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Vertical variation in particulate matter in the 
upper twenty centimeters of marine sediments 

by Ralph Gordon Johnson1 

ABSTRACT 

A microscopic examination was made of the vertical distribution and abundance of particu-
late matter in six dissimilar cores of marine sediment. Two of the cores were taken in the 
intertidal and two in the shallow subtidal at stations in the vicinity of Woods Hole, Massa-
chusetts. One core was taken in the Hudson Canyon and another at abyssal depths. Biological 
stains were used to identify potential food particles at the sediment-water interface, at two cm 
below the interface and at five cm intervals to a maximum depth of 20 cm. In all the cores, the 
upper two cm were slightly higher in number of potential food particle species. Below 2 cm, 
to a depth of at least 20 cm, the sediment was relatively homogeneous with regard to particle 
species number, particle morphology, and organic content. This homogeneity is interpreted as 
the result of the recycling of the sediments by benthic animals and rapid recolonization of the 
particulate matter by microbes. 

1. Introduction 

In an earlier study, biological stains were used to assist in the identification of 
organic particulate matter at and just below the sediment-water interface (Johnson, 
1974). The present study was undertaken in order to determine what changes oc-
cur deeper in the sediment. Variations in the morphology and composition of par-
ticulate matter with depth in the sediment could be expected to reflect early dia-
genetic processes and historical variations in source and supply. Imposed upon 
these variations are the effects of bioturbation. Although the feeding activity of the 
benthos is concentrated at or very near the sediment-water interface, some species 
feed at lower levels bringing organic matter back up to the surface. Systematic 
changes with depth in the sediment may also be disrupted by erosion, suspension 
and redeposition. All of these factors affect the nature and availability of food to 

the benthos. 
As in the earlier study, the emphasis here is upon the nature of the particulate 

matter as potential food for detritivores rather than on physical bulk properties. 

I. Reprints of this paper and all others of Ralph G. Johnson's marine-related works can be ob-
tained from Donald C. Rhoads, Department of Geology and Geophysics, Yale University, New Haven, 

Ct., 06520, U.S.A. 
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Table 1. The location, water depth and sediment type of the cores analyzed in the present 
study. 

Depth Surficial 
Core Locality N Latitude WLongitude M Sediment 

1 Barnstable Harbor 41 °42'50" 70° 19'48" 0 Fine sand 
2 Barnstable Harbor 41 °42'34" 70°19'49" 0 Fine silt 
3 Inner Hadley Harbor 41 °30'48" 70°42'38" 1 Fine silt 
4 Buzzards Bay Station R 41 °30'00" 70° 53'13" 15 Fine silt 
5 Hudson Canyon. K33-2-10 39 °28' 72°13' 986 Silt 
6 Nares Abyssal Hill. K33-2-2 27°49' 67°25' 4936 Clay 

The amount of work required in the analysis is such that only six cores could be 
studied in the necessary detail. These cores were taken from as different environ-
ments as practical so that any similarities might reflect ubiquitous processes. 

2. Area and methods of study 

The location, depth and sediment type of each of the cores analyzed in this study 
are shown in Table 1. Four, 4.5 cm diameter, cores were collected in the vicinity 
of Woods Hole, Cape Cod, Massachusetts. Each of these cores was sampled at the 
sediment-water interface, at two centimeters below the interface and at five centi-
meter intervals to a maximum depth of 20 cm. The cores from Barnstable Harbor 
were taken at low tide with a hand-held coring tube. These were sampled to a 
depth of 20 cm. The core from Inner Hadley Harbor was taken by a diver and 
sampled to a depth of 15 cm. The Buzzards Bay core was taken in a Smith-
MacIntyre grab sample in which the surficial oxidized layer was undisturbed. This 
core was sampled to a depth of 10 cm. The Buzzards Bay station was the site of 
Sanders' study of the structure of a soft bottom community (Station R, Sanders, 
1960). The Hudson Canyon and Nares Abyssal Plain samples were supplied by Dr. 
John Farrington of the Woods Hole Oceanographic Institution. They were taken 
from 21 cm diameter sphincter cores (Burke, 1968). The samples were frozen 
aboard ship. 

Samples of the cores were preserved in ethanol and later mounted in glycerol. 
Six slides were prepared from each of the 26 samples of the six cores. For each 
sample, two slides were stained with the periodic acid-Schiff reagent (PAS), two 
with mercuric bromphenol blue (MBB), and two with Sudan Black B (SBB), as 
described by Whitlatch and Johnson (1974). PAS will stain glycogen, starch, cellu-
lose, mucins, chitins, most protein-carbohydrate complexes and some glycolipids 
(Humason, 1967) MBB stains proteins and peptides. SBB stains lipids. Most of 
the organic matter in the sediments was stained by PAS. 

