
on the continental margins, which rapid- 
ly prograde to the shelf edge during ris- 
ing sea levels, leaving large portions of 
the submerged shelf free to accumulate 
carbonate. During low sea levels, detri- 
tus completely bypasses the shelves, so 
that clastic sediments almost always ac- 
cumulate continuously in the continental 
rises. 

If Pacific Ocean accumulation rates 
represent mainly flux of dissolved car- 
bonate and silica, one might expect a 
positive correlation between high sea 
level and carbonate compensation depth 
(CCD), as suggested by Berger and Win- 
terer (7). However, this correlation is 
weak at present. Berger (10) noted some 
similarities between sea level and the 
CCD for the Cenozoic, but the question 
of whether sea level and the CCD are 
coupled remains open because of the dif- 
ficulty of accurately calculating the Ce- 
nozoic history of the CCD. 

The suggestion of Davies et al. (1) that 
fluctuations in the input of land-derived 
material to the deep oceans are related to 
alternating rates of continental erosion 
and that these are a consequence of al- 
ternating climatic states remains plau- 
sible. However, until more detailed esti- 
mates are available of the amount of ma- 
terial in the different reservoirs of the 
geochemical system and of tne changing 
fluxes between the reservoirs, it will not 
be possible to determine to what extent 
input of land-derived material to the 
deep sea is a function of the land/ocean 
ratio, which is in turn a function of sea 
level, and to what extent climatic factors 
influencing continental erosion rates may 
be involved. We suggest, as have Fisher 
and Arthur (11), that climate itself is a 
function of the land/ocean ratio and thus 
a function of sea level. Thus climate, sea 
level, and deep-ocean sediment accumu- 
lation have a complex dynamic relation- 
ship, many details of which remain to be 
investigated. 
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manganese oxides. 

The oxides of Mn are large in number 
and complex in character; many of their 
structures are poorly known. The diffi- 
culties associated with distinguishing be- 
tween them and the extent of intimate 
mixing that occurs have given rise to the 
descriptive but intentionally imprecise 
names of "wad" for the soft oxides and 
"psilomelane" for the hard, massive, 
botryoidal variety (1). This report will fo- 
cus on hollandite, -BaMn80O6, and mix- 
tures containing hollandite and roman- 
echite, -(Ba,H20)4Mno0020 (2). 

Hollandite and romanechite, two of 
the more common psilomelane oxides, 
occur in sediments, weathered outcrops, 
the supergene zone of Mn and base metal 
ore deposits, and metamorphosed Mn 
deposits. The hollandite structure itself 
is of interest because it is the form as- 
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a b 
Fig. 1. Schematic of a hollandite-romanechite 
intergrowth. Each octahedron represents a 
Mn cation surrounded by six O atoms. (a) 
Hollandite with its double chains of Mn octa- 
hedra. The chains form a square cross section 
(2 x 2) when viewed down the tunnel length. 
(b) Romanechite with its 3 x 2 rectangular 
cross section. The double chain is common to 
both structures and is the basis for unit-cell 
intergrowths. The tunnels formed in both 
structures accommodate the large Ba cations 
or substituting cations. 
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sumed by K, Sr, and Ba feldspars at high 
pressures, such as occur within the 
earth's mantle (3). 

Our primary method of study has been 
high-resolution transmission electron mi- 
croscopy (HRTEM), both by direct 
structure imaging and by selected area 
diffraction. These techniques have 
shown that coherent intergrowths occur 
between hollandite and romanechite. 
These intergrowths may account (i) for 
the reported range in compositions be- 
tween different hollandites and roman- 
echites and (ii) for the variable and prob- 
lematical x-ray patterns obtained from 
romanechite samples (4). 

The hollandite and romanechite struc- 
tures can be placed in a structural classi- 
fication of Mn oxides that is somewhat 
analogous to the system developed for 
rock-forming silicates (5). The (SiO4)4- 
tetrahedron has its counterpart in the 
(MnO6)8- octahedron of MnO2 minerals. 
The octahedra share corners and edges 
to form chain, framework, or sheet 
structures. The single-chain structure is 
pyrolusite (/3-MnO2), and the double- 
chain structure is ramsdellite (MnO2). 
Hollandite has a framework structure 
consisting of double chains of Mn octa- 
hedra joined at roughly right angles so as 
to have a nearly square pattern (2 x 2) 
when viewed down the length of chains 
(Fig. la). Romanechite is closely related, 
with a 3 x 2, nearly rectangular arrange- 
ment of (MnO6)8- chains (Fig. lb). A va- 

riety of large mono- and divalent cations 
such as K, Na, Ba, Sr, and Pb can then 
be accommodated within the square or 
rectangular tunnels thus formed (6). 

