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Biogeochemistry of tube-dwellings: A study of the 
sedentary polychaete Amphitrite omata (Leidy) 

by Robert C. Aller 1•2 and Josephine Y. Yingst1 

ABSTRACT 

Most studies of near interface sediments assume that chemically and biologicalJy important 
properties are stratified vertically in a deposit. Sampling patterns reflect this assumption and 
little attention has been paid to three-dimensional heterogeneity. In this study the effects of 
burrow structures formed by Amphitrite ornata on the distribution of physical, chemical, and 
biological characteristics of a deposit are investigated. A. ornata is a surface deposit-feeding 
terebellid polychaete common in intertidal areas. It constructs a permanent, multi-layered, 
U-shaped tube from particles obtained at the interface. A . ornata transports particles during 
feeding at a rate of ~ 4.5 g/ d (T = 22°C) and, based on laboratory studies, irrigates its tube 
at 91 cc/hr (T = 22 ° C). Field measurements of burrow water properties show that in the ab-
sence of irrigation, burrow water rapidly increases in NH,+, HPO,=, Fe++, and possibly Mn++ 
and ATP concentrations. 

The burrow wall is a site of intense decomposition relative to surrounding sediment. Pore 
water gradients away from the wall show a decrease in alkalinity, NH,•, Fe++, and Mn++. High-
est concentrations are found in the burrow wall. 

ATP, meiofaunal abundance, and DHA (dehydrogenase activity) determinations show that 
microbial populations are highest in the innermost burrow wall and that much of the metabolic 
activity in the outer wall is anaerobic. 

The three-dimensional distribution of solid phase sulfides, FeS (acid volatile) and FeS, + S0 , 

demonstrates higher concentrations of these compounds and rates of so,= reduction in the bur-

l. Department of Geology and Geophysics, Yale University, New Haven, Connecticut, 06520, U.S.A. 
2. Present address: Department of the Geophysical Sciences, The University of Chicago, Chicago, 

Illinois, 60637, U.S.A. 
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row wall than in surrounding sediment. Diffusion-reaction and stoichiometric models of pore 
water gradients around the burrow indicate that so.= reduction rates are ~80-250 mmoles/1/ 
yr (T = 22°C) and that N I P and C/ N ratios of organic matter broken down in the wall are 
low, indicative of early, rapid decomposition. 

As a result of the intense decomposition processes in the burrow wall Fe, Mn, and Zn are 
mobilized, and these metals are concentrated along the inner burrow-surface. Irrigation water 
passed over this reactive surface promotes the scavenging of additional metals from overlying 
sea water. Oxygenated water passed through the burrow oxidizes sulfides formed in the tube 
wall, lowering the pH of burrow water, titrating alkalinity and creating conditions comparable 
to acid mine drainage in the burrow. 

Knowledge of biogeochemical processes occurring in burrows is fundamental for understand-
ing sediment and overlying water interactions. These processes create heterogeneity in a deposit 
and therefore influence sediment chemistry and the three-dimensional distribution of infauna. 

1. Introduction 

The formation of biogenic structures in marine sediments has been intensively 
studied by marine biologists and geologists for over a hundred years (for example: 
Dalyell, 1853; Watson, 1890; McIntosh, 1894; Richter, 1927; Schafer, 1962). Per-
manent dwellings of sedentary benthic animals have been of particular interest 
because they often show features characteristic of feeding type, life habit, general 
ecology, and habitat of an organism (Seilacher, 1951; Ziegelmeier, 1952, 1969; 
Schafer, 1956; Frey, 1970a; Myers, 1972). These burrow structures are most 
readily recognized in sediments as physical discontinuities of one kind or another, 
but their common association with color discontinuities in soft sediment or their 
preservation as sites of distinctive mineralization suggest chemical discontinuity 
as well (e.g., Simpson, 1957; Hallam, 1960; Frey, 1970b; Hein and Griggs, 1972). 
The possibility that burrows are sites of geochemical processes not necessarily 
representative of conditions in surrounding sediment or overlying water is of con-
siderable importance, both for understanding the habitat and adaptations of sedi-
ment-dwelling animals, and for understanding geochemical cycles and diagenetic 
processes in sediments. 

In this study the dwelling-tube of Amphitrite ornata (Leidy) is examined in 
detail. The geochemical environment in and adjacent to the burrow as well as the 
physical structure of the tube are described. In addition, the three-dimensional dis-
tribution and activity of micro- and meiofauna around the burrow are examined. 
Behavioral adaptation of A. ornata to the burrow environment as expressed by 
irrigation activity is also investigated and the geochemical significance of irrigation 
evaluated. 

a. The study animal. Amphitrite ornata is a sedentary, surface deposit-feeding 
polychaete worm of the family Terebellidae. Both large (often 8-20 cm long) 
and common, it occurs along the east coast of N. America from Cape Cod, Massa-
chusetts to N. Carolina (Pettibone, 1963). A. ornata is normally present in inter-
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Figure 1. A. Cape Cod, Massachusetts showing location of Barnstable Harbor. 
B. Barnstable Harbor, Calves Pasture Point lies in square. 
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C. Sampling locations I and II at Calves Pasture Point. Arrow indicates direction of current 
past sample locations at ebb. 
D. Diagramatic cross section at location I during low tide, ebb current out of plane of page. 
Numbers in circles indicate position of burrow water samples; numbers in squares represent 
position of tidal flat water samples as described in text. 

tidal sands or sandy muds where it usually forms a U-shaped tube (Linville, 1903; 
Scott, 1909); the internal diameter ranges from 0.5-1.0 cm. The burrow is often 
shared by the scale worm Lepidometria commensalis and crab Pinnixa chaetopterana. 
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One or both ends of the tube are commonly surrounded by a small pile of sedi-
ment accumulated as a result of feeding or tube construction (e.g., Linville, 1903; 
Rhoads, 1967). The burrow is ventilated by peristaltic movements of the worm's 
body; these movements generally travel as waves posterior to anterior and are 
important to the organism both for the supply of oxygen and for the release of 
gametes (Linville, 1903; Scott, 1909). Reproduction occurs from June to August 
(Cape Cod region) and is most intense near times of spring tide and during July 
(Mead, 1897; Scott, 1909, 1911 ). 

The life span of Amphitrite is apparently not known but other terebellids may 
live up to at least 5 years (Dales, 1964). In this study, the laboratory life of 
Amphitrite maintained in natural burrows was ~1 year. 

b. Study area. All animals and burrows sampled in this study were taken inter-
tidally at Calves Pasture Point, Barnstable Harbor, Cape Cod, Massachusetts 
(Fig. 1). The Point is characterized by sand and muddy sand deposits. Mud con-
tent increases away from shore into the channel area of both sampling locations 
I and II and is also generally higher south of the Point toward location II. Sedi-
ment in this area is intensively reworked by a variety of deposit-feeding infauna 
and exhibits a range of biogenic sedimentary structures such as biogenic graded 
bedding (Rhoads and Stanley, 1965; Rhoads, 1967). Surface sediment is rich in 
fecal material and generally oxidized, but black sulfide-rich sediment occurs just 
beneath the surface (0.5-1.0 cm) and sometimes is exposed on the surface in 
patches, where it is colonized by films of the sulfide oxidizing bacteria, Beggiatoa 
spp. In areas of biogenic or otherwise graded bedding this black zone is restricted 
to a few centimeters' thickness and is underlain by oxidized sediment corresponding 
to the feeding zone of Clymenella torquata or other deep-feeding invertebrates. 
Grey or light black sediment underlies the near-surface black zone in sediment not 
showing biogenic graded bedding. 

In addition to Beggiatoa, which is restricted to boundaries between oxygen 
and sulfide, surface sediment is also colonized by diatoms. Both these and other 
microorganisms are constantly disturbed by surface grazing by dense aggregations 
of the gastropod Nassarius obsoletus. These macroorganisms and water turbulence 
continually disperse the feeding mounds of Amphitrite. 

Both sampling location I and II are exposed during low tide allowing convenient 
sampling of animals and burrows. 

2. Sampling and methods 

Sampling and field observations were made intermittently from 1970-1976. All 
samples for quantitative study were taken in the summers 1974, 1975, and 1976. 

Burrows were sampled in the field using several types of Plexiglas box corers 
(Aller, 1977). Large Plexiglas corers (inside dimensions 28.1 length x 20.5 width 
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X 30.5 height cm) of 0.95 cm wall thickness were used to sample entire burrows 
including surrounding sediment and the living, relatively undisturbed Amphitrite. 

Smaller cores, 2.5 cm wide, were used for x-radiography. Box cores 7.5 cm wide 
were dissected for observations of burrow shape and structure. Neither of the two 
smaller cores was usually deep enough ( < 25 cm) to sample an entire burrow. 

After collection, samples were placed in insulated boxes and transported to Yale 
University (~ 4 hours). Large cores, containing one entire burrow and living animal 
each, were placed into a Plexiglas aquarium containing 180 liters of Long Island 
Sound sea water ~ 28%0 salinity at 22 °C. One large core was also sampled for 
solid phase analyses as described below. The 2.5 cm thick cores were x-rayed 
immediately (60 KV, 4 min at 60 cm) and then stored at 4 °C or frozen for later 
study. 

Slabs of wet sediment carefully extruded from x-ray cores were impregnated 
with polyethylene glycol (6000-8000 M.W.) at 60°C for one week (Allman 
and Lawrence, 1972). Impregnated slices of burrow walls were polished or water 
etched and viewed under a microscope for burrow wall structure studies. Care-
fully dried burrows were also used for this purpose. For study of burrow wall and 
lining features, several fresh or frozen burrows were stained using histological 
stains: periodic acid-Schiff reaction (carbohydrate), mercuric bromphenol blue 
(protein), and Sudan-Black B (lipid), and the general procedures for sediment 
staining described by Whitlatch and Johnson (1974). 

a. Solid phase analyses. One complete burrow taken from location II (Sept. 22, 
1975) was sampled and analyzed in detail. Samples were taken radially outward 
away from the burrow wall at several different depth intervals. These represent 
concentric cylinders of successively larger inner and outer radii away from the 
center of the tube. Samples were taken from only one branch of the U-shaped 
tube. Both branches are similar in solid phases as explained later. These burrow wall 
samples are coded by two numbers. The first number indicates the general depth 
interval of the sample in the sediment; the second represents the radial interval 
or zone away from the tube axis at a given depth. These radial intervals are: 
Zone ( 1) the inner 0-3 mm of the wall--commonly yellow-orange in color from 
0-2 mm; Zone (2) the next 1 cm annular section away from the inner 3 mm 
(0.3-1.3 cm)-it is usually black and will be referred to as outer burrow wall ; 
Zone (3) the next 1 cm annular section ( 1.3-2.3 cm) away from the burrow 
center. These sample rings are shown schematically in Figure 2A. Additional sam-
ples coded Zone (4): 0-1, 1-2, 2-3, and 14-15 cm were taken at given depth inter-
vals between the two burrow openings which were 21 cm apart (10.5 cm from each). 

One set of samples was frozen immediately. After slight thawing, these samples 
were homogenized by hand mixing and then split into three portions. One portion, 
the largest, was analyzed immediately for acid volatile sulfide (~ FeS) using 
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Figure 2. A. Diagramatic representation of radial and vertical sample zones of a burrow for 
solid phase analysis. 
B. Sampling zones for pore water analysis (done on entirely separate burrow). 

Goldhaber's (1974) method. Briefly, sulfide released upon addition of 10 ml of 12 
N HCl under N2 is passed through a pH 4 trap and then precipitated in AgNO3• 

The precipitate (Ag2S) is weighed and weight percent of labile solid phase sulfur in 
the sample calculated. The sample residue was dried and a portion analyzed for 
total remaining sulfur (pyrite and organic S) using a Leco induction furnace with a 
3% H2O2 trap. The solution was filtered, acidified with HCl, heated, 10 ml of 10% 
BaCl2 (w /v) added, the precipitate digested, then filtered and weighed. Standards 
of pyrite (FeS2) and galena (PbS) were also run, and samples were corrected to 
100 % yield based on 12 standard yields averaging 84 ± 5 % for four different 
grain sizes. 

A second portion of each sample was ashed at 4 7 5 ° for 12 hours to determine 
percent organic matter by weight loss. The ashed sample was sieved through a 
74 µ,m (400 mesh) nylon sieve (SPEX) and the < 74 µ,m fraction was leached for 
24 hours in hot 12 N HCl (25 ml/sample). After being taken to near dryness, each 
sample was picked up in 0.2 N HCl, filtered through Whatman 42 filters and 

' brought up to volume. This leachate was analyzed for Fe using Ferrozine (Stookey, 
1970) and Mn and Zn using flame atomic absorption spectrometry. Total Fe, Mn, 
and Zn in each sample was calculated. Precision is :;;; 3 % (average error). 

A third portion of each sample was used for particle size analysis by wet sieving. 
Sieve series 2 mm, 1 mm, 0.5 mm, 250 µ,m, 125 µ,m, and 62 µ,m were used. Parti-
cles were carefully filtered onto 25 mm preweighed Whatman 42 or Millipore (0.45 
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µm pore size) discs, dried and weighed. Percent dry weight in each size class was 
calculated, based on total accumulated weight on filters, not on basis of initial sam-
ple weight. Yields were 96.2 ± 0.8% (standard deviation). Sample sizes were 
small (~1 g) but represent a large percentage of the feature being analyzed and so 
can be considered representative. 

A second series of sediment samples were taken for adenosine triphosphate 
(ATP) and dehydrogenase (DHA) analyses. These were taken in the same radial 
sample zones as used for the previous analyses but the vertical sampling intervals 
were slightly different. The samples represent thin vertical slivers (arc length) of 
sediment lying within each radial sample zone. Sediment was homogenized and 
divided into two portions for immediate analysis. 