The median sediment size was obtained from measurement of 300 mineral 
grains, 150 on each of two slides preparations per sample. The identity and per-
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centage of the particles stained were determined by enumerating the contents of ten 
fields, 0.5 mm2 in area, on each of two slide preparations for each stain, examined 
at 200X. For each sample, an average of 940 particles were so enumerated. In all, 
32,255 particles were measured or classified. In addition, the number of particle 
species was obtained by a complete scanning of all six slide preparations from each 
of the 26 samples. 

An organic carbon analysis was made of samples of cores taken adjacent to the 
Barnstable Harbor and Buzzards Bay stations. The sediment was passed through a 
250 micron screen to remove the macrobenthos and was analyzed by the Walkley-
Black wet combustion method (Morgans, 1956). Dr. John Farrington supplied the 
organic carbon data for the Hudson Canyon and Nares Abyssal Plain cores. These 
measurements were made using a CHN analyzer which yields results comparable to 
the Walkley-Black method. Protein was determined by the Lowry method (Lowry 
et al., 1951) at 2 cm intervals in a separate core taken at Station R Buzzards Bay. 
Carbohydrate was determined by the phenol/sulfuric acid method for this core 
(Strickland and Parsons, 1968). 

3. Results 

a. Particle species. Some 40 particle species were recognized in this study. The 
classification used was the same as in the previous study (Table II in Johnson, 1974). 
As before, the differentiation of particle species is, to a large extent, arbitrary and 
no allowance was made for size within each category. Of the 40 particle species 
about half are composed of organic matter and may be considered to be potential 
food particles. All of these were stained by PAS. 

The number of particle species and potential food particles for each core and 
level is shown in Table 2. In each instance, the maximum number occurs at the 
sediment-water interface. In general, there is a decrease with depth in the core, 
most markedly with potential food particles. However this trend is not evident in 
the two deep water cores. 

In the four shallow water cores, living diatoms, fungi, blue-green algae, copepods 
and polychaete setae are found in the upper 5 cm but not below. In all of the cores 
the following particle species were found throughout the length of the cores; pollen, 
spores, cysts, organic-mineral aggregates, clean and encrusted mineral particles, 
fecal pellets, plant fragments, foraminifera and diatom tests, spines, spicules, rods, 
chitinous molts and fragments, tubes and tube fragments. The major difference 
between the shallow and deep water cores is the absence of living diatoms, fungi 
and blue-green algae in the upper layers of the latter. The decrease in the number 
of potential food particle species with depth is also due to the decrease of living 
organisms with depth in the shallow water cores. In the deep water cores, the num-
ber of potential food particle species remains the same throughout the depth sam-
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Table 2. Median sediment size, number of different particle species (with number of potential 
food particles in parentheses), percent of particles staining general (PAS), protein-peptide 
(MBB) and lipid (SBB), and the organic content of different depths within the sediment. 

Median Number Mg. 

Place Name Sediment Sediment of % Particles C/gm. 