We studied samples from three local- 
ities. We analyzed each sample by (i) x- 

ray powder diffraction, using a Guinier 
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Manganese Oxide Tunnel Structures and Their Intergrowths 

Abstract. Natural hollandite and romanechite are widespread barium-containing 
manganese minerals. High-resolution transmission electron microscopy indicates 
that intergrowths of the two minerals occur in a coherent manner on the unit-cell 
level with no apparent ordering of the hollandite and romanechite. Other structures 
have been imaged that are based on the hollandite and romanechite structures. Elec- 
tron microscopy holds a key to unraveling the myriad structural complexities of the 
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camera to determine bulk identity, and 
by (ii) qualitative use of the microprobe 
to determine cation content. Hollandite 
from Stuor Njouskes, Sweden (U.S. Na- 
tional Museum sample 127118) was se- 
lected because of its purity as shown by 
its sharp x-ray-diffraction lines. The d 
spacings (interplanar spacings) from the 
Guinier pattern were fitted by a least- 
squares method (7) to give cell parame- 
ters of a = 10.01 (1) A, h = 2.877 (1) A, 
c = 9.73 (1) A, and 83= 900 56 (1)'. The 
d spacings and cell parameters corre- 
spond closely to those reported for hol- 
landite II, from the same locality (8). Mi- 
croprobe analysis confirmed Ba and Mn 
as the major cations, with minor 
amounts of Pb. 

The second sample is from a vein de- 
posit in Tertiary rocks of the Priceless 
mine, Artillery Mountains, Mohave 
County, Arizona. A comprehensive x- 
ray study of Mn oxides from the area (4) 
had yielded two distinct types of ro- 
manechite x-ray patterns, with transi- 
tional types between them. Our x-ray 
data fall in the transitional category, be- 
tween romanechite I and romanechite II. 
The chief cations in the sample are Ba 
and Mn with minor amounts of Sr and K. 

The x-ray lines for the third sample, 
obtained from the Rattlesnake mine in 
the Luis Lopez district, Socorro County, 
New Mexico, are diffuse and could be 
assigned to either hollandite or roman- 
echite spacings. Cations include Ba as 
well as minor amounts of K. 

We used a slightly modified JEOL mi- 
croscope (JEM 100B) (9). All three sam- 
ples were prepared by grinding and dep- 3 
osition on a holey carbon film. Some 
samples from the Priceless and Rattle- 
snake mines were also ion-thinned per- 
pendicular to their fiber direction. 

Viewing down the tunnels, parallel to 
the b axis of hollandite, we see a roughly 
square diffraction pattern and a roughly 
square image for the Stuor Njouskes hol- 
landite (Fig. 2a). The white spots corre- 
spond to the tunnels in the double-chain 
(MnO6)8- octahedral framework. There 
is not sufficient resolution to image the 
tunnel cations. This image is a good 
match to a reported computed image of a 
synthetic material, BaMgTi7O06, having 
the hollandite structure (10). Evidence of 
at least four types of hollandite with 
differing a and c parameters and differing 

Fig. 2 (top). HRTEM images and electron dif- 
fraction patterns of hollandite and hollandite- 
romanechite mixtures: (a) hollandite viewed 4 4 I 1 
down [010]; (b) hollandite viewed so that [101] I I I 
fringes are evident; (c) hollandite-romanechite mixture viewed down the tunnels, with 131 denoting the wide tunnels corresponding to roman- 
echite; and (d) hollandite-romanechite mixture viewed perpendicular to the chain lengths. The scale is the same for all images in this re- 
port. Fig. 3 (bottom). (a) Two quadruple chains in hollandite. (b) A septuple chain in a hollandite (2 x 2)-romanechite (3 x 2) mixture. 
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p angles can be seen in some crystals in 
this [010] direction (11). 

Any non-[010] pattern that contains 
(101)* or (101)* gives an image con- 
sisting of fringes of roughly 7-A spacing. 
One such direction is shown for Swedish 
hollandite in Fig. 2b. There is no dis- 
ordering evident; all the electron dif- 
fraction patterns and images of Stuor 
Njouskes hollandite are consistent with 
its sharp, readily interpreted x-ray pat- 
tern. 

Viewing along the crystal lengths in 
the Priceless sample (Fig. 2c), we can 
see two types of tunnels-square and 
rectangular, corresponding, respective- 
ly, to hollandite and romanechite. Ap- 
parently the similarity of the double 
chains in both hollandite and roman- 
echite permits coherent intergrowths of 
the two minerals as schematically illus- 
trated in Fig. 1. No evidence of ordering 
of the intergrowths has been found; the 
streaking in the diffraction pattern re- 
flects the degree of disorder. The same 
sorts of features occur in samples from 
the Rattlesnake mine; intergrowths of ro- 
manechite and hollandite are shown 
along the tunnel lengths in the image 
(Fig. 2d) of the Rattlesnake sample. 