One portion was analyzed for its ATP content using the boiling bicarbonate ex-
traction method of Christian, Bancroft, and Wiebe (1975). ATP in the extracts 
was assayed by adding a 10 µI sample to a 100 µI reaction mixture of luciferase 
and luciferin (DuPont) and measuring the resulting light flash with an ATP photom-
eter (DuPont 760 Luminescence Biometer). The efficiency of ATP recovery was 
determined by a two point standard addition. All ATP values were corrected 
to 100% yield based on 6 samples averaging 75.5 ± 24% recovery (standard 
deviation). 

The other portion was used to obtain relative rates of anaerobic metabolism by 
measuring dehydrogenase activity (DHA) using the method of Pamatmat and 
Skjoldal (1974). Replicate samples were run and the values averaged. The precision 
of these analyses is generally within 15% of the mean(± S.D.). 

All ATP and DHA values are reported on a per gm dry weight basis for the total 
sediment. 

b. Meiofaunal distribution. In order to separate the contribution of meio- and micro-
organisms to the measured ATP concentrations and biogenic activity around A. 
ornata burrows, sediment from the flat between burrows (ambient conditions) and 
around an Amphitrite burrow was sampled at location I to determine the vertical 
and horizontal distribution of meiofauna. On July 9, 1976, just after the tide re-
ceded, a box core (29L x 25H X 7.6W cm) was taken so that one branch of a 
burrow was at the center of the box. To ensure that no meiofauna or microorganisms 
moved from their original locations, this core was immediately sampled in the field. 
At each vertical depth interval samples were taken radially outward as described 
previously (Fig. 2) except in this case the thicknesses of the sampled zones were as 
listed in Table 9. 

Each sediment sample was placed in a separate sterile plastic vial and kept in a 
cooler during transport to Yale. The samples were homogenized by hand and 
aliquots removed for analysis of total ATP concentration, determination of water 
content, and quantification of meiofaunal densities. ATP concentrations were de-
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termined immediately upon return to Yale in the same manner as described earlier. 
ATP values were corrected to 100% yield based on 26 samples averaging 97.1 ± 

34% (S.D.) recovery. 
Sediment samples for determination of meiofaunal densities were weighed and 

preserved with 10% buffered formalin to which a few drops of Rose Bengal were 
added. 

Sediment samples were dried at 100°C for 5 days for determination of % water 
by weight loss. 

The ATP content of individual live meiofaunal organisms from all taxa found in 
the flat sediments was determined with the same extraction media and procedure 
used to measure total sediment ATP. This value was multiplied by the number of 
each taxon picked from each sediment sample to determine the contribution of 
meiofauna to the total ATP content of the sediment (see Yingst, in press). 

c. Pore water analyses. Two cylindrical cores were taken for pore water analysis 
near the relatively muddy sand of the tidal creek at location 1 on October 13, 1975. 
One core, 7.5 cm in diameter, was taken so that one branch of an Amphitrite bur-
row was at the center of the core. The second core, 4.78 cm diameter, was taken 
approximately 30 cm away, not any closer to large burrows. These were placed in 
a cooler and transported to Yale. The cores were placed in a N2-flushed glove bag 
and subsamples transferred into acid-cleaned pyrex screw cap tubes as follows. 
Except for the top 0-1 cm depth interval, which was taken in its entirety, the core 
containing the Amphitrite tube was sampled radially in two parts for a given verti-
cal interval. The inner part of the core containing the burrow proper (approximately 
the annular ring from the inner burrow wall to 1.5 cm away) and the remainder of 
the core were separated as shown in Figure 2B. The second, thinner core was sam-
pled in its entirety over each depth interval. Punch-in pH measurements of the 
sediment were taken for each sample by inserting a rugged electrode into each 
horizon and allowing it to come to equilibrium. The packed tubes were then centri-
fuged (particles <'. 0.5 µ,m theoretically sedimented). The clear, overlying water 
was carefully removed using Eppendorf pipets and transferred to prewashed vials 
for analysis. Samples of 0.1 to 0.5 ml were used for ammonia analyses by a modi-
fication of the phenol hypochlorite method (Solorzano, 1969) after fixation with 
phenol (Degobbis, 1973). Precision is < 3 % (average error). The remainder was used 
for alkalinity titrations using 0.1 N HCl and 2.0 ml or 0.2 ml cross-calibrated 
Gilmont burets, depending on sample size (Gieskes and Rogers, 1973). After sitting for 
several days, the acidified solutions (pH 1.5-2.0) from the alkalinity titrations were 
analyzed for Fe by a modified Ferrozine procedure (Stookey, 1970). Mn was deter-
mined by a modification of the leuco malachite green method (Strickland and 
Parsons, 1969) using two standard additions and a correction for nonlinearity of 
the addition (Aller, 1977). Based on other analyses where duplication is possible, 
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precision of Mn analyses is generally < 30% (average error) for sample sizes used 
and levels found. Analyses of pore water from centrifuged Long Island Sound mud 
samples treated as above compare well with squeezed and filtered (0.45 fLm) sam-
ples of Long Island Sound mud for both NH4 + and Fe; Mn determinations from 
centrifuged and squeezed samples have not been compared. This suggests that 
particle contamination of samples in the present case is unlikely. The use of sam-
ples acidified in their initial container during alkalinity titration for subsequent Fe 
and Mn analysis yields 100 ± 1 % return of Fe and 100 ± 2 % of Mn in the 
original sample if titration is performed within 1 week of collection (Aller, 1977). 

d. Burrow water samples. Samples of water remaining in burrows following the re-
ceding of the overlying water were taken at location I on August 12, 1975 (Fig. 1). 
Burrow water was sampled by inserting Tygon tubing attached to a syringe into a 
burrow and withdrawing water. Sampling began at the water's edge at low tide and 
progressed up the tidal bank so that burrows exposed over a period of 10 to 283 
minutes were sampled. Usually two or more complete burrows were sampled at a 
given time following the receding tide; these samples were combined. Sea water was 
poured back into each burrow to prevent dessication of the animal and the burrow 
marked so that mistaken resampling was not made. The withdrawn water was 
filtered immediately through 0.4-(Lm pore size Nuclepore filters in plastic holders. 
This was pipeted immediately in the field into cleaned vials and stored for later 
alkalinity titration in the same vial. Fe and Mn determinations were made on the 
acidified sample using the methods described previously. Samples were also taken 
for NH4 + (fixed with phenol within 2 hours, analyzed as above) and HPQ4= analy-
sis (stored in refrigerator at 4 °C). HPQ4= analyses were made by use of the molyb-
date method (Strickland and Parsons, 1969; Presley, 1971). Subsamples were taken 
for Cl- titration (AgNO3 , starch-fluorescein indicator) and Ca and Mg determina-
tion (atomic absorption spectrometry, K-La buffer used in both cases). Field mea-
surements of the pH (punch-in) of burrow water, overlying water, and surface 
sediment were made on October 14, 1975. 

A separate group of burrows was sampled at the same time for determination of 
ATP concentrations. Water was not filtered, but easily visible particles were allowed 
to settle. The supernate was then transferred into sterile plastic bottles for storage. 
Water samples were kept on ice until the ATP content could be determined (~ 2 
hours). In this case, the boiling tris buffer method of Holm-Hansen and Booth 
(1966) using two standard additions was used for extraction of ATP. ATP in the 
extracts was assayed as described previously. 

e. Tidal flat water samples. Samples of water which successively overlies the study 
area as the tide recedes were taken the following year on September 1, 1976 (Fig. 
1). These were obtained~ 10 cm above the bottom at the water's edge just before 
a given area of the fl.at was exposed. They correspond in composition roughly to the 
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last water overlying burrows on a given area of the flat just before exposure and, 
as will be shown, were necessary to interpret the results of the burrow water study. 
The location of these samples in relation to the burrow water samples is shown in 
Figure 1. Samples were collected by inserting Tygon tubing, attached to a syringe, 
below the water surface and withdrawing water. The syringe was immediately at-
tached to a Nuclepore in-line filter and the water filtered through a 0.4 µ,m pore-
size Nuclepore filter directly into an acid-washed polyethylene container. A total of 
about 250 ml water was collected. Samples for Fe and Mn analysis were acidified 
with HCI; a separate container was used for storing samples for NH4 +, HPO4 =, 
alkalinity, and CI- analyses and placed in an ice water bath for storage. After trans-
port to Yale, the samples were analyzed for a given property using the methods 
described previously but on 40-ml samples. HPQ4= analysis and the fixing of NH4+ 
with phenol were performed within 24 hours of collection after storage at 4 °C. All 
analyses were completed within 5 days of collection. 

A single overlying water sample obtained at the time of burrow water sampling, 
August 10, 1975, was also taken and analyzed for nutrients in the same manner. A 
water sample for determination of ATP content was stored in a sterile container 
after collection, kept on ice, and analyzed along with the burrow water samples as 
described above. 

f. Irrigation rate measurements. Direct measurement of irrigation of the burrow 
was made both on animals brought to the lab in the large cores and on animals 
removed from their natural burrow and placed in artificial burrows constructed of 
U-shaped Tygon tubing. Animals collected on September 13, 1974, September 22, 
1975, and June 10, 1976 were used. The velocity of water pumped into and out of 
the burrow was measured 0.5-1.0 cm above each burrow opening using micro-
thermistor (hot point) current meters (Forstner and Rutzler, 1969). Velocities were 
recorded continuously on strip chart recorders. By integrating the velocity-time 
patterns obtained it is possible to obtain an average velocity and total volume of 
water pumped. If possible, it was noted if the meter were recording at the burrow 
opening corresponding to the head or tail end of the animal and if the animal were 
feeding or not. Sometimes only one meter was used and was occasionally switched 
from one opening to the other. 

Current probes were standardized in a salt-water flume at known flow velocities. 
A 12 V battery source was used for maximum background stability. The useful 
detection range was 0.04-15 cm/ sec with greatest sensitivity from 0.04-1.0 cm/sec. 
Water was 22°C, 28%0 salinity, and near air-saturation during velocity determi-
nations. 

g. Particle transport. The weight of particles manipulated or ingested by one indi-
vidual collected together with its burrow (September 13, 1974) and maintained in 
its box core was determined over a one week period at 22 °C. Particles were re-
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Figure 3. A. General shape of burrow; dimensions I and II are variable (often ~ 30 cm each, 

see text). 
B. Cross section of a section of one side of burrow illustrating multiple layer structure. 
C. Blow-up of a single layer showing small parcels of mucus-cemented sediment which act 
as fusiform bricks. 
D. Enlargement of section of single layer showing polysaccharide lining on inner side and 
schematic packing of grains and sediment parcels. 

moved by pipet as they accumulated around the tube openings, dried at 100°C, and 
weighed. 

3. Results 

a. Burrow structure. The burrow wall usually consists of several thin-walled, con-
centric cylinders (Fig. 3). There are commonly four or more such tubes or parts 
of tubes making up the burrow at any given depth. Each individual tube has a wall 
thickness of 1.5-2 mm and is lined on its inner side with an organic sheet 5 µ,m 



212 Journal of Marine Research [36, 2 

Figure 4. A. X-radiograph through a 2.5 cm thick section of sediment showing one arm of a 
burrow from the relatively sandy high intertidal at location I. (scale bar = 3 cm) 
B. Photograph of a cross section of a core taken around one arm of a burrow showing 
radial color variation due to changing relative abundance of solid phase oxides and sulfides. 
(ruler markings = 0.5 cm) 
C. Photograph of a cross section of a burrow demonstrating multiple layers of burrow wall 
and particle size gradient between burrow wall (0.4 cm from left) and surrounding sediment 
(2 cm from left) at high intertidal of location I. No easily observable size gradient is present 
in low intertidal at location I or at location II . (markings = 0.2 cm) 

thick. The total thickness of the multiple layers forming the wall is ~ 1-1.5 cm. 
Only the innermost tube is a perfect cylinder and acts as the burrow chamber; the 
outer layers are split lengthwise parallel to the tube axis and wrap partly around 
the circumference of the next inner cylinder. The arc length of an outer split tube 
can be smaller than the next inner one by a few millimeters or may be approximately 
the same. 

The cylindrical organic sheet or sheets lining the tube and the successive sheets 
separating individual wall layers are strongly stained by the periodic acid-Schiff 
reaction for carbohydrate. The lining stains very lightly with mercuric bromphenol 
blue (protein) and does not react with Sudan Black B (lipid stain). Particles in the 
wall layers also stain lightly for carbohydrate. 

The tube wall is formed by successive packing of small parcels of sediment 
(Fig. 3). These brick-like structures are of variable size and fusiform in shape. They 
separate from one another upon drying of the burrow. Ranging in length from 2-4 
mm or greater with maximum thicknesses of 0.2-0.7 mm parallel to the tube axis, 
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Table 1. Weight percent abundance of particle size fractions in the burrow wall of Amphitrite 
ornata. 

Sample 
Radial Vertical 
sample depth Size fractions 
zone interval <62µ,m% > 62µ,m% 125µ,m% 250µ,m% 500µ,m% 1000µ,m% 2000µ,m% 

1 0-7 cm 11.6 28.1 31.0 22.8 6.8 
1 7-11 cm 20.1 38.9 22.9 7.8 7.4 2.9 

11-18 cm 26.0 39.3 19.1 9.5 6.0 
1 24-30 cm 30.7 32.1 19.8 11.5 2.4 3.4 
2 0-7 cm 11.0 23.1 22.6 24.4 14.6 4.4 
2 7-11 cm 27.0 40.3 18.3 8.3 4.6 1.5 
2 11-18 cm 28.8 38.3 18.0 10.8 4.0 0.1 
2 24-30 cm 37.8 35.6 14.6 6.7 2.8 2.5 
3 0-7 cm 15.8 27.4 25.1 21.3 8.8 1.7 
3 7-11 cm 16.0 33.6 25.8 15.6 5.8 3.3 
3 11-18 cm 20.2 35.6 20.7 15.6 6.0 1.8 
3 24-30 cm 37.6 19.6 13.2 15.4 11.l 2.9 
4 0-1 cm 16.2 26.0 23.0 20.8 11.l 2.0 0.9 
4 1-2 cm 11.7 23.7 24.2 25.9 13.8 0.6 
4 2-3 cm 14.1 21.6 22.3 25.7 13.5 2.7 
4 14-15 cm 16.9 22.6 18.7 26.3 11.3 4.1 

they may extend either partly or entirely through the ~ 2 mm thick burrow layer 
(Fig. 3). Small invaginations of burrow lining occasionally occur between fusiform 
bricks. There is no readily apparent organization of sediment grains internally in 
a single brick but inequidimensional grains around the edges are commonly oriented 
with their long axes tangential to the brick surface. 