and Water Depth Size Particle Stained Dry 

Core Depth (Cm) in Microns Species PAS MBB SBB Weight 

Barnstable 0 25 24 (14) 50.1 7.6 3.4 1.1 

Harbor 2 160 15 (12) 43.2 0.6 0.7 2.0 

5 130 17 (8) 43.7 0.4 0.2 0.9 

intertidal 10 150 12 (6) 47.6 0.9 0.2 0.8 

15 215 11 (5) 44.5 0 0 0.8 

20 155 12 (5) 42.5 0.6 0 

2 Barnstable 0 15 26 (15) 41.4 4.7 3.0 16.2 

Harbor 2 15 17 (7) 38.0 0.4 1.2 12.0 

5 30 13 (6) 30.7 0.4 0.7 11.1 

intertidal 10 25 11 (4) 38.5 0.3 0.2 8.5 

15 45 11 (4) 32.7 0 0.9 7.3 

20 15 9 (4) 28.3 0 

3 Inner Hadley 0 15 23 (15) 55.9 0.1 1.1 

Harbor 2 15 19 (8) 43.1 0.5 0.8 

5 15 19 (8) 46.0 0 0.7 

1 meter 10 15 17 (7) 45.1 0 0.4 

15 15 15 (7) 29.6 0 0.6 

4 Buzzards Bay 0 10 19 (9) 46.0 0.1 0.2 17.4 

Station R 2 10 18 (8) 61.6 0 0.3 14.7 

5 10 16 (4) 41.8 0 0 16.7 
15 meters 10 10 18 (6) 44.7 0 0 16.2 

5 Hudson Canyon 0-8 < 10 23 (8) 55.2 0 0.3 31.9 

986 meters 0-20 < 10 23 (8) 53.7 0 0 30.9 

6 Nares Abyssal 0-4 < 10 13 (5) 23.4 0 0.7 4.6 

Plain 4-10 < 10 11 (4) 20.5 0 0.2 4.6 

4936 meters 10-25 < 10 12 (5) 19.9 0 0.7 4.5 

pled. These consist of pollen, spores, organic-mineral aggregates, encrusted mineral 
particles, fecal pellets, and plant fragments. The availability of the organic matter 
associated with these particles or its caloric value is unknown at this time. 

PA S staining particles. An average of 41 % of all the particulate matter in the 
samples was stained by PAS, the carbohydrate-protein stain. All food "particle 
species were stained in varying degrees with PAS. Since PAS stains a wide range 
of organic compounds and all assumed food particle species, it may be used in the 
estimation of the relative abundance (but not the quality) of potential food particles. 
Almost all of the PAS staining material consisted of encrusting matter on mineral 
grains and organic-mineral aggregates (Table 3). Therefore, these must be the 
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Table 3. Relative abundance of PAS stained particles. 

Sedi- Organic-
Place Name ment Encrusted Encrusted Mineral Total PAS 
and Water Depth Grains Grains Aggre- Other Staining 

Core Depth (CM) > 15 µm 5-15 µm gates Particles Particles 

Barnstable 0 30.9% 0% 16.3% 2.9% 50.1% 
Harbor 2 32.6 0.2 9.2 1.2 43.2 

5 25.6 0.2 16.3 1.6 43.7 
intertidal 10 32.3 1.5 12.6 1.2 47.6 

15 31.7 0.3 11.6 0.9 44.5 
20 30.7 11.6 10.4 0.6 42.5 

2 Barnstable 0 14.5 1.3 23.7 1.9 41.4 
Harbor 2 13.6 2.1 20.9 1.4 38.0 

5 14.3 1.0 14.9 0.5 30.7 
intertidal 10 13.5 1.5 22.0 1.5 38.5 

15 13.6 1.5 16.2 1.4 32.7 
20 8.4 1.5 17.9 0.5 28.3 

3 Inner H adley 0 1.4 1.2 49.6 3.7 55.9 
Harbor 2 1.5 1.4 38.0 2.2 43.1 

5 0.8 0.6 35.1 9.5 46.0 
lm 10 0.3 0.8 38.2 5.8 45.1 

15 0.2 0.5 25.2 3.7 29.6 
4 Buzzards Bay 0 2.5 2.6 33.4 7.5 46.0 

Station R 2 1.1 3.7 42.2 14.6 61.6 
5 1.9 4.2 30.9 4.8 41.8 15 m 

10 1.6 2.8 36.6 3.7 44.7 
5 Hudson Canyon 0-8 0 1.2 46.0 8.0 55.2 

986m 8-20 0.1 2.1 44.9 6.6 53.7 
6 Nares Abyssal 0-4 0 0.3 15.6 7.5 23.4 

Plain 4-10 0 0.6 17.0 2.9 20.5 
4936 m 10-25 0 0.3 15.9 3.7 19.9 

principal forms of food particles. In all but one core, the relative abundance of PAS 
staining particles was highest at the surface (Table 3). Below the surface, there was 
no consistent trend with depth in the cores. 

Large mineral particles (greater than 15 microns) are more heavily encrusted 
than smaller particles (Table 4 and Johnson, 1974; Whitlatch, 1974). The relative 
abundance of PAS stained encrusted mineral particles does not change significantly 
with depth in the cores but varies from core to core (Table 3). In the finer grained 
subtidal cores, large mineral particles are relatively rare so that in these cores most 
of the PAS staining matter, and therefore organic matter, is associated with organic-
mineral aggregates. Sieburth (1975) has published excellent scanning electron 
micrographs of encrusted sand grains (plates 8-15 and 8-16). 

Organic-mineral aggregates have been described in detail in the earlier paper 
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Table 4. % of the principal particle species stained by PAS with depth in the cores. 