We can obtain some insight into the 
romanechite structure from the b axis 
images and diffraction patteins. An am- 
biguity in the literature on the crystal 
system of romanechite has led to its 
being reported as both monoclinic (12) 
and orthorhombic (13). All the roman- 
echite in the romanechite-hollandite mix- 
tures we have thus far observed appears 
to be monoclinic. Further HRTEM study 
of romanechite samples is necessary to 
confirm this deduction as it is possible 
that the hollandite influences the inter- 
grown romanechite material. 

Recently, silicate chains with widths 
greater than triple have been imaged by 
HRTEM (14). This is also the case with 
the octahedral chains of the Mn oxides. 
We interpret Fig. 3a as containing a 
quadruple chain associated with holland- 
ite and romanechite, whereas Fig. 3b 
contains a septuple chain. The structures 
with greater width have thus far only 
been seen as isolated chains; corre- 
sponding minerals are as yet unknown. 
However, the crystal structure of to- 
dorokite, a Mn oxide found as a major 
constituent of deep-sea Mn nodules, has 
not yet been solved. Its structure is 
thought to be closely related to the hol- 
landite and romanechite structures (4), 
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dorokite, a Mn oxide found as a major 
constituent of deep-sea Mn nodules, has 
not yet been solved. Its structure is 
thought to be closely related to the hol- 
landite and romanechite structures (4), 
and so it could possibly be similar to one 
of the greater-width structures reported 
here. HRTEM should be of aid in giving 
a general idea of the todorokite struc- 
ture. 
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The known complexity of the Mn 
oxides derives from the small crystal 
size-in some cases samples are x-ray 
amorphous-and the potential for chem- 
ical solid solution and structural inter- 
growths. The present study has demon- 
strated that intergrowths are common 
between the hollandite and romanechite 
structures. Furthermore, HRTEM has 
been used to show that even wider tun- 
nels can occur as coherent intergrowths. 
In light of these observations, it is not 
surprising that the mineralogy of the Mn 
oxides is complex and has been con- 
fusing. It may be expected that HRTEM 
will be a powerful technique for studying 
and helping to unravel the structural and 
chemical complexities of the Mn oxides. 
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tion) by diversifying deposit feeders. 

Most marine fossils are preserved in 
fine-grained, originally soft sediments. In 
the Paleozoic these habitats were domi- 
nated by immobile suspension feeders 
(1, 2): articulate brachiopods, dendroid 
graptolites, tabulate and rugose corals, 
bryozoa, cystoids, blastoids, and Arch- 
eocyatha (the only known extinct phy- 
lum). Physically equivalent environ- 
ments are now occupied primarily by 
deposit feeders (3, 4), for example, pro- 
tobranch bivalves, irregular echinoids, 
and certain crustacea, holothurians, and 
annelids. I suggest that newly evolved 
deposit feeders and other sediment-dis- 
turbing taxa displaced the immobile sus- 
pension feeders on soft substrata 
(ISOSS). 

Deposit feeders "mine" organic parti- 
cles from mud or sand (5, 6), whereas 
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tobranch bivalves, irregular echinoids, 
and certain crustacea, holothurians, and 
annelids. I suggest that newly evolved 
deposit feeders and other sediment-dis- 
turbing taxa displaced the immobile sus- 
pension feeders on soft substrata 
(ISOSS). 

Deposit feeders "mine" organic parti- 
cles from mud or sand (5, 6), whereas 
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suspension feeders filter food particles 
from the water column. In Recent ma- 
rine communities, deposit feeders may 
exclude suspension feeders by bioturba- 
tion (7, 8). This includes suspending 
sediment or feces that foul biological fil- 
ters, fluidizing mud substrata (9), acci- 
dental ingestion (10), as well as bull- 
dozing: overturning or burial of ISOSS. 
The effects of bulldozing will be greatest 
when the deposit feeders are much larger 
than the ISOSS; juvenile ISOSS will be 
especially susceptible (3, 6). If the 
ISOSS cannot complete their life cycles 
before the sediment is disturbed, they 
are unlikely to persist. Scavengers and 
predators may also act as bulldozers (3, 
11, 12). 

Modern bulldozers-holothurians, ir- 
regular echinoids (13), malacostracan 
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Biological Bulldozers and the Evolution 

of Marine Benthic Communities 

Abstract. During the Phanerozoic, the diversity of immobile suspension feeders 
living on the surface of soft substrata (ISOSS) declined significantly. Immobile taxa 
on hard surfaces and mobile taxa diversified. Extinction rates of ISOSS were signifi- 
cantly greater than in other benthos. These changes in the structure of benthic com- 
munities are attributed to increased biological disturbance of the sediment (bioturba- 
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