will be advected out of the sediment
body along the tube conduits and into overlying water. (3) Once intro-
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duced into overlying water either Fe or Mn can precipitate onto environ-
mental surfaces.

The above possibilities are not exclusive, and the data indicate that
each occurs to some extent. Evidence that possibility (1) takes place comes
from the changes in Fe/Mn ratios in pore water after the introduction of
Clymenella. Data in table 8 show that, except for one depth interval
(8-9 cm), the Fe/Mn ratio is lowered in the Clymenella tank compared
to the control. Since there is no reason to believe that Fe would be
transported out of sediment preferentially to Mn, this change implies
preferential precipitation of Fe relative to Mn during the initial intro-
duction of seawater by irrigation. This difference is consistent with the
more rapid precipitation kinetics of Fe relative to Mn in oxygenated
waters (Stumm and Lee, 1961; Hem, 1963, 1964; Morgan, 1967). Water
advected out of burrows during irrigation therefore had a lower Fe/Mn
ratio than inital pore water.

The increase in Fe and Mn in overlying water is proof that (2)
occurs. Ignoring precipitation, the minimum quantity of Fe and Mn
transferred to overlying water can be calculated by taking the maximum
increase in overlying water concentration and multiplying by ~ 60/, the
quantity of water involved. This gives for tank 3: AFe ~ 0.4 mmoles and
AMn ~ 22 umoles after addition of Clymenella; tank 4, for which no
pore water profiles are available, has similar increases of: AFe ~ 0.5
mmoles and AMn ~ 16 umoles. It is then possible to account for ~ 50
percent of the minimum Mn (calculated previously) lost from pore water
as standing concentration in overlying water while only ~ 10 percent of
the Fe found missing from pore water occurs as standing concentration
in overlying water.

There are several types of evidence that possibility (3), precipitation
out of overlying water, takes place. The most quantitative is the obvious
decrease in Fe concentration with time (fig. 11); this decrease takes place
preferentially to Mn so that Fe/Mn ratios drop through time in over-
lying water. Qualitatively it was observed that in tanks with Clymenella
an orange-yellow precipitate, soluble in dilute HCI, began to form at the
sediment-water interface, around burrow openings, and on tank walls a
day or so after introduction of animals, and that this precipitate in-
creased through time. Similar observations have been made for other
burrows (for example, Myers, 1978). Generally, no precipitate formed in
control tanks, although a similar precipitate would form, if the surface
oxidized layer were gently scraped away in a small area. This precipi-
tate is most probably Fe(O),(H,0), with various coprecipitates includ-
ing NMn.

It has been shown to this point that the changes in pore water pro-
files and overlying water chemistry, which took place after introduction
of Clymenella, can be consistently explained by irrigation transport and
exchange of overlying water with pore water, that material halances be-
tween components are reasonable, and that differences in the relative
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behavior of Fe and Mn are in accordance with known differences in their
properties. 1t is also possible to put limits on the rate ol pore water trans-
port by use of simple diffusion models and to demonstrate that it is
not unusually rapid transport when the transport geometry of the system
is considered.

Alteration of transport rates by irvigation of permanent burrows.—
The distribution of a pore water species, C, in a one dimensional carte-
sian coordinate system with no compaction or sedimentation is described
by eq 2 as previously stated. The minimum, eflective diffusion coefficient
required to produce the observed pore water changes between Clymenella
and control tanks can be estimated from that equation as follows. Assume,
as before, that the tank sediment can be approximated by a slab of thick-
ness 0 = x = L. Let R = 0 (to obtain minimum D) and let the initial
and boundary conditions be:

At =10 C=mx
B.x=1,0C/ax =0
Cx=0,C=0,t>0

The initial condition describes a linearly increasing Fe or Mn concentra-
tion (slope = m) beneath the sediment-water interface. The solution for
C at a given time and position is (modified after Carslaw and Jaeger,
1959, p. 97):

o
P SLm 1 e (211+1)7T<I‘_x) Y )
C=-T> @utiy ‘0{ 3 ¢

(12)

s
Because Mn hehaves more conservatively than Fe (that is, R < 0), it will
be used in calculation. Ignoring the fact that Mn concentration increases
in the top 2 cm after irrigation (discussed below), the question to be
answered is: what would D have to be in order to lower Mn concentra-
tion in the interval 8 to 9 cm from 29 uM to 1.8 uM in 13 days by verti-
cal diffusion? Calculation shows D = 2 to 8 X 10—+ ¢m?/sec with m = 2.3
pM/cm, I = 11 cm (thickness of zone for which data are available). This
is a very large diffusion coefficient.