Place Name Sediment Encrusted Encrusted Organic-

and Water Depth Grains Grains Mineral Other 

Core Depth (CM) >15 µ,m 5-15 µ,m Aggregates Particles 

Barnstable 0 63.9% 0% 45.1% 56.5% 

Harbor 2 49.8 2.1 42.7 71.4 

5 44.5 1.8 52.9 90.0 

intertidal 10 52.8 12.5 50.0 85.7 

15 49.3 3.4 46.9 42.9 

20 45.2 7.9 50.0 60.0 

2 Barnstable 0 49.7 5.5 55.1 48.7 

Habor 2 47.0 8.0 49.1 46.7 

5 40.0 4.5 36.1 37.5 

intertidal 10 47.4 6.5 47.0 71.4 

15 37.2 7.4 39.7 81.8 

20 37.1 5.4 36.9 33.3 

3 Inner Hadley 0 48.5 5.3 72.2 56.3 

Harbor 2 53.6 5.1 57.9 42.3 

5 39.1 2.2 60.7 69.2 

lm 10 16.7 3.4 58.3 60.2 

15 13.3 2.2 37.4 40.3 

4 Buzzards Bay 0 44.9 7.1 68.4 79.0 

Station R 2 48.3 13.9 66.9 82.2 

5 50.0 10.4 64.5 62.9 
15 m 10 63.3 8.7 61.3 66.2 

5 Hudson Canyon 0-8 33.3 7.1 63.8 70.3 

986m 8-20 25.0 11.3 63.3 66.4 

6 Nares Abyssal 0-4 0 22.2 17.6 69.4 

Plain 4-10 0 55.6 17.7 92.9 

4936 10-25 0 54.5 25.7 93.9 

Average 43.5 11.9 56.0 

(Johnson, 1974) and were illustrated by Rhoads (1973) and Sieburth (1975, plates 
8-18 and 8-19). In all of the cores but one, most of the PAS staining particles were 
organic-mineral aggregates (Table 2). Only in the coarsest Barnstable Harbor core 
were PAS staining mineral particles more abundant. The relative abundance of 
PAS stained organic-mineral aggregates showed no consistent trend with depth in 
the cores. Technically it was quite difficult to count particulate aggregates in the 
Nares Abyssal Plain samples as this sediment was highly cohesive. The important 
feature was that the PAS staining material was concentrated in the organic-mineral 
matrix. 

The other PAS staining particles cited in Table 3 consist chiefly of living organ-
isms, plant fragments and fecal matter. In the Buzzards Bay Station R, Hudson 
Canyon and Nares Abyssal Plain cores, almost all of the PAS staining pa1iicles, 
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Table 5. Organic carbon, organic matter (estimated at 2.4 X the value for organic carbon), 
total protein and carbohydrate in a core taken at Station R in Buzzards Bay, Massachusetts. 
All values are the average of three replicates and are expressed in mg per gm of dried sedi-
ment. The sums of protein and carbohydrate at each level in the core exceed the values of 
organic carbon because the average organic carbon content of proteins is 51.3% and that 
for carbohydrates is 44.4% (Kukal, 1970). 

Protein and 
Sediment Organic Organic Carbo- Carbo-

Depth (Cm) Carbon Matter Protein hydrate hydrate 

0-2 17.4 41.8 27.9 11.1 30.9 
2-4 14.7 35.3 22.0 13.5 35.5 
4-6 16.7 40.1 22.5 15.3 37.8 
6-8 17.4 41.8 28.4 14.1 42.5 
8-10 16.2 38.9 23.0 11.9 34.9 

10-12 15.7 37.7 19.9 10.3 30.2 

other than organic-mineral aggregates, were fecal pellets or fecal pellet fragments. 
The percentage of the organic-mineral aggregates that were stained by PAS in 

all samples varied from 17.6 to 72.2 with an average value of 56% (Table 4). 
There was no consistent trend with depth in the sediment. The nature of the un-
stained aggregates is not known. It seems reasonable to assume that the degree of 
staining is related to the amount of organic matter in the aggregates. This is con-
sistent with the fact that larger percentages of stained particles are associated with 
cores having high values of organic carbon (Tables 2 and 4). 

MBB staining particles. Far fewer particles were stained with mercuric brom-
phenol blue, the protein stain, than with PAS. Unlike PAS stained particles, the 
relative abundance of MBB staining particles rapidly decreased with depth in the 
sediment at all stations (Table 2). MBB stained a very small fraction of encrusted 
sand grains, organic-mineral aggregates and fecal pellets. It stained all living organ-
isms. No MBB staining particles were encountered in the deep water samples. 