The wall layers are formed from a higher percentage of small particles than are 
found in the average surrounding sediment. The difference between particle size 
distributions in the burrow wall and ambient sediment can be easily seen in medium 
sand areas of Locality I (Fig. 4). In silty areas such as Locality II and low intertidal 
areas of Locality I, discontinuities in particle size are subtle and less easily seen. 
Three-dimensional grain size distribution data for one burrow from Locality II, the 
particles of which were used in chemical analysis, are given in Table 1 and Figure 5. 
There is a consistently higher percentage of very fine sand and silt(< 125 ,um) in 
the sediment surrounding the burrow than in ambient sediment. This percentage 
increases in the burrow wall with depth. In Locality I where biogenic graded bed-
ding is present, the discontinuity between particle sizes composing the burrow wall 
compared to surrounding sediment can be easily seen. At depths of 30 cm, burrows 
can often be found as silty pipes running through coarse sand and gravel. 

The openings of each arm of the U-shaped tube may be as close as 15 cm or 
more than 60 cm apart. The base of the U is commonly found at 30 cm depth but 
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Figure 5. Grain size distributions in samples from radial and vertical sample zones (Figure 
2A) for solid phase analysis (burrow from location II). Deight percent abundance plotted. 

this varies by about 10 cm. Sometimes the U is more nearly a LJ-shape rather 
than a curved base. The trough of the U is often reinforced with many of the pri-
mary tube layers. 

Only burrows having two openings have been observed in the field, but it is 
possible that single vertical burrows or multiple branched burrows also occur. Dur-
ing winter months the burrow openings to the surface are often not maintained and 
the animal can be found in the trough of the burrow, apparently hibernating. This 
requires further substantiation. 

b. Irrigation , particle transport, and behavior. Amphitrite ornata, like many terebel-
lids, is capable of turning around (end-for-end) in its burrow (Dalyell, 1853; 
Linville, 1903; Dales, 1955, Schafer, 1956). Observations in the laboratory through 
the sides of artificial burrows (Tygon tubing) show that A. ornata turns by first con-
tracting its tentacles; then, tucking its head ventrally, it moves toward its posterior. 
The anterior ventral surface slides successively over posterior ventral segments; the 
final motion is the pulling through of the posterior end while the head remains 
relatively stationary. Turning takes about 30 sec. in both artificial and natural 
burrows. 

The ability to turn in its burrow allows Amphitrite to feed at both ends of the 
U-shaped tube. Tentacles are stretched radially (> 25 cm radius) on the interface 
and particles transported to the mouth (Linville, 1903). The dominant particle 
transport usually takes place by the pulling in of an entire tentacle once its under-
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Table 2. Fluid and particle transport rates for Amphitrite ornata. 

Burrow Opening 

Head (withdrawn) 
Head (feeding) 
Tail (withdrawn) 
Tail (feeding) 

Fluid Transport 

Average Continuous Velocity 

0.094 cm/ sec 
0.075 cm/ sec 
0.018 cm/sec 
0.043 cm/ sec 

Velocity range: 0.043 cm/sec to 10 cm/ sec; usually < 1 cm/ sec. 

Particle Transport 

Measurement 
Period Rate 

2.6 g/ d 
5.2 g/ d 

Average Rate 
(short period 

average) 

Average Rate 
(integrated 

7 day) 

1 (2 days) 
2 (5 days) 3.9 ± 2 g/ d 4.5 g/ d 
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side is coated with particles rather than continual transport m a conveyer-like 
fashion along the ciliated groove. 

Defecation of ingested particles takes place at the same end of the burrow as 
feeding. While the tentacles remain partially extended at the surface, the animal ex-
trudes unconsolidated feces in a continual stream; it then resumes feeding at the 
same end. 

Unless disturbed, in the laboratory the animal feeds continuously after a few days 
of no tidal activity. It feeds both in light and dark. The feeding rate of one individ-
ual in an undisturbed box core during the first week in the lab (20°C) was 4.5 g/ d 
(seven-day average). The daily rate was variable: 3.9 ± 1.9 g/ d (average error) 
(Table 2). Rhoads (1967) made field measurements of reworking by A . ornata at a 
temperature of ~ l 7°C. Averaging his data and converting to g/ d, he found 4.6 ± 

2.2 g/d. After :finding this agreement in average rates between laboratory and field 
and noting the variability, further measurements were not made. 

In addition to turning end-for-end in the tube, A . ornata also rotates about its 
anterior-posterior axis, but the preferred orientation is with the ventral surface to 
the inner curve of the U. During rotation, the animal continually crops the burrow 
sides (of bacteria?) with its mouth. Rotation has been observed in animals placed 
in artificial burrows, but rotation is also known to take place during tube construc-
tion in natural burrows (Linville , 1903). 

The burrow is continually irrigated with overlying water by peristaltic body waves 
and by the animal's moving up and down the burrow. Records of this activity were 
made on four individuals (10-15 cm long), two in undisturbed box cores and two 
in artificial burrows, using the current meters previously described. Approximately 
56 hours of records were made at a chart speed of 1.25-0.5 cm/ min, 16 hours of 
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Figure 6. Illustrative velocity patterns of water flow into and out of burrows. A. Head end 
(withdrawn). B. Tail end (withdrawn). C. Head end (feeding). D. Tail end (feeding). E. Ani-
mal (withdrawn) quiescent with occasional velocity spikes up to, in some cases (not shown), 
10 cm/ sec. 

which were integrated for the calculation of irrigation velocities. No significant 
differences between animals in natural and artificial (Tygon) burrows were found. 

There are several different activity patterns of irrigation velocities. Because the 
average velocity and volume of water pumped were the primary objectives of the 
irrigation measurements no detailed explanation of the many small variations in 
activity patterns is attempted here, but some general observations can be made. The 
head end patterns differ greatly from those recorded over the tail end and patterns 
recorded during feeding differ from those when the animal is retracted into the tube. 
Often, when the animal is withdrawn into the burrow, only one side of the burrow, 
the head end, is irrigated for long periods of time (e.g., 1 hr.). Currents are detected 
over the head end as regular pulses moving in and out of the burrow, while no move-
ment (< 0.04 cm/sec) is detected over the tail end. An example of this is shown 
in Figures 6A, B. During this type of head end pattern, the peaks correspond to 
times of regular peristaltic body wave movement. These waves start about 2/3 of 
the way down the body and move toward the head. The corresponding velocity 
valleys represent periods of quiescence during which the animal contorts slightly 
and a constriction of the body occurs just behind the anterior 1/ 3 of the animal 
before the regular waves begin again. The current records and direct observation 
show this pattern repeated ~3 times a minute with wave generation occurring for 
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about 15-20 second periods and quiescence for shorter periods between. Head end 
velocity patterns during feeding are shown in Figure 6C; a tail end pattern during 
feeding is shown in Figure 6D. Animals in box cores sometimes exhibited patterns 
such as Figure 6E, showing large single velocity maxima of > 10 cm/sec with lower 
velocity regions and periods of quiescence in between. Single velocity maxima inter-
spersed with long periods of quiet are common at the tail end. 

Estimates of the average velocity, calculated as a continuous stream, and the 
total volume of water pumped were made by first dividing the recordings into four 
types: head end (animal withdrawn), tail end (animal withdrawn), head end (during 
feeding), and tail end (during feeding). Velocity peaks were integrated over numer-
ous short time periods and a time-weighted average velocity calculated for each 
type. Velocities at the background were assigned a value of zero rather than 0.04 
cm/ sec, the detection limit. The average irrigation velocities found in this way are 
given in Table 2. Because the velocity probe does not distinguish direction, these 
average velocities represent the sum of the absolute values of velocities into and out 
of the burrow. To calculate a unidirectional current velocity into or out of the bur-
row for a given state of the animal, withdrawn or feeding, the head and tail end 
contributions must be summed and then divided in half. This gives: 

_ head + tail (withdrawn) 
Vwitbdrawn = 2 0.056 cm/ sec 

_ head + tail end (feeding) 
Vf eed!ng = 2 = 0.059 cm/ sec 

These are the same (within error) and illustrate constancy of total irrigation regard-
less of current pattern within the burrow. To calculate a volume pumped, the above 
velocities are averaged to give: v = 0.0575 cm/ sec. The burrow openings used had 
an average diameter of 0.75 cm. The water volume pumped, V, is then: 

V = vA = (.0575 cm/ sec) (0.44 cm2
) 

= 0.025 cc/ sec= 91 cc/hr 

where A is the area of the burrow opening. This number probably has an uncer-
tainty of at least ± 25% . The inability to detect currents below 0.04 cm/ sec may 
make this a minimum and must also influence the magnitude of the observed asym-
metry between irrigation velocities at different burrow openings. 

In the field, burrows are observed always to have an inner oxidized halo, usually 
the inner layer of 1-2 mm thickness, extending the entire length of the burrow. This 
may be slightly thinner in the deepest parts of the tube. Because the burrow is 
asymmetrically irrigated, in order to maintain the approximate evenness in the halo 
depth from one side of the burrow compared to the other (and to keep the tube 
clear) the animal must periodically reverse in its tube. By knowing how fast the 
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Table 3. Tidal flat water samples, Barnstable Harbor. 

Sample 
(see Alk/Cl HPO.= NH.• 

Fig. 1) c1-(M) Alk(meq/l) x 10• (µM) (µM) Fe(µM) Mn(µM) 

1 (Sept. 1, 1976) 0.499 2.16 4.32 0.74 0.6 0.87 0.72 

2 0.468 2.08 4.44 0.96 0.4 1.18 0.98 

3 0.456 2.04 4.47 1.07 0.3 1.21 0.97 
4 0.440 1.98 4.50 1.32 0.9 1.46 1.11 
5 0.302 1.50 4.97 1.87 2.2 1.26 1.07 

A (Aug. 12, 1975) 0.410 1.99 4.85 0.93 
(random sample 

incoming water) 

oxidized halo is destroyed it is possible to estimate the minimum number of times 
an animal turns around in its burrow under field conditions. Sections of burrows 
(5-8 cm long) were collected and placed in an aquarium with air-saturated sea 
water (T = 22°C) circulating above. In 12 hours the oxidized rind was reduced 
from a bright orange layer 1 mm thick to a dull orange layer ~ 0.5 mm thick, in 
36 hours it was ~ 0.1 mm thick. It remained at 0.1 mm after 60 hours in all but 
one sample (in which it was totally absent), after which the experiment was termi-
nated. A reasonable estimate based on these data is that in nature A. ornata turns 
in its burrow at least once a day. 

c. Overlying water. Analyses of overlying water at Location I show that as the tide 
recedes, water of variable salinity flows over or past the flat (Table 3). The sampling 
transect down the flat is at right angles to the primary direction of tidal flow so that 
samples taken at the water's edge during ebb represent water which had resided 
farther up the embayment a short time before. Ayers (1959) gives an upper salinity 
for the main body of the harbor as 32.5%0 (Cape Cod Bay water) which, as the tide 
recedes, is reduced to lower values as marsh water is drawn out into the harbor; a 
low value of < 20%0 is not unreasonable in this cycle. The data given in Table 3 
agree well with Ayers' description of the hydrography of the harbor. The samples 
taken lowest on the flat and representing the innermost harbor are lowest in Cl-
concentration. The time of sample collection in relation to Cl - concentration shows 
that Cl- changes rapidly during the final ebb stages but otherwise changes slowly 
in a simple mixing sequence of inner marsh and Cape Cod Bay water and is gen-
erally high in salinity. 

Both HPO4= (1-2 µM) and NH4+ (0.5-1 µM) concentrations are similar to 
coastal water values reported elsewhere. Plotting HPQ4= versus Cl- demonstrates 
that the inner marsh has a high standing concentration of HPO4 = and that this high 
HPO4= water mixes rapidly and in a fairly conservative way with the lower HPO4= 
water of Cape Cod Bay salinity (Fig. 7). NH4 + concentrations are too low to ac-
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Figure 7. Tidal flat water compositions during ebb as a function of c1- concentration. c1-
decreases during ebb (see text). HPo.= = circles, Fe = triangles, Mn = squares. 

curately assess its behavior but the inner marsh water is clearly higher in NH4 + 
than outer harbor water. 

Fe and Mn concentrations(~ 1 µ,M) are 10-100 times higher than typical coastal 
sea water concentrations determined by the same sampling and analytical methods 
(Aller, 1977). There are too few data to define an exact relationship but the pattern 
of Fe and Mn concentrations in relation to Cl- shows that regions of the marsh at 
Cl- > 0.4 M and tidal flats are sites of high standing concentrations of Fe and Mn 
and that these concentrations decrease as salinity increases. The supply of Fe is 
high enough and mixing with high Cl - sea water rapid enough that nonconservative 
behavior typical of Fe (Boyle et al., 1974) is not revealed with the few data avail-
able (Fig. 7). Mn is thought to plot linearly against salinity in many cases (Holliday 
and Liss, 1976; Graham, Bender, and Klinkhammer, 1976) as it does here for Cl-
< 0.4 M. The standing crop of Fe and Mn appears to be constant or go through a 
maximum at CI- < 0.4 M implying the major source (as determined by standing 
concentration only) for these elements contacts waters of CI- < 0.4 M. 

The alkalinity to CI- molar equivalent ratio increases steadily from 4.32 to 4.97 
x 10-s in the overlying water as the tide recedes. 