The dilfusion coefficient required to accomplish transport can be
lowered significantly by more realistically approximating the experi-
mental transport geometry. In the real case the sediment slab is drilled
by ~ 30 vertical cylinders (burrows) ~ 10 to 12 cm in length and 0.3 ¢m
diameter. Diffusion occurs horizontally around these cylinders in addition
to vertically. In general, the distribution of cylinders (burrows) is not
known and is time dependent, although time dependence in position is
minimal in the case of sedentary animals. For the sake of illustration a
number of additional approximations can be made in order to demon-
strate how the required diffusion coefficient changes when a more realistic
geometry of diffusion is used. The case of random burrow orientation is
treated clsewhere (Aller, 1977).

n=>0
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Assume that Clymenella distribute themselves equal distances from
their nearest neighbors so that looking down on the sediment the tube
openings (30) would be hexagonally packed at the maximum distance
possible in the 0.1 m? area allowed. Any three tubes now act as the
vertices of equilateral triangles the sides of which are 7.9 cm long, so
that burrow axes are all 7.9 cm apart from each other. 1f each burrow
(tube) is imagined to be the central axis of a vertically oriented hollow
cylinder {annulus of sediment) having inner radius 0.15 cm and outer
radius 3.95 c¢m (half the distance between tube axes) then most of the
sediment in the tank can be assigned to one burrow or another; only
the center of each triangle of sediment described by any three burrow
openings and associated cylindrical shells is unaccounted for and is
ignored here. Because all burrows are identical in this arrangement, the
transport problem can now be further approximated to the case of
diffusion in the wall of a single infinite hollow cylinder with uniform
initial concentration C, (an approximation), the inner boundary r, =
0.15 cm of which is held at C = 0 by irrigation and at the outer boundary
r, = 3.95 cm the condition (9C/dr) = 0 is required because of intersection
with a neighboring cylinder zone (fig. 18). This problem is analagous to
transport around a well and is solved for the general case by Muskat
(1934, p. 82-85); in this instance the solution is:

«® 2
C(r,t) = —7 C, v .Iu(anrl) .Il(anr'-') U(a,,r) e~ be,t
né-ll JoHoury) — Ji*(ers)

(13)

«, = roots of
U(anr1> - Yl(anrz) Jw(aurl) - Jl(anrz) Yn(anrl) = 0 (14>

where J (x) and Y,(x) are the appropriate Bessel functions of the first
and second kind in standard notation (v = order). Manipulation of the

Radial - Hollow Cylinder Model

£ - 2]

t=0;C=GC, rsrcm
Y>O;r=r|,C=O;r=rz,g$=O

Fig. 18. Idealized diffusion geometry and radial model conditions used to account
for pore water concentration changes produced by Clymenelia.
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solution for different D values using the appropriate roots (o, = 0.223,
a, = 0.527) of the cylinder function (U(e,r)) produces a D ~ 4.5 x 10-2
cm?/sec required to change the average concentration from ~ 29 uM to
~ 2 uM over the annulus in ~ 13 days. This value is still slightly larger
than most molecular diffusion coefficients calculated for sediments (Gold-
haber and others, 1977) suggesting that precipitation took place (that is,
concentration was lowered by another process in addition to transport,
R<0), that animals were somewhat mobile thereby increasing the effec-
tive number of tubes and decreasing r,, or that, in sands at least, some
advection away from the burrows also occurs during irrigation.

Because of the form of the transport equations and their solution,
the diffusion coeflicient required to effect a given amount of exchange in
sediment by this mechanism will decrease as the factor 1.2 (in argument
of exponent) decreases where L = half the average distance between
burrows. This demonstrates that in natural situations where mixed popu-
lations of tube-dwelling species occur and the average distance between
burrows may be quite small (fig. 19), the diffusion coefficient required to
effect exchange at any given depth will decrease radically from that re-
quired by equivalent vertical diffusion. As illustrated in figure 19, which
shows natural densities of Clymenella and capitellid polychaete tubes at
Calves Pasture Point where collections were made, an ion need diffuse
only about 0.5 to 1.0 cm horizontally to escape into overlying water,
although its vertical distance {rom the interface is 10 to 15 cm.