MBB staining particles were detected only in the surface sample at Buzzards Bay 
Station R although PAS staining particles were found throughout the core. As will 
be shown later, total protein values are high throughout a core taken at this station. 
These results suggest that the MBB stain is not reacting with bound protein-carbo-

hydrate complexes. 
SBB staining particles. Even fewer particles were stained by Sudan Black B, the 

lipid stain, than with MBB. The relative abundance of SBB staining particles de-
creased with depth in the sediment at all stations (Table 2). SBB stained a very 
small fraction of encrusted mineral particles, organic-mineral aggregates, fecal 
pellets and plant fragments. It stained living diatoms and blue-green algae in the 
shallow water samples. A few encrusted mineral particles, organic-mineral aggre-
gates and fecal pellets were stained in the deep water samples. 
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b. Total protein and carbohydrate. Values for organic carbon, total organic matter 
and total protein and carbohydrate were determined from samples of a separate 
core taken at Buzzards Bay Station R (Table 5). Total proteins and carbohydrates 
account for nearly all the organic matter in this core. There is no consistent trend 
of organic carbon, protein and carbohydrate with depth in this core. Proteins and 
carbohydrates are known to decrease by orders of magnitude at much deeper 
depths in marine sediments than sampled here (Rittenberg et al., 1963; Lindbloom, 
1963). 

4. Discussion 

A priori it would be expected that the feeding activities of benthic organisms and 
early diagenetic processes would result in changes in sediment properties with depth 
in the upper layers of marine sediments. The results obtained here, however, indi-
cate that this is not the case with regard to the morphology of particulates, organic 
content and total proteins and carbohydrates. It should be noted, however, that 
these are properties smaller in scale than biogenic structures which are seldom uni-
formly distributed. The upper 2 cm of the sediment are distinctive in shallow water 
due to the concentration there of living organisms. Below 2 cm, to at least 20 cm, 
the sediment appears to be relatively homogeneous. There is no morphological 
change at the contact between the light colored oxidized and dark colored reducing 
zones. The homogeneity of the upper layers may be explained as the result of the 
recycling of the sediment. This recycling involves the activities of benthic animals 
and the rapid recolonization of fecal matter by bacteria. 

Conveyer-belt detritivores bring sediment at depth to the surface (Rhoads, 1974). 
Rhoads and Young (1970) have shown that the surficial sediments at Buzzards Bay 
Station Rare readily suspended by tidal scour. Winter storms may result in erosion 
of deeper sediments. Such physical disturbances will tend to homogenize the upper 
few centimeters. 

Since PAS staining mineral particles and organic-mineral aggregates do not ap-
preciably decrease with depth in the sediment, they must be constantly recycled by 
the benthos in the upper levels and recolonized by bacteria throughout. Part of the 
meiofauna graze on encrusted mineral particles (e.g. Tietjen, 1969), and detritivores 
ingest them and organic-mineral aggregates (e.g. Whitlatch, 1974). The renewal of 
the encrustations on mineral particles could be brought about by the adhesion of 
fecal matter to the grains after passage through the guts of animals and by the 
recolonization of the grains by bacteria (Anderson and Meadows, 1969; Hargrave, 
1972). The renewal of organic-mineral aggregates could be brought about in a 
similar fashion. There is strong evidence that most of the organic-mineral aggregates 
in shallow water consist of fecal matter in various stages of decomposition (John-
son, 1974). Several workers have shown that fecal matter is rapidly colonized by 
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microbes which enhances its caloric value (Newell, 1965; Odum and de la Cruz, 
1967; Hargrave, 1970; Fenchel, 1970; Hargrave, 1972). 

Marine sediments are sampled in various ways to varying depths in the course of 
general ecological studies. The results obtained here would indicate that if the sedi-
ment appears to be homogeneous, it probably is with regard to sediment size, the 
number of particle species, organic content and the morphology of the particulate 
matter. Any of the standard methods of sampling will probably result in compar-
able samples with regard to these properties. Consistent results in organic analysis 
cannot be obtained, however, unless an effort is made to remove the macrobenthos 
and larger meiobenthos. 

The results of this study suggest a biological model of surficial marine sediments 
having the following features. 

1. The upper few centimeters are slightly higher in number of potential food 
particle species due to higher concentrations of living organisms in this layer. 

2. Below 2 cm to a depth of at least 20 cm, the sediment is relatively homo-
geneous with regard to particle species number, particle morphology and or-
ganic content. 

3. This homogeneity from the recycling of the surficial sediments by benthic 
organisms and the rapid recolonization of mineral grains and organic-mineral 
aggregates by microbes. 
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