The ATP concentration in the overlying water (~ 1.0 ng/ ml) is similar to coastal 
water values determined by the same procedure reported elsewhere (Holm-Hansen 
and Booth, 1966; Cheer, Gentile, and Hegre, 1974; Yingst, in press). 

d. Burrow water results. Analyses of water collected from burrows at Location I 
are given in Table 4. The length of time the sampled burrows were exposed after 
the tide receded is also given. If it is assumed that the initial concentrations of the 
measured substances were within the range of values found for overlying water, 
then time-related changes in burrow water concentration values which exceed the 
range of possible initial concentrations are indicative of loss or supply of dissolved 
material to the burrows. The sources of these changes occur in the burrow and are 



220 Journal of Marine Research [36, 2 

Table 4. Burrow water of Amphitrite ornata. 

t Number 
Sample (minutes of burrows Alk 

No. exposed) sampled Cl- (M) Ca(µ,M) Ca/Cl Mg Mg/Ca (meq/1) 

1 10 1 0.364 6.58 .0181 34.1 5.18 1.46 

2 47 2 0.412 7.42 .0180 38.6 5.20 1.58 

3 80 2 0.408 7.39 .0181 37.9 5.13 1.74 

4 141 2 0.480 8.61 .0179 44.5 5.17 1.38 

5 198 2 0.560 10.07 .0180 51.4 5.10 2.22 

6 278 3 0.452 8.30 .0184 43.3 5.19 2.62 

Alk / Cl HPO.= NH,• Fe Mn ATP 
X 103 (µ,M) (µ,M) (µ,M) (1-tM) (ng/ rnl) 

1 10 1 4.01 3.9 4.5 1.3 1.3 1.33 

2 47 2 3.83 8.4 25.2 1.6 1.3 3.82 

3 80 2 4.26 3.7 27.6 5.6 1.2 2.43 

4 141 2 2.88 15.5 15.8 1.4 0.2 1.19 

5 198 2 3.96 25.8 62.8 3.2 0.5 4.79 

6 278 3 5.80 16.3 96.3 5.2 0.9 6.56 

due either to the inhabitants of the burrow or to diffusion-precipitation processes 
in surrounding sediment. 

Measurements of Cl-, Mg, Ca, alkalinity, NH4+, HPO4=, Fe, and Mn were 
made. Cl - shows substantial variation between the burrows sampled after different 
times of exposure. Burrows sampled after the shortest time of exposure were lowest 
on the flat while burrows sampled after the longest exposure were highest on the 
flat. The Cl- variation could then be due to evaporation trends related to time of 
exposure or the variation may simply reflect the last water which overlay a given 
burrow just before exposure. The burrow water Cl- range of 0.364-0.560 M is 
comparable to the range found in overlying water (the following year). The high 
value of 0.560 M ( ~ 35%0) is indicative of slight evaporation since 32.5%0 is the 
highest salinity reported for Barnstable Harbor. This percentage evaporation is not 
important for the treatment of the data. The interpretation of the Cl - variation 
accepted here and used in the data analysis is that water of variable salinity passes 
over the flat as the tide recedes. Animals low on the flat pump water of lower 
salinity into their burrows just before exposure than do individuals slightly higher 
on the flat. This variable salinity source causes the differences in Cl - in burrow 
water. 

pH measurements of burrow water by insertion of a combination rnicroelectrode 
into burrows on October 14, 1975 gave values of 7.09 ± 0.43 (S.D.). Surface sedi-
ment (0-1 cm) was 7.10 ± 0.13 (S.D.) and overlying water 8.19 on the same day. 

Alkalinity of burrow water varies regularly between sample sets. When normalized 
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Figure 8. Burrow water concentrations of NJL+, HPO,=, and Fe as a function of time after 
exposure by tide. Lines determined by least-squares analysis fit to data. 

to Cl-, four of the samples cluster around a molar equivalence ratio of~ 4 x 10- 3 

or lower. Sample 6 is much higher (5.8 x 10-3) and sample 4 is much lower (2.9 
X l0- 3) than this ratio. Most samples have lower alkalinity/ Cl- ratios than ex-
pected for sea water at 35%0 (~ 4.25 x 10-3 at 0.550 M Cl-) or that found in the 
overlying water if the ratio were assumed conservative. The Mg/ Cl and Ca/ Cl 
ratios are typical of sea water in all cases showing that alkalinity is not lowered by 
carbonate precipitation in the burrow. 

NH4 +, HP04 =, and Fe concentration trends during the time of burrow exposure 
are much greater than can be explained by source water variation. Therefore the 
differences in concentration of NH4 +, HPO4 =, and Fe between burrow samples is 
taken as a real index of rate of increase or flux of material into the burrow. The 
measured concentrations are plotted against time of exposure in Figure 8. Lines 
have been fit to these data by least squares methods. The slopes (and standard error) 
of these lines which will be used in later calculations, are: NH4 +: m = 0.31 ± 0.06 
µM/min; HPO4=: m = 0.066 ± .022 µM/ min; Fe: m = 0.010 ± .007 µM/ min. 
In each case, the errors can be greatly reduced by the elimination of one point 
which is clearly an outlier, but no points have been thrown out as the slopes are 
not greatly influenced. 

Variations in Mn concentration in burrow water are largely masked by changes 
in the source water. By comparing Mn and Cl- relationships in overlying water 
(Fig. 7) with Mn and Cl- values from burrow water samples (Table 4), burrow 
samples 1, 2, and 3 contain Mn concentrations consistent with their Cl- levels 
(assuming that comparison of ratios between data sets is roughly valid). At higher 
Cl- concentration and lower Mn background for samples 4, 5, and 6 there is an 
apparent increase in Mn with time. With the large analytical uncertainty in the Mn 
burrow water values (~ 30% ) this apparent increase is only suggestive and will not 
be treated quantitatively. The net, internal supply of Mn to burrow water is lower 

than that for NH4 +, HP04 =, and Fe. 
The ATP contents of burrow water (different burrows from those used for in-

organic analyses) are given in Table 4. The concentration at time 10 is presumably 
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Table 5. Pore water samples around Amphitrite Burrows. 

Sample 
Ambient Sediment 

Vertical 
Core Depth A1k pH NJL+ 

Sample No. Interval (meg/l) (punch in) (mM) Fe(µ,M) Mn(µ.M) 

1 0-1 cm 2.40 6.8 0.090 16.5 1.5 

2 1-3 cm 2.51 6.9 0.306 4.1 0.6 

3 3-6 cm 3.25 7.1 0.462 3.0 0.5 

4 6-9 cm 2.48 7.2 0.4 2.9 

5 9-12 cm 2.26 7.2 0.3 ~2.0 0.6 

6 12-15 cm 2.10 7.2 0.3 ~1.4 0.7 

Burrow Core 
Radial Zone 

I+II 0-1 cm 2.59 6.9 0.082 23.5 1.2 
I 1-3 cm 3.70 7.1 0.87 25.0 1.2 
I 3-6 cm 4.27 7.2 0.86 31.2 0.5 
I 6-9 cm 5.37 7.0 1.27 48.3 9.9 
I 9-13 cm 5.07 7.0 0.963 48.3 4.3 
I 13-17cm 5.15 7.1 0.943 156 8.0 

II 1-3 cm 3.23 7.1 0.398 IO 0.46 
II 3-6 cm 3.04 7.3 0.399 6.8 0.2 
II 6-9 cm 2.87 7.2 0.473 6.6 0.1 
II 9-13 cm 3.10 7.2 0.513 3.4 0.4 
II 13-17cm 2.70 7.3 0.380 ~0.9 1.7 

that of the overlying tidal flat water. Samples from burrows exposed the longest 
have the highest ATP concentrations, but significant drops in ATP content at 80 and 
140 minutes spoil any completely regular trend in ATP concentration with time of 
exposure. The low value (140 minutes) is essentially equal to the overlying water 
value. 

e. Pore water concentrations around burrow. Analyses of water centrifuged from 
sediment at different distances from the burrow and depth intervals are given in 
Table 5. Spatial patterns of concentrations for each set of analyses are plotted in 
Figures 9-10. These data show several distinct trends. In the sediment core taken 
away from the burrow, alkalinity and NH4 + concentrations increase with depth to 
the 3-6 cm interval then decrease very slightly (Fig. 9). Concentration profiles 
associated with the burrow core also show increased values with depth but values 
are higher in the burrow wall (Zone I) and immediately around the burrow (Zone m 
than in the surrounding sediment. Highest concentrations are found in the burrow 
wall and are sustained at these high levels relative to surrounding sediment at all 
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Figure 9. Radial and vertical patterns of pore water alkalinity and NH.• around Amphitrite 
burrow. Note that radial gradients are greater than vertical ones. Zone I (burrow wall) = 
dots; Zone II = dashes; surrounding sediment = solid lines. 

depths. Pore water immediately surrounding the burrow has concentration levels 
intermediate between burrow wall and sediment from the flat. 

In both the core away from the burrow and Zone II, dissolved Fe is highest at the 
surface and decreases to undectectable values, given sample size, at depth (Fig. 10). 
The burrow halo concentrations (Zone II) are consistently higher than ambient 
sediment values. Water from the burrow wall shows an entirely different distribu-
tion; concentrations are consistently higher than surrounding sediment and increase 
with depth. 

Dissolved Mn is very low and near the detection limit (for sample size) in all 
cores but shows a tendency to be higher in the burrow wall samples at depth 
(Fig. 10). 
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Figure IO. Radial and vertical patterns of dissolved Fe and Mn associated with burrow. Zone 
I (burrow wall) = dots; Zone II= dashes; surrounding sediment= solid lines. 



224 Journal of Marine Research [36, 2 

Table 6. Burrow solid phase analysis. 

Sample < 7 4 µ,m size fraction 

Radial Depth Ignition S .. (FeS) S(FeS,) Fe Mn Zn 

Zone Interval Loss µ,ml g* µ,m/ g mg/g-ash µ,g/ g-ash µ,gi g-ash 

1 0-7 2.28 2.2 22 12. l 231 41.8 

1 7-11 2.47 1.1 27 12.4 255 41.7 

1 11-18 2.85 2.5 24 13.3 270 43.8 

1 24-30 3.61 0.2 27 15.2 258 51.6 

2 0-7 1.19 1.9 34 11.6 287 39.6 

2 7-11 1.96 5.99 41 12.0 230 35.7 

2 11-18 1.88 5.14 44 12.8 242 39.7 
2 24-30 2.62 4.21 50 14.4 238 48.9 
3 0-7 1.48 1.7 17 12.2 305 38.4 
3 7-11 1.56 1.6 23 10.2 255 34.3 
3 11-18 1.13 1.4 18 9.44 228 34.8 

3 24-30 2.17 0.62 53 14.5 258 50.7 
4 0-1 1.60 1.0 15 10.4 237 36.7 
4 1-2 0.83 1.7 15 9.18 246 29.3 
4 2-3 1.03 0.31 18 9.46 217 33.2 
4 14-15 1.05 0.2 18 9.89 216 35.1 

* µ,m = µ,moles. 

f. Solid phase analyses: geochemistry. Samples analyzed for solid phase chemistry 
are splits of samples used for grain size analysis given in Table 1. The results of 
analyses are listed in Table 6. 

The spatial distribution of organic matter (loss on ignition) around the sampled 
burrow is shown in Figure 11. The inner wall (Zone 1, 0-3 mm) is highest in or-
ganic matter and increases with depth. Organic matter decreases regularly away 
from the inner burrow wall at all depths in both the older (outer) sublayers of the 
burrow and in surrounding sediment. The deepest sample of Zone 3 annular ring 
(1.3-2.3 cm) intersects old burrow wall reinforcement and shows high values typical 
of burrow wall. Above this depth, sample values for Zone 3 are low and similar to 
ambient sediment. 

Acid volatile sulfides, predominantly mack.inawite and greigite (Berner, 1964, 
1970; Goldhaber and Kaplan, 1974) are higher in sediment associated with the 
burrow than in surrounding sediment (Fig. 12). For clarity, values for Zone 3 
(Table 5) have not been plotted but are intermediate between Zone 2 and ambient 
sediment. The layer just outside the inner oxidized wall, Zone 2, has the highest 
concentration of acid volatile sulfide and is often colored black. The orange burrow 
wall bas measurable concentrations of FeS. All profiles show a tendency to lower 
values at depth. Ambient sediment has a slight maximum Sa.v. in the second centi-
meter. 



1978] Aller & Yingst: Biogeochemistry of tube-dwellings 

0 1.0 

E 10 
_g 

:c 
I-
c.. 
w 
0 

20 

30 

¾ IGNITION LOSS 

20 

r .. 
'\ .. 

·--· •.•.•.•. 

: ··· ... 

I .. ' -: 
I 
I 

' 

3 .0 

·-.. , 
ZONE-2 ZONE-I 

4.0 

225 

Figure 1 L Ignition loss (~ organic matter) patterns in burrow sample zones. Zone 1 = dots; 
Zone 2 = dashes; Zone 3 = solid; Zone 4 = diagonal slashes. 

Non-volatile sulfur (pyrite, elemental and organic) is also higher in sediment 
comprising the burrow than in ambient sediment. Highest levels are found in the 
black burrow Zone 2. The oxidized inner wall has relatively high concentrations 
of pyrite sulfur. The profiles show increased values with depth. The third sampling 
ring (Zone 3) has intermediate values, except for the deepest sample, which is bur-
row wall, and therefore not plotted. Assuming organic matter has 1 % S (Kaplan, 
Emery, and Rittenberg, 1963) and given the organic matter values of Table 5 more 
than half of the measured nonvolatile sulfur is mineralized sulfur. In the case of 
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Figure 12. Acid volatile sulfur (~ FeS) and pyrite sulfur (FeS, + S0 + organic S) in burrow 
wall zones and surrounding sediment. (Zone 3 not plotted for clarity). Zone 1 = dots; Zone 
2 = dashes; Zone 4 = diagonal slashes. 
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Figure 13. Fe, Mn, and Zn distributions in burrow wall and surrounding sediment (<74 µM 
size fractions) demonstrating enrichment patterns (Zone 3 not plotted for clarity). Zone 1 == 
dots; Zone 2 = dashes; Zone 4 = diagonal slashes. 

the black burrow zone having the highest sulfur values, 90% of the fixed Sis prob-
ably pyrite. 