The effect of permanent burrows and burrow irrigation can in some
ways be viewed as decreasing the net distance to the interface for a
diffusing molecule but more generally viewed as changing the geometry
of diffusion paths. Unfortunately, permanent dwelling burrows also be-

Fig. 19. Tracing of X-radiograph of 2.5 cm thick, vertically oriented slab of sedi-
ment which shows natural densitics of Clymenella and capitellid tubes at Calves
Pasture Point, Barnstable Harbor, Mass. (Junc 29, 1974). Large particles are cross
hatched; a gastropod shell is present on left side. Note biogenic graded bedding re-
sulting from sclective particle transport during feeding (Rhoads and Stanley, 1965).
Some tubces pass in and out of plane of X-radiograph.
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come sites of preferential microbial activity and associated diagenetic
reactions (Aller and Yingst, 1978) greatly complicating modeling of even
the most simple geometries. Tube wall properties may also influence
exchange. Where most animals are mobile rather than relatively seden-
tary like Clymenella, their exact spatial distribution becomes less impor-
tant in controlling transport and the use of vertical diffusion coefficients
more appropriate, as discussed previously for Yoldia. The two cases,
Clymenella and Yoldia, may be considered end-members in the descrip-
tion of biogenic transport. Both these end-members contribute to trans-
port in nature and, as concepts, grade naturally into one another as
animal mobility increases or decreases.

Influence of Yoldia and Clymenella on sediment-overlying water
interaction—Both tank experiments demonstrated that reworking in-
creases the exchange {lux of pore water solutes with overlying water. The
Clymenella experiment shows increased flux of Fe, Mn, HPO,=, and
NH,+ from sediment into overlying water (figs. 10-11). As shown earlier,
both the Fe and Mn fluxes can be explained by pore water supply. It is
likely that NH,+ and HPO,= increases are also predominantly from a
sediment source. For example, to be supplied by excretion alone, the
NH,+ flux would require an excretion rate by Clymenella of ~ 4
pmoles/worm/day. Typical literature values of NH,* release by poly-
chaetes are 8 to 6 umoles/g-worm/day by wet weight (Harris, 1959; Hult,
1969; O’Malley and Terwillinger, 1975). Clymenella torquata can be
expected to have wet weights = 0.1 g (see Mangum, 1964) implying that
only ~ 10 percent of the observed NH,+ flux out of tank sediment can
be accounted for by excretion from Clymenella. In addition, NH,+ nced
not be conservative in tank water, so that measured fluxes are minima.

Fe and Mn released into overlying water during reworking may
reprecipitate onto surface sediment or suspended particles. In doing so,
the oxides of these metals can scavenge additional elements from the
water column (for example, Aston and Chester, 1975; Turekian, 1977).
Such stripping of otherwise soluble elements can be seen in the decrease
in overlying water HPO,= during Fe precipitation in the Clymeneclla
tank (fig. 10). This scavenging process also occurs in the Yoldia tank
experiment as demonstrated by lower HPO,= levels in water overlying
sediment in the Yoldia tank than in the control (fig. 7; table 2). In this
case, the ejection of feces into the water column and reworking of the
interface by Yoldia increases the turbidity of water overlying the Yoldia
tank relative to the control (see, for example, Rhoads and Young, 1970).
Since the flux of HPO,=, as illustrated by NH,+, should be greater in
the Yoldia tank due to reworking and excretion, the most reasonable
explanation for the observed lowering is scavenging by particles rich
with surface Fe-oxides. In addition to Fe, Mn, and P, other elements
subject to scavenging by particles should be preferentially removed over
natural bottom areas inhabited by these organisms as found for 23¢Th
(Aller and Cochran, 1976; Aller, 1977).
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The particles enriched in surface oxides in the above manner fall
back to the sediment surface where they undergo reduction. This is
illustrated in the Clymenella experiment, where Fe and Mn precipitated
at the interface after release during irrigation is undergoing remobiliza-
tion (fig. 8). (A corresponding increase in surface sediment pH occurs
during this oxide reduction as shown in fig. 9 (Bostrom, 1967)). If par-
ticles had been reworked by Clymenella, the oxide-coated particles would
have rapidly dropped deeper into the sediment, the Fe and Mn further
remobilized, and then a fraction refluxed back out into overlying water.
This sequence of events, complicated by sulfide oxidation, presumably
happened in the Yoldia tank where feeding did take place. The result
of particle reworking and irrigation activities is therefore to increase the
rate and magnitude of the sediment-water flux of Fe and Mn and to
maintain a supply of highly reactive, freshly oxidized particles at both
the sediment-water interface and in overlying water. This maximizes the
efhciency of the Fe, Mn-oxide scavenging system.

