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Abstract

Some 350 flume lests were conducted with shells of pelecypods, Dinocerdium robustum Solander
and Anadara braziliana Lamarck, to determine how physical characteristics of shells affect their case
ol movement when partially suhmerged in swash water on a beach, The distance moved by a shell in
the flume varied inversely with 1he sqnare root of the eflective density. The force required to move the
shells was directly propartional to the normal component of the weight, Air entrapped heneath shells
decreased the normal component of the shell weight so that they could he moved by a smaller force.
Shells with holes bored in them did not entrap air and traveled relatively sinall distances in the flume.
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Introduction

Shells are commonly used by the paleoecologisi o reconstruct ancient environments.
Before basic conclusions can be inferred from shell distribulion, however, it is neces-
sary to deterinine whether shells are indigenons or exotic, and o estimale the degree of
sorling. Basic information concerning laclors affecling shell transport may be obtained
hy sindyving shell movement in controlled Hume experiments.

Menard and Boucot (1951) studied the current velocilies necessary lo move terebra-
tuloid brachiopod shells in a laboratory flume and found the movement of shells to be
primarily conlrolled by the relalive case of movement of the sub-adjacent bed material.
Shape, size, effective density, and ornamentation werce also found lo influcnce the ve-
locity required to move a shell, Johnson (1957) performed (lume experiments which
indicated that current-scouring induced by the presence of clam shells resting on a
movable substrate is an effective mechanism for their burial,
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The previously mentioned experiments were concerned with the movement of shells
completely submerged. The present anthors hecame interested in factors controlling the
movemenl of shels after their initial deposition on a beach. Deposition of a shell on a
beach nsually does ot end ils exposure lo [nrther transport by water because succeeding
swashes and higher tides continue 1o move the shell. Johnson (1957) conducted experi-
ments in which single valves of pelecypods were set oul on a muddy-sand beach jusl
above Lhe Jow 1ide mark. When the area was revisited al the Tollowing low tide, Johuson
found that 40 per cent of the shells had beent moved from their original site by currents.
Nearly 90 per cent of the shells moved had been those that had originalty been placed
with the concave side up. Many of the shells which had been placed with the concave
side down had been partially or almost completely buried in the muddy-sand. Martin-
Kaye (1951) and Lever (1958) have investigated the interesting phenomenon that one
valve of a pelecypod ix sometimes much more common on a beach than the other. Shells
with the concave side down have water benealth when <uhwmerged but have air beneath
when exposed on a beach (Figure 1), Iu preliminary flome experiments it was observed
that the air beneath a shell tended to make it more bnoyant and 1o increase the ease by
which it was moved by waler currents, This effect of air entrapped beneath a clam shell
on ils Turther transporl on a beach has vol. so far as the authors know, been previously
reported in the Kterature. The experiments reported in this paper were undertaken in
order to determine the manuer in whicly physical characteristics of shells affect bnoyancy

and Llhe case of shell movement by currents,
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Shell Buoyancy

One of the oldest physical principles is that of Archimedes, which states that the
buoyaut foree on immersed bodies s cqual o the weight of displaced Hquid. This prinei-

e, 1. Position of shell partially submerged, concave side down.

Fie. 2. l‘]xpt:rimﬁn}nl arrangement used for determining the horizontal foree required 10 move shells
partially submerged in water.




Mobility of Partially Submersed Shells 173

ple has important application lo the present study of shell movement in the beach cn-
vironment. When a disarticulated clam shell ix deposiled on a beach with the concave
side down. the concavity fills with air after water drains from avound and under the
shell. 11 the shell is again exposed 1o swash water, it is nol only buoyed up by the water
displaced by the shell. but also by water displaced by the air entrapped bencath the shell.

The broyancy of the air in a shell partially snbmerged (as in Figure 1) may be deler-
mined with the following procedure. A ghell is fivst weighed in air (A) and then when
partially immersed in water (B). Weighings in water may be made by placing valve con-
cave side down on a balance pan suspended 1 water. The shell is then turned concave
side up and partially filled with water to the same water line previously reached by water
during the shell weighing. The additional volume of water required 1o completely fill the
shell is now measnred using a buretic. This volume of waler is converted 1o grams (C).
A hole is drilled through the shell and the shell veweighed in air (A,) and then re-
wetghed when immersed in waler (13,) 1o the same water line as belore. With the drilled
hole in the shell no air is entrapped. The difference beiween the weight of the shell in air
(Ay) and in waler (By) represenls the wetehi of water (1) displaced by the parl of
shell wall Below water (Ay - By = D). T the air entrapped beneath the shell creates a
buoyant force vqnal to the weighl of waler displaced. then,

A—B--D=C (1)
where A i the weight of shell inair, B3 is the weight of shell when partially submerged in
waler witlt air entrapped. € is the weight of water displaced by entrapped air. and D is
the weight of water displaced by the submerged shell wall,

Resnlis of using the above procedure on two s<hells of I, robustum are given in Table 1,
The small differences between A — B = D {eolimmm 4) and € (colnmn 5) are con-
sidered 1o be within the aceuracey of the method.