Analyses of the < 74 µ,m size fraction for Fe, Mn and Zn are given in Table 5 
and their spatial distributions are plotted in Figure 13. The use of the < 74 µ,m 
fraction greatly reduces random dilution by large sand particles and the effect of 
slight differences in particle size which would affect sample comparisons. Our sam-
ples should therefore reflect diagenetic differences rather than particle size differences. 

The inner burrow wall is enriched in Fe relative to all other samples. Zone 2, 
outer burrow wall, is enriched in Fe relative to surrounding sediment but slightly 
and consistently depleted in Fe relative to the innermost wall layer. Surrounding 
sediment shows a slightly enriched surface but otherwise low, relatively constant 

Table 7. Dehydrogenase activity (DHA) and adenosine triphosphate (ATP) concentrations in 
sediments surrounding burrow of Amphitrite ornata. 

Radial Vertical Total Sed. ATP Total Sed. DHA 
Sample depth interval (µg/ gm dry (absorbance/ gm 
Zone (cm) sediment) ± S.D. dry sediment) 

1 0-8 1.45 .53 0.053 
2 0-8 0.52 .19 0.153 
3 0-8 0.84 .31 0.159 
1 8-15 1.7 .62 0.528 
2 8-15 0.28 .10 0.325 
3 8-15 0.14 .05 0.325 
1 20-25 0.86 .31 0.280 
2 20-25 0.08 .03 0.609 
3 20-25 0.04 .01 0.533 
4 0-1 1.77 .65 0.169 
4 1-2 0.76 .28 0.101 
4 7-8 0.25 .09 0.319 
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Figure 14. A. ATP concentrations in burrow wall zones and surrounding sediment at loca-
tion II, September 1975. Zone 1 = dots; Zone 2 = dashes; Zone 3 = solid; Zone 4 = diagonal 
slashes. 
B. Dehydrogenase activity (DHA) in burrow wall and surrounding sediment at location II , 
September 1975. Symbols are the same as for part A. 

values. There is a consistent trend toward higher Fe with depth in the burrow sam-
ples, including the bottom-most (2-3 cm) sample of Zone 3 which as mentioned 
before is also old burrow wall. 

Solid phase Mn shows depletion in the surface sample of the inner burrow wall 
but is enriched at depth with respect to other samples. All other samples show Mn 
enrichment at the interface with decreasing concentrations at depth. Burrow wall 
levels are consistently higher than ambient sediment. 

Zn is enriched in the burrow relative to ambient sediment and is consistently 
slightly enriched in the innermost burrow oxidized layer relative to the rest of the 
burrow (Fig. 13). 

g. Solid phase analyses: ATP concentrations, DHA, and meiofaunal distributions. 
ATP concentrations and DHA corresponding to the solid phase analyses (Loca-
tion II, Sept. 22, 1975) are presented in Table 7 and shown graphically in Figure 
14. ATP concentrations around a second burrow (Location I, July 9, 1976) for 
which the meiofaunal contributions are known, are shown in Figure 15 and listed 
in Table 8. The vertical and radial sample zones differ slightly in the two sets of 
data. Both sets of ATP data show that total microbial and meiofaunal biomass are 
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Figure 15. a. Vertical and horizontal distribution of meiofauna around burrow of Amphitrite 
ornata at location I, July 1976. Zone I = dots; Zone 2 = dashes; Zone 3 = solid; Zone 4 == 
diagonal slashes. 

b. Distribution of total sediment ATP around burrow of A. ornata at location I, July 1976. 
Symbols are the same as for part a. 

highest immediately around burrows compared to surrounding sediment. ATP 
concentrations are particularly high in the innermost wall layer (Figures 14 and 15) 
and remain high with depth in the sediment. 

A substantial portion of total sediment ATP is contributed by meiofauna (Table 
8). Meiofaunal populations drop off rapidly with depth (Figure 15, Table 9). Nema-
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Table 8. Comparison of total sediment and meiofaunal adenosine triphosphate (ATP) concen-
trations in sediments surrounding burrow of Amphitrite ornata. 

Vertical 
Radial depth Total Sed. ATP Meiofaunal ATP 
Sample interval (µg/ gm (µg/gm) Microbial 
Zone (cm) dry sed.) ±S.D. total/ permanent ATP 

1 (tail end) 0-1 6.23 2.43 6.11/3.22 0.12 
1 (head end) 0-1 8.10 3.16 3.99/ 2.58 4.11 

1-3 0.87 0.34 0.35/ 0.30 0.52 
1 3-5 0.18 0.07 0.09 0.09 
1 5-9 0.30 0.12 0.01 0.29 
1 9-13 0.04 0.02 0.01 0.03 
1 13-15 0.05 0.02 0 0.05 
2 (tail end) 0-1 7.24 2.82 4.66/ 2.81 2.58 
2 (head end) 0-1 7.92 3.09 9.62/5.18 
2 1-3 0.53 0.20 0.41/0.25 0.12 
2 3-5 0.11 0.04 0.09 0.02 
2 5-9 0.21 0.02 0.02 0.19 
2 9-13 0.003 0.001 0.002 0.001 
2 13-15 0.025 O.ot 0.001 0.024 
3 (tail end) 0-1 8.15 3.18 4.11/1.75 4.04 
3 (head end) 0-1 9.78 3.81 22.80/ 17.92 
3 1-3 0.17 0.07 0.25/ 0.16 
3 3-5 0.07 0.03 0.09 
3 5-9 0.006 0.002 0.002 0.004 
3 9-13 0.008 0.003 0.007 / 0.002 0.001 
3 13-15 0.02 0.01 0.004 0.016 
4 0-1 6.28 2.45 4.78/2.58 1.50 
4 1-3 0.75 0.29 0.29/ 0.25 0.46 
4 3-5 0.13 0.05 0.03 0.10 

todes predominate and make up 54% of the total number of meiofauna; copepods 
are the second most abundant group and comprise 35% of all individuals. Only 
nematodes are found below 5 cm and these occur most abundantly near the burrow. 
In surface sediment, most ATP can be attributed to meiofauna. Below 5 cm most 
ATP is contributed by bacteria and other microorganisms (Table 8). Subtraction of 
meiofaunal ATP from total sediment ATP results in a residual difference with such 
a large error that radial trends in microbial population are largely obscured. Any 
radial trends are also reduced in this case because the innermost radial sample in-
terval is large (0-1 cm); the more closely sampled burrow from location II demon-
strates that the radial ATP gradient is greatest in the first few millim eters of burrow 
wall. Larger sampling intervals together with measurement error tend to eliminate 
trends (Fig. 15). 

Dehydrogenase activity is irregularly distributed with depth in the innermost 
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Table 9. Distribution of meiofauna in sediments around burrow of Amphitrite ornata on sur-
face of sand flat and with depth below the flat surface. Data are given as number of indi-

viduals/ gm dry sediment. Numbers on general flat are averaged from 5 separate samples. 

Sample location: Head end Tail end 

Vertical depth interval: 0-1 cm 0-1 cm General flat 

Radial interval (cm): 0-2 2-4 4-6 0-2 2-4 4-6 0-1 cm 

TAXA 

Nematoda 153.9 272.9 1079.1 202.6 177.7 114.8 184.0 

Oligochaeta 4.8 15.5 31.4 0.6 3.3 3.1 6.5 

Polychaeta 
Clymenella 

24.7 torquata 6.4 49.1 58.9 0 24.4 30.4 

Spionidae 15.6 15.5 7.9 3.4 0 0 7.2 

Nereidae 0 0 0 19.3 0 0 0 

Crustacea 
Copepoda 

(harpacticoid) 85.0 160.4 601.7 136.7 101.4 54.0 54.6 

Ostracoda 0 6.5 32.7 2.8 2.4 0.6 6.5 

Amphipoda 0 0 1.3 0 0 0 0 

Mollusca 
Bivalvia 

M ercenaria 
rnercenaria 0 0 1.3 0.3 0 0.6 0 

Gastropoda 
Nassarius tri vittatus 0 0 0 0 0 0.6 0 

Total Individuals: 270.6 519.9 1814.3 365.8 309.2 204.3 283.5 

*Permanent 
meiofauna: 248.6 455.2 1746.2 342.8 284.8 172.6 251.7 

burrow wall in the Location II data (Zone 1). In part, this may represent a sampling 
problem as the proportion of oxidized (orange-yellow sediment) to reduced (black) 
sediment in these samples varies because of slight unevenness in thickness of the 
oxidized zone. Zone 2 and 3 demonstrate a steady increase in DHA with depth 
(Fig. 14). DHA is generally highest in either Zone 1 or 2, although sampling was 

not of a scale to unequivocally demonstrate that the burrow wall is a site of higher 
DHA than surrounding sediment at depth. 

There appears to be a difference in the radial distribution of meiofauna in sur-
face sediment taken around opposite arms of the location I burrow (Table 9). 
Because Amphitrite can rapidly switch head and tail ends of the burrow it is im-
possible to relate with certainty meiofaunal distributions to an anterior or posterior 
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Table 9 (continued) 

Sample location: Head end Head end 
Vertical depth interval: 1-3 cm 3-5 cm 
Radial interval (cm): 0-1 1-2 2-4 4-6 0-1 1-2 2-4 4-6 
TAXA 

Nematoda 37.80 30.94 19.62 32.50 11.65 11.55 11.89 3.43 

Polychaeta 
Clymenella 

torquata 0 1.05 1.17 0.52 0 0 0 0 
Spionidae 0.29 0.59 0 0 0 0 0 0 
Nereidae 0.10 0.06 0 0 0 0 0 0 

Crustacea 
Copepoda 

(harpacticoid) 0.67 0.70 0.62 0.25 0.09 0.09 0 0 
Ostracoda 0 0 0.08 0 0 0 0 0 

Total Individuals 38.86 33.46 21.50 33.33 11.74 11.64 11.89 3.43 

Total Permanent 38.48 31.70 20.33 32.75 11.74 11.64 11.89 3.43 

Sample location: Head end Head end 
Vertical depth interval: 5-9 cm 9-13 cm 
Radial interval (cm): 0-1 1-2 2-4 4-6 01 1-2 2-4 4-6 

TAXA 

Nematoda 0.76 2.48 0.29 0 0.86 0.23 0.21 0 

Sample !.ocation: Head end 
Vertical depth interval: 13-15 cm 
Radial interval (cm): 0-1 1-2 2-4 4-6 

TAXA 

Nematoda 0 0.54 0.17 0 

* Permanent refers to species which remain within the size category: 0.04 to 0.1 mm throughout 
their lif e span. Total refers to all organisms of meiofaunal size including juveniles of larger forms 
(temporary meiofauna) (sensu McIntyre, 1969). 

end. Assignments were made based on the position of the animal at time of collec-
tion. Assuming these assignments are correct, meiofauna are generally more abun-
dant in the peripheral portions of the fecal mound (this is located at the head-end) 
than in ambient surface sediment. 

4. Discussion 

a. Burrow structure. The micro-structure of each burrow layer is similar to that of 
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Neoamphitrite figulus described by Schafer (1956). By analogy with tube formation 
by other terebellids (Watson, 1890; Schafer, 1956; Ziegelmeier, 1969), descriptions 
given for Amphitrite by Linville (1903), and direct laboratory observation, the bur-
row wall is formed in the following way: particles procured by the tentacles are 
coated with mucus and are taken between the outer lips, worked into a small parcel 
with additional mucus, then packed and shaped by the lower lip into the edge of 
the accreting end of the tube. The animal then rotates slightly in the tube and re-
peats the procedure; each packing episode represents a brick. The resulting struc-
ture is shown in Figure 3C. Adult Amphitrite taken from Barnstable Harbor can 
extend their tube in this way at 1 cm/hr but when removed entirely from the 
burrow are not capable of constructing a new burrow. This inability to reburrow or 
a reduction in burrowing ability is common in adult sedentary animals inhabiting 
relatively stable sediment (e.g., Stanley, 1970; Schafer, 1962). 

The multiple layer structure of the burrow wall represents several episodes of 
tube construction. Only the innermost tube and its lining act as the primary dwelling 
structure. The outer layers result either from slight lateral or vertical movement of 
the burrow or perhaps represent the walls of older, smaller diameter tubes which 
have been split by the animal after a period of growth, much like molting. The arc 
length of the outer layers taken in radial cross section is sometimes successively 
smaller than the next inner one, lending support to the latter possibility; however, 
the two explanations are not mutually exclusive. Multiple layers give added protec-
tion from disturbance by other burrowing animals and in sandy sediments must 
help retain burrow water in the high intertidal zone during drainage at low tide. 

The polysaccharide burrow lining found on the inner side of each wall layer is 
presumably similar in composition and structure to that reported for other dwelling 
burrows. These have been variously described as sulphated or phosphate-rich muco-
polysaccharides (Zola, 1967; Muzii, 1968) and can have a fibrous substructure 
(Muzii, 1968). Zottoli and Carriker (1974) suggest that these linings may also con-
tain bound enzymes such as protease to prevent colonization by other organisms. 
High ATP concentrations found throughout the length of the innermost tube wall 
(Figures 14 and 15) and the presence of several tube commensals in Amphitrite 
burrows show that such an antifouling mechanism cannot extend beyond the lining 
surface itself. As stated previously, Amphitrite grazes the inside of the tube periodi-
cally, thereby helping to prevent excessive colonization of the burrow lining. The 
permeability of this lining to diffusion of ions from surrounding sediment is not 
accurately known, but it is not highly impermeable like some burrow linings. The 
lining may have a dialysis effect on molecular diffusion. 