SUMMARY

1. Two separate sets of experiments were performed in the labora-
tory in order to study under relatively controlled and simplified condi-
tions the chemical changes produced by deposit-feeding organisms in
marine sediment and overlying water. The organisms used, Clymenella
torquata and Yoldia limatula, are representative of two important and
distinctive types of deposit feeders. Clymenella, a maldanid polychaete,
is a relatively sedentary tube-dweller, lives in sediment containing sand,
and normally feeds below 10 cm. Yoldia, a protobranch bivalve, is highly
mobile, lives in muds, and {eeds below the surface but in the upper 4 cm.

2. Because of Yoldia’s mobility and restwriction to a zone near the
interface, transport of pore water by these animals can be described
adequately by a two layer diffusion model in which a biogenic diffusion
coeflicient of ~1 X 10—% cm?/sec is effective in the zone of feeding, and
the underlying sediment is controlled by molecular diffusion. Biogenic
transport changes the concentrations of ions and, under some conditions,
the shapes of profiles of ions which have diffusion coefficients less than
~1 X 10-5 cm?/sec in sediment beneath the reworked zone. Particle
transport during reworking is at least 10 times slower than the eftective
rate of pore water transport.

3. Ingestion, digestion, and particle reworking redistributes organic
material and contributes to the formation of profiles of organic matter
where concentration is relatively high at the interface and falls ofl with
depth.

4. Interstitial water profiles of Fe, Mn, Ca, HPO,=, alkalinity
(assumed present as ~HCO,—), and NH,+ are altered by reworking in
accordance with their individual chemistry and physical properties.
Modeling of the pore water or solid phase distributions allows the cal-
culation of average rates of production or consumption of these ions in
the general sediment or in selected horizons.
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5. Mn is shown to form solid phase concentration profiles similar
to natural ones over laboratory time scales of a month. The activities
of Yoldia increase the rate of dissolved Mn production in restricted inter-
vals of sediment to 2 to 4 times that of the control.

6. Microbial ATP and, in some cases, production or consumption
rates of decomposition products are apparently increased in the presence
of Yoldia. Because these increases can take place away from the actual
zone inhabited by Yoldia, they probably result as a hy-product of changes
in the transport of metabolites into or out of sediment as illustrated by
models.

7. The construction and irrigation of tubes by Clymeneclla alter the
rate and geometry of pore water diffusion in sediment. This results in
rapid exchange of pore water constituents such as Fe, Mn, NH,+, and
HPO,= with overlying water. When modeled as a strictly vertical dif-
fusion process, such as in the case of Yoldia, a diffusion coefficient of
2 to 3 X 10—* cm?®/sec is required to produce the observed changes.
A horizontal diffusion coefficient of 4.5 X 10— cm?/sec, calculated for
an ideal arrangement of tubes, is also capable of explaining the observed
changes. The required coefficient becomes lower when the system is
described more accurately. In natural bottom sediments, populations of
tube dwellers may consist of several kinds of species with relatively
closely packed burrows. The horizontal diffusion coefficient required
to produce deep vertical exchange of sediment pore waters by irrigation
decreases dramatically as the average distance between burrows decreases.

8. Particle reworking and irrigation by both Yoldia and Clymenella
increase the sediment-water {lux of Fe and Mn above the rate determined
by simple one-dimensional molecular diffusion. These metals precipitate
as oxides onto particles in the overlying water, scavenge additional
elements such as P from the water, and return to the sediment surface.
Continued reworking maintains the Fe, Mn oxide scavengingreflux
system in a fresh, highly reactive state.
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