Although a shell oul of waler weighs more than when 1l is completely immersed, its
weight is least when buoyed by entrapped air. For example, a shell of 1. robustwm which
weighed 19.9 g i air, and 31.7 gm when completely innnersed without air entrapped,
weighed only 26.0 gm when partially submersed concave side down in water 7 mm deep.

IForces Required to Move Shells

The foree (F) required lo move an object over a s<urlace is approximalely propor-
tional to the load; or
Ko=1i (2)
where [ s the cocflicient ol sliding friction, and 7 ix the foree pressing the gliding body
againsl, ind perpendicular to, the sliding surface (Stewart, 1917, p. 131).

Tanr 1

Comparizon of amaunt of water displaced by entrapped air under Dinocardium robustum
shells determined gravimetrically and volumerrically

B D A-B.D «
Weight in 7 mm of Water displaced Water dixplaeed Waler displaced by air
in air water without hule by shell wall by air entrupped estinled volumetrically
pm pm gm wm [0
54.2 21.5 1.3 31.4 339

73.1 43.0 2.0 28.1 324
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F1c. 3. Horizontal force IF required to move a Dinocardium robustum valve partially submersed
in 0.7 em of water as a Tnnction of the normal component of shell weight (W - 1), where W.
is the effective weight and Fy, is the buoyant Joree directed npward caused by entrapped air. The
normal weight of the valve was varied by placing brass weights on top of the valve. Data are
included from valves with and without holes.

Tic. 4. Horizontal force ¥ requived to move a Minocardium robustum valve partially submersed in
0.7 em of water as a function of the weight of the shell in air. Data and symbols as in Fignre 3.

The air under a shell, in addition to the portion al the shell submersed, produces an
upward buoyvant force o that
=W, ~-F, {3}
where W, is the effective weight of the partially submersed shell (weight of shell in air
less the buoyant nplilt due to the water displaced by the portion of shell submnerged)
and Fy, the buoyant uplift due 10 the water displaced by air. Substituting this in equation
(1) then gives
Faoof (W, —F) {4)
If a shell should have a hole in the top, there would he no buovamt aplift £y, due 1o air
enlrapment, and the corresponding equation would he

I'=IW, (3)
Thus, theoretical congideralions predict that the Toree required 10 move a shell when
plotted graphically against the quantity (W, - I,) should fall along a straight line

passing through the origin with slope tan (1an ¢ = [} (see Hubbert and Rubey, 1959,
pp. 159160, for discussion of this principal applied to carth movements) . The [orce re-
quired o move a shelt with a hole having no huovancy due 1o entrapped air when
plotted against the quautity W, should have the same slope as that obtained by plotting
force against (W, — ), i the cocflicicul of friction i+ the same in bolh cases. Both
graphs should pass through the origin and should therefore coincide.

The theory was lested by measuring the lorce necessary lo move shelle placed con-
cave down on sand in a pan conlaining 7 mm of waler (Figure 2). Only one shell was
used in the experiment in order to eliminate such variables as shape and size. The shell-
weight wag varied by plachig brass weights on the shell. Experiments were first per-
formed with the shell imact und then with a hole drilled through the top and the dala
plotted in Figure 3. The superposition of the data from these experimenls is considered




Mobility of Partially Submersed Shells 175

direct confirmation that the cocflicient of friction is the same for the shells with and
without entrapped air ([ = 0.91). The linear relationship in Figure 3 is evidence that
the Torce regqnired to move the shells ix direetly proportional to the normal component
of the weight of the shells.

When the force required to move shells is plotted graphically against the weight of the
shells in air (Figure 4), it becomes readily apparent that the buoyancy of the entrapped
air allowed the shells to be moved by a smaller force.

Experiments on Shell Transfer in a Flume
DEsSCrRIPTION AND OPERATION OF THE FLUME

Experiments weve conducted in a wooden flume having overall dimensions of 41 em in
width and 183 ¢m in length (Fignre 3). An internal flume, or rnnway, 10 em wide and
85 em long was constructed inside the larger thime, The internal {lume was necessary in
order 10 oblain desired high velocities with the available water supply. Holes drilled
into the exit end of the flunic were nsed to regulate water level, The waler level was
adjusted by corking certain holes and leaving athers open,

Sand from the water’s edge one mile south of South Pier on the Mustang Island
beach facing the Gulf of Mexico was nsed in all experiments. The sand is well sorted
and lypical of beach sand in this area (Figure 6). About 4 per cent of the sand con-
sisted of shell lragmenlts; the balance was quartz sand mixed with a small amount of
heavy minerals. During experiments the sand hed was mainlained horizontally. A con-
stant bed level was maintained by adjnsting the bed and adding new sand belore each
experiment whenever necessary. The sand layer was approximately 12 em thick. About
one millimeter of scour occurred from around shells during the short duration of cach
{lume experiment. No shells became buried during the trials, but the bed was lowered
10 mm beneath a D. robustum valve when the waler flow was continued for 20 minutes.
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I"16. 5. Diagram of flume used in oxperiments on shell transfer. A, top view: B, side view; C, end
view,
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e, 6. Size distribution of sand nsed in flume experiments on shell transter. Ordinate Phi s —
loge mean diameter,

e, 7. Average shell veloeity obtained for cach series of flume experiments ax a lunetion of the
sauare root of the elleetive deusity (FD) of <hell upon which the experiment was performed. The
effective density wax calenlated by dividing the weight of the shell when inmersed in 0.7 em of
water {W.) by alie volume (V) of the shell, The shell coneavity as well as the solid part of the
shell is ineluded in the shell volnme (V).