In many cases, the small particles from which the burrow wall is made are avail-
able in abundance only at the sediment surface. This fact together with the fact 
:hat the outer (older) burrow wall layers are not destroyed when a new inner layer 
1s formed, demonstrate that only particles obtained at the sediment-water interface 
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are used to form the tube. When animals in Tygon tube burrows in the lab are 
given access to sediment, they quickly form a single burrow wall layer throughout 
the entire inside length of the plastic tube demonstrating directly that Amphitrite is 
capable of forming a tube layer at depth using only surface sediment. 

The apparent use of particles obtained only at the surface for burrow construc-
tion may explain the regular increase in the abundance of small particles in the 
burrow wall with depth. If the animal adds a new layer rapidly, beginning first in 
the deeper sections of the burrow and building up (as was observed in the lab with 
Tygon burrows), then small particles may become progressively depleted in surface 
sediment immediately around the burrow during construction, forcing use of pro-
gressively larger building material as the surface is approached. Current action and 
biogenic reworking could later restore the grain size distribution at the interface 
around the burrow. The difference between the grain size distributions in the burrow 
wall at 24-30 cm depth compared to ambient surface sediment (Zone 4) must 
represent the maximum particle size selectivity exercised by Amphitrite in tube 
construction. 

In sandy areas of the flat where the deep-feeding (20-30 cm) maldanid polychaete 
Clymenella torquata or similar deposit feeders are present, fine particles are selec-
tively transported vertically to the surface, creating biogenic graded bedding 
(Rhoads and Stanley, 1965). Amphitrite then further selects a subclass of these 
particles and transports them horizontally into a small mound; as just shown, a 
portion of this material is transported back to depth, this time as a distinct shaft. 
This represents a commensalistic interaction of Amphitrite with Clymenella medi-
ated through biogenic sediment transport. Acting in concert these two organisms 
radically reorganize the fine particle fraction of otherwise sandy deposits into sur-
face layers of fines and shaft-like invaginations of those layers into the bottom to 

depths of> 30 cm. 
Although the burrow is U-shaped, Am,phitrite uses its tube much of the time as 

two separate vertical burrows. The ability to turn around, defecation out the same 
end as feeding, and asymmetrical irrigation of the tube support this contention. 
Other terebellids also turn in their burrows; defecate out the feeding side; and may 
construct U-shape multibranched, or vertical tubes (Dalyell, 1853; Seilacher, 1951; 
Ziegelmeier, 1952; Schafer, 1956). These observations suggest a different functional 
significance to the U-shaped tubes of terebellids than that described for other tube 
dwellers such as Chaetopterus (MacGinitie, 1939). The U-shape obviously increases 
the options available to the animal for either escape, switching feeding areas, or 
changing respiratory position. The "redundant" tube may be particularly valuable 
in the often physically unstable intertidal regions. Use of a general tube type and 
dependency on its shape or structure may vary greatly within genera or different 
populations of the same species (see comments of Linville, 1903; Dales, 1955; 

Schafer, 1956). 
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b. Chemistry of water in the burrow. Properties of the water found in the burrow 
are different from overlying sea water and, in the absence of irrigation, are subject 
to rapid change. The concentrations of NH4+, HPO4=, and Fe quickly become 
higher than expected for possible sea water sources (Tables 3 and 4). In contrast, 
except for sample 6, the alkalinity /Cl ratio is lower than in overlying sea water. 
These low alkalinities are associated with lower pH values (7.09 ± 0.43) than those 
of overlying sea water (8.19). Although CO2 production could cause these low pH 
values, the fact that alkalinity (~ HCOa - + COa =) is also lowered requires that 
CO2 (H2CO3) not be the only acid involved in the lowering of pH. As will be shown 
below, the changes observed in burrow water chemistry are consistent with dia-
genetic reactions taking place in the tube wall. 

In addition to changes in dissolved constituents, there may be an increase in 
suspended microbial populations in burrow water during low tide as suggested by 
ATP measurements (Table 4). This could be associated with excretion by Amphi-
trite or may represent reproduction or migration of microbe populations from the 
wall into burrow water when irrigation is absent. Unfortunately these samples were 
not filtered so that standardization with respect to particle contamination between 
samples is not possible and the observed variation may be more apparent than real. 

By using a simple mass balance model, it is possible to show that the laboratory 
measurement of irrigation rates, the observed rate of change of dissolved substances 
in burrow water during the intertidal period, and the earliest burrow water sample 
(10 minutes after exposure), represent mutually consistent data. 

Let: 

( ~;) 
suppl y 

( ) l oss 

c.,,, 
CB 

Vo 

V 

-

-
-

rate of concentration change (positive) due to internal input 
of a substance to burrow water; e.g., due to diffusion from 
walls, excretion, etc. 

rate of concentration change (negative) due to internal loss of 
a substance from burrow water; e.g., precipitation on walls, 
uptake of metabolites by bacteria, etc. 

concentration of substance in sea water 

concentration of substance in water leaving burrow 

volume of water in burrow 

irrigation rate in volume of water pumped per unit time. 

Then for constant burrow conditions (i.e., CB = constant): 

(1) Vo ( ) + C.,,,v = - V 0 (~) + CBv 
supply dt l oss 
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(2) 
( ~; ) supply 

+ ( dC) 
dt loss Vo 

(CB - C,w) V 

Of the substances measured in the burrow water, NH, + is the least subject to abio-
genic reactions and is relatively well behaved (i.e., the loss term is probably very 
small). If it is assumed that the relative rates of supply and loss are the same during 
intertidal as tidal periods, then from (2) and letting C refer to NH,+ : 

(3) ( dC ) (CB - C,w) V 

total Vo =m 

where m = the slope of the line of increase of NH,+ concentration during burrow 
exposure as shown in Figure 8. The "subscript" total refers to the sum of supply and 
loss. Approximating the average burrow by a tube of 0.75 cm diameter whose 
length is bent into a semicircle shape of diameter 30 cm (average distance between 
burrow openings in the field) then: V 0 ~ 13 cc. (volume of A. ornata ignored). 
This is a reasonable estimate of V 0 based on field observations of tube size and the 
amount of water (~ 10 ml) easily extracted from burrows. The average laboratory 
irrigation rate calculated in this study from current meter records is 91 cc/ hr versus 
75 ml/hr found by Coyer and Mangum (1973) using hydrostatic head methods 
(Wells and Dales, 1951). Taking the mean of these values as v (83 cc/ hr) and let-
ting: m = 0.31 ,uM/min and C,w = 0.9 ,uM (average of overlying water concentra-
tions, Table 3), then the steady state concentration of NH,+ in burrow water is 
predicted as CB= 3.8 ,uM. This compares well with the NH,+ concentration, 4.5 
µ,M, in the burrow water sample taken 10 minutes after exposure of the flat, sug-
gesting: (1) The concentration of dissolved substances in burrow water samples 
taken shortly after exposure of the flat represent a good approximation to those 
present when the flat is covered and irrigation is taking place. (2) If conclusion (1) 
is correct, then the water to which Amphitrite is normally exposed differs from over-
lying sea water. These differences include higher concentrations of metabolites 
such as HPO,= and NH, + and lower pH and alkalinity. (3) The laboratory and 
field data are mutually consistent. If, for example, the burrow water concentration 
of NH,+ at 10 minutes after exposure is accepted as a good approximation of ini-
tial CB, then the calculated irrigation rate using CB= 4.5 ,uM yields v = 67 cc/ hr; 
a value consistent with laboratory measurements. 

The measured rate of NH,+ supply (m) may tend to be a minimum for the follow-
ing reasons. The rate of supply is determined both by diffusion from the burrow 
wall and excretion by burrow inhabitants, predominantly Amphitrite. At rest, (i.e. 
during intertidal periods) Amphitrite's metabolic rate is about 15% of its active 
rate (T = 20°) (Mangum and Burnett, 1975). In addition, previous studies of the 
oxygen content of tidal flat burrow water (e.g. Arenicola, Jones, 1955) have re-
vealed lowered oxygen concentrations during intertidal periods. Such a decrease of 
0

2 
in the burrow would cause a further decrease in the metabolic activity of Amphi-
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trite below that of a simple resting state (Mangum and Burnett, 1975). An estimate 
of the NH4 + supply due to excretion during active periods (water covered flat) can 
be made by assuming that the ammonia excretion rate of the related terebellid 
Pista pacifica can be roughly applied to Amphitrite. This rate is 3.3 µmoles/ g (wet 
worm)/ day (O'Malley and Terwilliger, 1975). Using this value and assuming a 
generous average weight of ~3 g for Amphitrite in the field (based on a dry weight 
of 1 g for one of the largest laboratory specimens and a 30% dry-wet conversion 
factor (Dales, 1961)), a maximum of ~10 µmoles NH3/burrow/ day could be sup-
plied. This corresponds to a rate of increase in burrows of ~0.5 µM/ min if the 
average burrow volume of ~ 13 ml is assumed. Based on the oxygen consumption 
rates mentioned previously, at rest, Amphitrite's excretion rate should be ~1/ 10 
this active rate and should therefore not greatly influence the rate of increase, 0.31 
µM/ min, actually measured. The conclusion is that the major source of increase in 
burrow water concentrations of NH4 + during the intertidal periods is diffusion or 
production from the burrow walls and that the measured rate of supply could be 
lower than the maximum by as much as a factor of two. The consistency in the 
laboratory and field data based on the simple modeling of average values suggests 
that a large discrepancy between measured and possible maximum rates is unlikely. 

A slight expansion of the mass balance model used above allows estimation of 
loss or precipitation rates of reactive species like HP04 = from burrow water. For 
short time periods, HPO4 = exchange reactions may be described by first order 
kinetics (Pomeroy, Smith, and Grant, 1965; Li et al., 1972) and Fe precipitation, 
with which HPO4= can be expected to coprecipitate (e.g., Stumm and Morgan, 
1970), can also be described by first order kinetics under conditions of constant pH 
and 0 2 concentration (Stumm and Lee, 1961). By assuming that removal of HPQ4= 

in burrows will tend to be fir st order, a rate constant can be calculated as follows: 

Let: 

J = constant flux of HP04 = from tube walls (i.e., the concentration change 
during exposure is small enough not to affect the flux) 

A = inner surface area of tube 

Vo = tube volume 

k fir st order rate constant 

C = HPO4 = concentration. 

then, ignoring excretion, 

(4) ( !; ) supply 

(5) 
( ~; ) loss 

Al = - - = F 
Vo 

=-kC 
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From equation (2), and rearranging terms, at constant burrow conditions (i.e., water 
covered tidal flat): 

(6) V 
F=-v;;-(CB-C8w) + kCB 

During the period of exposure, the burrow water HPO4 = concentration is not con-
stant and is given by: 

(7) (_!!£_) = F-kC 
dt total 

therefore, 

(8) 

and 

(9) (_!!£_) = (F - k CB) e-"1 

dt total 

from equation (6). This gives: 

(10) 

It was shown previously (for NH4 +) that CB is approximately the concentration 
found 10 minutes after exposure. In the case of HPO4 =, this is 3.9 ,uM. Talcing: 
v = 83 cc/ hr (as discussed above), C,w = 1.2 ,uM (average of overlying water 
values), V 0 = 13 cc, m = 0.066 ,uM/ min (see results), and t = 278 min, then k 
~ 0.005/ min. A similar value of k, 0.004/ min, is obtained if a polynomial of the 
form: C = ao + a1t + a2t2 is fit to the HPQ4 = data of Figure 8, the series expansion 

e -kt ~ 1 -kt employed in equation (9), and 2a2 taken as equivalent to ;
0 

(CB - C8w) k. If coprecipitation with Fe were controlling HPQ4 = loss, this k would 
also represent a minimum reaction rate for Fe++ loss. In fact, it is in the general 
range but somewhat smaller than the k values expected for Fe precipitation in the 
pH range of burrow water and at atmospheric 0 2 levels (Stumm and Lee, 1961). 

The Fe supply and loss terms within the burrows during the intertidal period are 
nearly equal. The supply rate is only slightly in excess of loss due to precipitation. 
Net supply is .01 ,uM/ min, which with a burrow volume of 13 cc, implies a source 
of Fe equal to 1.3 X 10-4 µ,moles/ min or 0.2 µ,moles/ day from an average burrow. 
At population densities up to ten individuals per m2 (Rhoads, 1967), fluxes as high 
as 2 ,umoles/ m2 

- d from Amphitrite burrows alone are possible. This value may 
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be too high and could even change sign if during active irrigation the oxygen con-
tent of the burrow water increases to a level where Fe is precipitated from the Pe-
rich overlying water onto the reactive oxide burrow wall. Similar flux calculations 
for HPQ4 = and NH4+ give 1.2 and 5.8 µ,moles/ burrow/ d respectively. These fluxes 
(on a per m2 basis), which include only Amphitrite burrows, are just 10-100 times 
smaller than total fluxes measured from muddy sediments of Long Island Sound 
(Aller, 1977) suggesting the importance of burrow microenvironments in remobiliza-
tion processes. 

c. Geochemical processes associated with the burrow wall: Decomposition. The 
selection of small, organic-rich particles for burrow construction and the packing of 
mucus into the tube walls by Amphitrite enrich the walls in organic matter relative 
to the surrounding sediment (Figure 11, also note correlation of organic matter 
with <62 µ,m particle size fraction in Tables 1 and 4). Irrigation of the core of this 
organic-rich cylinder with sea water supplies an abundance of electron acceptors 
(e.g., 0 2, SQ4=) and flushes out possible inhibiting metabolites. The result of these 
conditions stimulates activity around the burrow relative to ambient sediment 
(Figures 14 and 15). This increase in the intensity of decomposition is the direct or 
indirect cause of changes in both fluid and solid phase chemistry near the burrow. 

Dehydrogenase activity, sediment color distribution and excess fixed sulfur in 
the burrow wall collectively demonstrate that much of this decomposition is associ-
ated with sulfate reduction. This is clearly not the only decomposition process 
taking place in the burrow wall, but by assuming that sulfate reduction is a major 
pathway and using established conventions for describing decomposition by sulfate 
reducers, it is possible to demonstrate some of the characteristics of organic matter 
breakdown taking place there. A general stoichiometric equation for the breakdown 
of organic matter by sulfate reduction can be written (Richards, 1965): 

(11) 

where, after Sholkovitz (1973), the stoichiometries of C, N, and P in the source 
organic material have not been explicitly defined and have been left as the subscripts 
x, y, and z; carbon is written as having an average carbohydrate oxidation state 
(Richards, 1965). 

Gradients in pore water concentrations of NH 4 + and alkalinity around the bur-
row are maintained over short distances by metabolic reactions like equation (11). 
By assuming steady-state concentration distributions, these gradients can be used 
to model the rate of metabolism in the tube wall. The radial symmetry of the bur-
row suggests that the geometry of pore water diffusion around it can be approxi-
mated by a hollow cylinder (annulus) having its axis fixed vertically in the sediment; 
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this symmetry was assumed during sampling. In the case of NH4 +, no great depth 
dependent concentration gradient in the burrow wall exists below the top few centi-
meters which, together with the ~20 cm axial length and ~1.5 cm wall thickness, 
implies that the end boundaries of the cylinder can be considered to be at infinite 
distance. The average concentration of pore water NH4 + is known in two discrete 
sampling zones around the tube axis and also at a distance of ~30 cm from the 
burrow. Because Zone II pore water NH4 + values are approximately the same as 
at 30 cm distance, it is assumed for purposes of calculation that the outer radial 
boundary of Zone II is held at the NH4 + concentration of surrounding sediment. 
Production of + in Zone II relative to Zone I is ignored. Assuming no radial or 
vertical compaction or net addition of particles, the equations describing the radial 
distribution of pore water NH4 + concentrations away from the central axis of the 
tube are then: 

Zone I 

(12) a ( r a;r1) + 
(1 + K)r ar u 

D R 
(1 + K) 

Zone II 

(13) 
iJCn 
at 

D 
(1 + K)r :r ( acll) r --

iJr 

where: 
r radial distance from tube axis 
t time 

C 1 concentration of NH4 + in Zone I (burrow wall) 
Cu concentration of NH4 + in Zone II 

a<r < b 

b<r < d 

R constant average rate of NH4 production in Zone I, production in Zone 

II is ignored 
K = Langmuir adsorption coefficient (reversible) in linear range of adsorp-

tion. 
D = molecular diffusion coefficient modified for tortuosity 

a inner radius of Zone I (radius of hollow tube) 

b outer radius of Zone I (outer radius of distinct burrow wall, with b-a = 
thickness of Zone I) and inner radius of Zone IL 

d = outer radius of Zone II sample zone 
Adsorption can be ignored because only the steady state case will be considered 

(see Berner, 1976). 

At steady state ( ~; = 0 ) , the general solutions are: 

Rr2 

(14) C1 = A + B ln (r) - 4D Zone I 
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Zone II 

The constants A, B, R, A 2, and B2 must meet the boundary conditions: 

(16) 

(17) 

(18) 

(19) 

Cu= Cd, r=d 

(burrow water concentration) 

(average surrounding sediment concentration) 

( O;J) 
r = b 

= ( 0;:I) 
Cr=Cn, r=b 

[36, 2 

and in addition the average analytical concentration, C, in each zone is known, 
giving: 

21T s: C1r dr 

(20) C1= 

21T s: r dr 

27T s: Curdr 

(21) Cu= 

27T s: rdr 

Solving these equations simultaneously and using the values: C1 = 0.98 mM (aver-
age concentration below 0-1 cm), Cu = 0.43 mM (average concentration below 
0-1 cm), Ca= 0.0045 mM (=CB), Cd= 0.35 mM (average surrounding sediment 
below 0-1 cm), a= 0.375 cm, b = 1.875 cm, and d = 3.75 cm, results in: 

_B_ = 7 4 mM 
D · cm2 

Taking D = 7 x 10-0 cm2/ sec for NH4+ (based on Li and Gregory (1974); with 
tortuosity correction of 0.37 based on Goldhaber et al., (1977), and temperature 
correction to 22°), then R = 5.2 x 10-0 mM/ sec = 164 mM/yr. This rate of 
NH.+ production is about 4 times the highest rates of production (corrected for ad-
sorption) found in the top few centimeters of muds from Long Island Sound (Aller, 
1977), demonstrating the high reactivity of the burrow wall and the importance of 
burrow rnicroenvironments in decomposition. 

The assumptions and data used in the diffusion-reaction model can be checked in 
part by comparing the model-predicted flux of NH4 + into burrow water with that 
actually measured on the flat. The flux of NH.+, J, across the inner burrow wall is 
given by: 
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(22) J = - cpD (~) = - cpD (_!!__ - R2Da ) or r=a a 

cp = porosity at r = a 

Taking cp = 0.5 (approximate porosity of sediment just outside the inner organic 
lining of burrow) and all other values as listed previously, then the predicted flux 
is 8.9 X 10-a µmolesl cm2l sec. With a standard burrow of diameter 0.75 cm and 
length 30 cm (Vo= 13 cc), the rate of increase of NH4 + in burrow water should 
be 2.8 µ,Ml min. The actual measured value is 0.31 µ,Ml min. Agreement between 
the predicted and measured flux is not especially good but considering the large 
number of assumptions the discrepancy is not unreasonable. The comparison as-
sumes that: (1) no NJL+ consumption occurs in the oxidized portion of the burrow 
wall (presumably a very small effect); (2) the organic sheets periodically present in 
the tube wall do not hinder diffusion; (3) that no significant change in pore water 
concentrations took place between August, when the burrow water measurements 
were made, and October when the pore water NH4 + concentrations were determined; 
(4) that uncertainties in the value of D, the average burrow size Vo, and analytical 
concentrations are insignificant; and (5) that exact agreement of data from a single 
burrow with average data from many burrows is expected. 

Nate that the minimum value of R required by the model to sustain the measured 
flux is still large at ~44 mMlyr (cp = 1, D = 7 X 10-6 cm2l sec, V 0 = 13 cc) or 
R ID= 0.20. 

d. Stoichiometry of decomposition in the burrow wall. The flux and pore water 
measurements allow limits to be placed on the average stoichiometry of decomposi-
tion as represented by x, y, and z in equation (11). An approximate upper limit on 
the NI P ratio of the decomposing organic matter can be obtained from the ratio of 
the HPQ4 = and NH4 + fluxes into the burrow. Letting ln and lv refer to the NH4+ 

and HPQ4 = fluxes, then: 

(23) 
y 

z 

The ratio of fluxes obtained from burrow water samples gives a NI P ratio of 4.7. 
A more exact relation between the theoretical fluxes and the NI P ratio accounting 
for differences in diffusion coefficients and boundary conditions can be readily de-
rived from the radial model equations (14-22) (Aller, 1977). Because of uncertainty 
in the actual flux rates and lack of pore water HPO4= data, a more exact calcula-
tion in this case is not really worthwhile. For example, use of equation (7) to correct 
the HP0

4
= flux for precipitation from burrow water lowers the estimated NI P ratio 

to ~ 1. Additional pore water reactions such as adsorption of HPO4 = onto Fe-
oxides in the burrow wall would also lower the release of HPO4 = into burrow 
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Figure 16. NH.• versus titration alkalinity plot used in calculations in text. Line determined 
by least squares methods fit to data; surface values not used. Zone I = open circles; Zone II 
= open triangles; surrounding sediment core = solid circles; surface value is boxed in. 

water. These considerations illustrate the limiting rather than absolute nature of the 
estimates. 

If the range of calculated N/P ratios is accepted, then the N/P content of the 
decomposing fraction ,of organic matter is lower than average planktonic material 
where N/ P is ~16 (Richards, 1965). Preferential release of P relative to N is 
typical of the earliest stages of decomposition where autolysis and excretion by 
microorganisms other than bacteria may also play a role (Harris, 1959; Grill and 
Richards, 1964; Vaccaro, 1965; Johannes, 1968). 

An average C/ N (x/y) ratio for the decomposing organic matter in the burrow 
wall can be derived from pore water data by use of the master decomposition equa-
tion (11) and the alkalinity models of Bemer, Scott, and Thomlinson (1970) and 
Sholkovitz (1973). Titration alkalinity is predominantly carbonate alkalinity in 
muds (Bemer, Scott, and Thomlinson, 1970) and should be a good approximation 
to carbonate alkalinity in the relatively organic-poor sediment studied here. Given 
this and initially ignoring adsorption of NH4 + and destruction of alkalinity by sul-
fide oxidation (see below), then by equation (11): (Alk.) = (Alk.) 101tiai + 2 ASO4= 
+ 6_NH4 +, assuming no change in Ca++ or Mg++. Since: 

(24) 

then: 

(25) C/ N = x / y = 6.Alk. - ANH,+ 
ANH4+ 



1978] Aller & Yingst: Biogeochemistry of tube-dwellings 243 

is the carbon/nitrogen ratio of the organic matter being broken down. The ratio 
.6.NH. + I LlAlk can be obtained by plotting NH4 + vs. Alk and computing the slope 
(Fig. 16). Data from all samples have been plotted on the same graph; this assumes 
that the same fraction of organic matter is being broken down initially in each sam-
ple zone and that only the rate and not the pathway of decomposition differs be-
tween burrow wall and surrounding sediment. Surface values (0-1 cm) were excluded 
in the calculation because of the possible influence of diatoms. The calculated C/N 
(molar) ratio by use of the slope and equation is 2.7. Adsorption of~+ can affect 
this calculation (Bemer, 1976; Rosenfeld and Bemer, 1976); based on a Langmuir 
adsorption coefficient K ~ 1 (for muds, Rosenfeld, 1977), the calculated C/N ratio 
would be lowered to O. 9. 

Because of the possible low N/P ratio, H 3PO4 production, depending on its spe-
ciation at formation, may also influence alkalinity. Assuming PO,= is formed first 
and that after reaction HPO,= is the predominant species at pH ~ 7.2 (see Kester 
and Pytkowitz, 1967), then: 

(26) 
aAlk: - aNH, + 

aNH.+ 
C p 

=---2--N N 

Unfortunately no HPO4 = concentration measurements were made around the bur-
row but the N/P ratios calculated previously can be used. This changes the calcu-
lated C/N ratio from 2.7 to 3.1-4.8 by use of N/P = 4.7-1 respectively, or if ad-
sorption of NH4 + is considered with K = 1, the range is C/N = 1-2.9. The cal-
culations both with and without considering the effects of HPO.= formation or 
adsorption result in determinations of a C/N ratio lower than the 6.6 average ratio 
accepted for planktonic material (Richards, 1965). 

The calculations of C/N ratio made above assume complete oxidation of carbon 
by sulfate reducers and its appearance as bicarbonate (e.g., Goldhaber, 1974). If, 
for example, part of the carbon fraction is oxidized to short chain acids rather than 
CO2 , the C/N ratio will be underestimated because of the use of titration alkalinity. 
In addition, destruction of alkalinity by sulfide oxidation (see below) would result 
in underestimation of the C/N ratio. Metabolic pathways other than that described 
by equation (11) which influence either alkalinity or NH.+ also compromise these 
estimates. The calculated stoichiometric ratios for both P /N and C/N release are 
therefore suspect because of the variety of reactions taking place but are consistent 
with the known tendency for preferential breakdown of N- and P-rich fractions of 
organic matter during early decomposition (e.g., Krause, 1959; Johannes, 1968). 

Knowledge of the C/N ratio allows a rough conversion of the rate of NH.+ pro-
duction in the burrow wall to an equivalent rate of so.= reduction for purposes of 

comparison. In this case: 

(27) 
1 C d(NH.+) _ R 

-2-N dt - 8 
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which from C/N ~ 1-3 gives Rs ~ 80-250 mM/yr. This rate is similar to that 
found in surface sediment (0-1 cm) of Long Island Sound where Rs ~ 100 mM/yr 
at 22°C (Goldhaber et al., 1977; Aller, 1977). This general agreement is evidence 
that the metabolic rates and stoichiometric ratios calculated are not unreasonable 
and that the range of the rates, at least, is indicative of fresh organic material as 
substrate. 

The high rate of metabolism in the burrow wall is reflected in the relatively 
greater abundance of fixed sulfur in the wall than in ambient sediment: acid volatile 
(~ FeS), pyrite (FeS2), and elemental (S0 ), (Figs. 11-12). The increases in pyrite 
and acid volatile sulfur from the inner burrow wall (Zone 1) to the outer (Zone 2) 
demonstrate that the sulfur is fixed by reduction in the wall and cannot result from 
selection by Amphitrite of sulfur rich particles at the interface during burrow con-
struction. Not all sulfur reduced in the wall need remain there as shown by the 
following considerations. The outer burrow wall (Zone 2) is formed by the addition 
of layers which once formed the inner wall (Zone 1; Figures 4B, C). These are 
added to Zone 2 in single construction events so that initially Zone 2 layers have 
the same organic matter content as did the inner wall. Because Zone 1 usually 
shows some evidence of the presence of black FeS on its outside edge and Zone 2 
is exclusively black, it can be initially assumed that further breakdown of organic 
matter once in Zone 2 is by sulfate reduction. The difference in organic matter 
content between zones over the depth intervals 0-7, 7-11, 11-18, and 24-30 cm is 
1.09% , 0.51 % , 0.97% and 0.99% respectively. These percent organic matter 
values can be roughly converted to %C values by dividing by the factor 2 (e.g., 
Trask, 1932; Dean, 1974). Assuming the 2C/1 S stoichiometry of sulfate reduc-
tion, the corresponding %S by weight expected at each depth is then: 0.7, 0.3, 0.6, 
and 0.7%. The measured total %S (FeS, FeS2, S0 , org. S) in each interval is: 0.12, 
0.15, 0.16, and 0.17%. This lack of agreement between theoretical and measured 
S contents suggests that: (1) other forms of bacterial metabolism in addition to 
sulfate reduction have broken down the utilized organic matter, (2) HS- has been 
lost from the system by diffusion and oxidation in a relatively Fe poor environment 
(Berner, 1969), (3) labile solid phase sulfides or pyrite have been oxidized, (4) the 
stoichiometry of 2C/ 1 S is not valid (Goldhaber, 1974), (5) the assumption of 
steady state organic content in the burrow wall is incorrect, or (6) the conversion 
factor of organic matter determined by ignition loss to C is incorrect due to water 
loss from minerals. None of these is mutually exclusive but # 5 is unlikely because 
of the high selectivity and predictability in burrow construction and #6 is mini-
mized in sandy sediment and by the use of differences-in organic content between 
layers-rather than absolute values. Because of the many possible errors involved 
in the above sulfur balance calculation, it cannot conclusively demonstrate oxida-
tion and loss of sulfide from the burrow wall, but the results are not inconsistent 
with loss (see below). 
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e. Meiofaunal distributions around burrows. Together with geochemical data, the 
meiofaunal distributions around burrows can be used to interpret the processes 
occurring there. It is a common observation that numbers of meiofauna decrease 
with increased depth in sediment (e.g. Moore, 1931; Mare, 1942; Muus, 1967; 
Teal and Wieser, 1966; Tietjen, 1969). The reasons given for the decline include: 
1) vertical decrease in oxygen, 2) vertical decrease in interstitial water (compaction) 
which limits oxygen (Braefield, 1964) and living space (Moore, 1931; Wieser, 
1960), and 3) vertical decreases in metabolizable organic matter (e.g. Tietjen, 1968, 
1969). The observed distribution of meiofauna in the present case supports the 
contention that the burrow wall is the site of especially active metabolic activity 
and that the activity is predominantly anaerobic. This is demonstrated by the fact 
that, except for nematodes found in the sediment immediately adjacent to the bur-
row wall, meiofauna were not detected in tidal flat sediment below 5 cm depth. Of 
the meiofaunal groups, nematodes are highly resistant to low pO2 and may be cap-
able of anaerobic metabolism (Moore, 1931; Wieser and Kanwisher, 1961; Fenchel 
and Riedl, 1970; Elmgren, 1975). Their presence around the burrow indicates an 
adequate food supply (metabolizable organic matter, bacteria) in the burrow wall, 
while the absence of other groups suggests low pO2 • These observations are con-
sistent with the interpretation of decomposition processes in the burrow wall and 
show that burrows influence the three dimensional distribution of meiofauna in 
addition to bacteria by altering the geometry of food distribution in sediment and 
radially segregating meiofauna along chemical gradients according to physiological 
tolerances. 

f. Mobilization of metals. The pore water Fe and Mn profiles show mobilization of 
these metals both at the sediment-water interface and in the burrow wall. Dissolved 
Fe and Mn concentrations in the burrow wall increase with depth while those of 
the ambient sediment decrease rapidly away from the interface. This demonstrates, 
just as do the earlier considerations on decomposition in the burrow wall, that the 
burrow retains along its entire length diagenetic properties typical of, or more in-
tense than, the sediment-water interface. The decrease in Fe and Mn concentrations 
with depth in sediment away from the burrow is presumably the result of precipita-
tion of insoluble compounds such as iron or manganese sulfides (e.g., Troup, 1974; 
Holdren, 1977) or of irrigation and reworking of surrounding sediment by animals 
like Clymenella torquata resulting in transport of dissolved Fe and Mn out of the 

sediment (Aller , 1978). 
Both Fe and Mn occur as oxide coatings on particles and under reducing condi-

tions are dissolved and mobilized as Fe++ and Mn++ (e.g., Krauskopf, 1957). The 
reduction of Fe and Mn-oxides may be mediated directly by bacteria, catalyzed by 
their metabolic by-products, or may be the indirect result of the reducing conditions 
created by their metabolic activity (Mann and Quastel, 1946; Trimble and Ehrlich, 
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1968; Bromfield and David, 1976). Iron can also be mobilized as Fe++ by the 
oxidation of FeS and FeS2, as occurs in acid mine drainage. Although under oxidiz-
ing conditions at nearly neutral pH the resulting Fe++ is quickly converted to 
Fe+++, in the presence of additional iron sulfide the Fe+++ becomes an active 
agent in the further oxidation of solid phase sulfide and is rapidly reduced once 
again (e.g., Singer and Stumm, 1970; Stumm and Morgan, 1970). Pyrite oxidizes 
slowly in sea water (Harmsen, 1954); a rough estimate of pyrite oxidation in sur-
face muds of Long Island Sound gives rates of ~50 µmolesS/g-sediment/year 
(Aller, 1977). Water-saturated soil also shows relatively slow rates of pyrite oxida-
tion (Bloomfield, 1972). On the other hand, labile FeS (acid volatile S) is rapidly 
oxidized on a time scale of a few days and results in the release of Fe++ and a 
lowering of alkalinity, but with only minor changes in pH (Bloomfield, 1972; Aller, 
1977). This suggests that in the burrow wall and in near-interface sediment, Fe++ 
can be produced by both the reduction of Fe(OH)3 and by the oxidation of FeS 
and FeS2 resulting in high standing concentrations of Fe++ along boundaries be-
tween O2-rich and HS--rich regions of sediment. Little is known about the role of 
oxidation in the mobilization of Mn. 

The possibility that, in addition to reduction of Fe-oxides, oxidation of solid 
phase sulfides takes place in the burrow wall is consistent with a number of obser-
vations: (1) the low alkalinity/ Cl- ratios in the burrow water, (2) the low pH of 
burrow water, (3) high dissolved Fe in burrow water, and (4) an apparent imbalance 
between organic matter utilized and fixed S in the burrow wall as discussed earlier. 
Each of these suggests that conditions in the dwelling tube of Amphitrite can in 
some ways be described as small-scale acid mine drainage. A slow rate of oxidation, 
irrigation of the burrow, and the buffering capacity of sea water keep the burrow 
from becoming very acid. Marine Thiobacilli (Vishniac and Santer, 1957) in the 
burrow wall may aid sulfide oxidation. It should be emphasized that the reduction 
of Fe(OH)a and production of FeS"' is also taking place, tending to counteract the 
effects of oxidation and also mobilizing Fe as Fe++. 

Mobilization of Fe and Mn in the pore water lead to their redistribution in the 
solid phase. Zn is also clearly solubilized and concentrated in the inner burrow wall 
(Fig. 13). When the burrow is first constructed of surface material and packed 
with mucus it presumably consists only of the innermost layer (Fig. 3 ). If the sur-
rounding sediment contained reactive metal oxide surfaces, those metals (for ex-
ample Fe) capable of being mobilized by reduced ion diffusion (not HS-) from the 
wall would counterdiffuse toward the organic-rich burrow wall and become enriched 
there (Bemer, 1969). Because of the low pore water concentrations of either Fe or 
Mn at depth in the sediment and because in this case the surfaces of particles are 
low in metals and have probably been previously reacted with sulfide, it is unlikely 
that most of the enrichment of the burrow wall in Fe, Mn and Zn occurs in the 
above way. A more likely explanation in the present case is that initially the inner-
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most burrow lining becomes enriched to a small extent in Fe and Mn oxides which 
accumulate by diffusion from the more reduced portions of the burrow wall (0-2 
mm thick at this point). These oxides are known to scavenge many metals such as 
Cu, Zn, Co, Ba, and Ra (e.g., Goldberg, 1954; Krauskopf, 1957; Jenne, 1968; 
Kharker, Turekian and Bertine, 1968; Murray, 1975). Metal-rich sea water re-
leased from marsh areas in the inner harbor is constantly cycled over this surface 
by irrigation, which, together with active precipitation of Fe and Mn diffusing into 
the burrow water from the burrow wall, acts to scavenge from the cycled water 
some of its dissolved metals. The inner burrow layer becomes increasingly enriched 
in Fe and Mn oxide-scavenged metals such as Zn, as well as additional Fe and Mn. 
When a new inner burrow layer is formed the initial one moves outward and is 
reduced; a portion of its enriched metal content becomes mobilized and diffuses 
both back toward the new inner burrow wall and into surrounding sediment (diffu-
sion sensu: Murray and Irvine, 1895; Bender, 1971; Holdren, 1977), but much of 
the excess metal is fixed as sulfide in the metabolically active burrow wall thereby 
permanently enriching the older burrow wall layers. A portion of the burrow wall 
sulfides are subject to oxidation and acid production as previously described. Metals 
such as Zn might also be initially concentrated in organic matter in the inner bur-
row wall and released during decomposition as wall layers move radially outward. 

Deeper regions of the burrow which experience slightly longer residence times 
of burrow water because of asymmetric irrigation, should tend to accumulate rapidly 
precipitated metals such as Fe. The data support this contention (Fig. 13). The in-
crease of Fe with depth can also be explained by increase in the < 62 µ,m fraction 
of sediment but the use of only the <74 µ,m fraction in the analysis and the lack of 
such a trend in Mn reduces the likelihood of this explanation. 

It was shown earlier that there is a measurable flux of Fe out of the average bur-
row of ~0.2 µ,moles/ d. This is a small loss compared to the total Fe passed through 
the burrow by irrigation per day of ~2 µ,moles/ d (assuming irrigation rate = 83 
cc/ hr, Fe= 1 µM-see Tables 2, 3). Approximately the same quantity of Mn is 
also cycled through the burrow and is subject to capture. These calculations indi-
cate that the above explanation for enrichment is possible from the standpoint of 
supply. Zn content of overlying water was not determined but literature data show 
that salt marshes may be a source of this and other metals as well (Turekian, 1977). 
It should be noted explicitly that Zn is shown to be diagenetically mobile, a factor 
sometimes ignored in many recent investigations of sedimentary trace element dis-

tributions. 
Many permanent dwelling-tubes constructed in sediment can be expected to 

exhibit chemical processes similar to those documented for Amphitrite ornata. 
When these burrows are near an overwhelming source of supply of dissolved metals 
such as a salt marsh they may accumulate excess metal in the burrow wall as in the 
case of Amphitrite. Normal diagenetic migration related to gradients in the distribu-
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tion of metabolizable organic matter around the burrow and associated decomposi-
tion will also tend to enrich the inner burrow surface in metals like Fe and Mn. Our 
observations plus those of many others in the literature indicate that these processes 
are common in both recent and preserved burrows. They further imply that tubi-
colous infauna like A. ornata are highly tolerant to low pH and high metal con-
centrations. 

In the fossil record, dwelling structures occupied by an animal for a considerable 
period, as well as feeding traces, commonly show pyrite envelopes or are centers of 
concretions (e.g., Simpson, 1957; Hallam, 1960; Frey, 1970b; Hein and Griggs, 
1972). Hematite cylinders ringing the inside of the inner burrow lining can often be 
seen in Skolithos burrows, common in quartzites. This study shows that the migra-
tion processes responsible for these features occur during the life of the organisms 
involved and result from their activities. The occurrence of similar features in fossil 
structures demonstrates the geologic continuity in these processes. It also suggests 
the use of trace fossils as diagenetic markers during lithification and as indicators 
of late-stage migration of elements in a deposit where these concentrations are 
destroyed. 

5. Conclusions 

Burrow structures represent a quantitatively important percentage of modem 
marine sediments (Myers, 1977). Teal and Kanwisher (1961), for example, esti-
mated that at least 22 % of the surface area of a Georgia salt marsh was composed 
of burrow walls. This study has demonstrated directly the importance of such 
microenvironments for sediment-water interaction. In addition, it has shown that 
knowledge of diagenetic processes associated with burrows is essential for under-
standing both sediment chemistry and the adaptations of infauna. 

6. Summary 

1. The U-shaped tube of Amphitrite ornata is formed of particles obtained at 
the sediment surface and transported to depth. The tube of the adult consists of 
multiple layers 1-2 mm thick composed of small, mucus-cemented particles of 
sediment. Each layer is lined on its inner side with an organic membrane ~5 µ,m 
thick. 

2. In the laboratory, Amphitrite transports particles at a rate of ~4.5 g/ d at 
22°C. Fluid transport into the burrow is ~91 cc/ hr. This is in good agreement with 
hydrostatic head measurements of irrigation rate of ~75 ml/ hr made by Coyer and 
Mangum (1973). 

3. Chemical properties of water contained in the burrows of Amphitrite change 
rapidly during the intertidal period. The rate of change can be modeled to obtain 
the fluxes of Fe, NH4 +, and HP04 = out of the burrow walls. Together with irriga-
tion rate measurements, the rates of change of burrow water properties can be used 
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to determine the steady state concentration of different ions normally present in the 
burrow and to show that burrow water is higher in certain metabolites (e.g., NH. +, 
RPO.=) than overlying sea water. HPO.= flux can be corrected for precipitation 
and a precipitation rate constant calculated. Expressed as a first order constant, a 
value of ~0.005/ min is obtained. 

4. The burrow wall is the site of intense decomposition. Expressed as a rate of 
SO. = reduction, a modeled rate of ~80-250 mM so. = / yr at 22 °C is obtained 
The modeled N/ P and C/ N ratios of the decomposing organic material are low 
and indicative of a rapid initial stage of decomposition of organic material. 

5. The spatial distribution of meiofauna and microorganisms around A. ornata 
burrows can be related to the intensive decomposition associated with the burrow. 

6. Intense decomposition processes in the burrow wall result in the concentration 
of iron sulfides immediately around the tube possibly creating acid mine drainage 
conditions in the burrow. 

7. Tubicolous infauna! polychaetes like A. ornata are probably highly tolerant 
to low pH and high metal concentrations. 

8. Decomposition also results directly or indirectly in the mobilization of Fe, 
Mn, and Zn in the wall and their concentration along the inner burrow surface. 
Irrigation of the chemically reactive Fe-Mn oxide rich burrow wall promotes further 
metal enrichment of the burrow. 

9. Similar diagenetic structures around trace fossils demonstrate the geologic 
antiquity of the processes described. 
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