Walter from a hose was runinto a well at the head of the flume. The overflow from the
well comrsed down the ume and ran owt throngh the holes i the foat of the flnme.
Water level during the experiments was maintained at 7 nun. Water veloeity was held
constlanl at 50 em/sce. by periodically measuring the rate of discharge and. when neces-
sary, adjusting inllow., The mean cnrrent veloeity was then caleulated by dividing the
discharge hy the cross-sectionul area of Jow i the runway. The enrrent velocily was
also determined hy measiring the veloeity of bits of wood placed m the runway, Well
water wilth a salinity of six parls per thousand from Mustang Island was used in the
experiments. The air aud water temperatures during the experiments were approxi-
malely 30° C,

Two peleeypod species were used. Dinocardinm robustim Solander is a large cockle
shell Tound in abundance washed np on bheaches aloug the Texas coasl. Specimens
reach three to four inches in size, are oval, infated, and have many ribs, The species is
figured by Abbott (1954, Plate 32, [“igure a).

Anadara brasiliena Lamarck ix a vibbed ark shell about 1-214 inches in length, The

lelt valve overlaps the right along the postero-ventral margin, The species 1 {tguved by
Abbott (1954, Plate 27, Figuve y). Avk shells with a shape similar 1o that of A. brasili-
ana ave ahuost world-wide n occurrence, The {umily Arvcacea extends frowm the Ordo-
vician to the Recent (Moove, Lalicker, and Fischer, 1952, p. 411).

Alter the standard condition of water depth and velocily was established ia the lume,
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a pelecypod valve was placed at a desienated place near the head of the flume. All valves
uged in the experiments were orienled the same way, i.e.. convex npward with the beak
poimting upstream. The time Tor the <hell 1o travel 80 em from the head to the end of the
runway was delermined wilh a stopwalch. All experiments were terminaled aflter one
minute, and the dala reported as distance in centimeters moved by a shell in one minute.
The distance traveted by shells which moved more than 50 em in one minnle was esti-
mated by extrapolation. Fach series ol experiments was repeated a minimun of 10
times. The shells of A, brasiliane had a tendency to overturn (15 shells overturned in
110 rials). As hydraulic Tactors allecting shells in a concave upward position are dil-
[event than shells in a convex upward position, the velocity data lvom overturned speei-
mens were exelnded o calenlating average velocitios,

Distances moved by cight speciimens of ). robustum and three specimens of A, bra-
siliana were measured. These values had air trapped beneath them. Holes were then
drilled iu cach shell aud the travel distance in the flume measured. The average distances
travelled by the shells are presented in Table 2. Four speciments of A. brasidiana with
snail-drilled holes were also tested in the lume.

Resvrrs axp Discession or Frowe EXPERIVENTS

I'lume tests performed by Menard and Boucor (1951) showed that the initial move-
nient of terebratuloid hrachiopods depends primarily on the eflective density and second-
arily on the shape and size of the shell. In the experimeuts performed by Menard and
Boucot, the water velocity required 1o initiate shell movement was measured. In the
present sevies ol experiments, water velocily was held constant (50 em/sec.) and the dis-
tance the shell moved in a given time (1 min.} was measured. The resuhis obtained in
each procedure should he related, ie., il shell A is moved by a smaller current than
shell B, shell A wilt also inove farther than shelb B when exposed to a curreat capable of
moving one or both shells.

Menard and Boucot (1951) lound that initial movement ol submerged artienlated
terebratuloid brachiopods depends primarily on their eflective densities. Effective
densily also scems 1o be the principal lactor affecling transport of partly immersed dis-
articulated pelecypod values of D. robustwm and A. brasiliana; the distance traveled
was related inversely o the square rool of the effcetive density (Fignre 7).

Density is defined as the ratio of the mass of a bhody Lo its volmue. If the body is not of
uniform density this definition of densily cives an average value. Effective density may
be defined by

Pe =P Py (0)
where pois the mean density of the mass contained in the volume (V) and p, is the
densily of waler. The volnme (V) includes not only shell volume but also volume of the
shell cavity in the case of articulated shells (Menard and Boneol, 1951, p. 134). In the
present work in which disarticulated shells were studied, the shell concavity was in-
cluded i total volume when calenlating elective density.

The effective density of shells completely covered with water and withont entrapped
air increases slightly with increase in shell size (Figure 8). This is because the shape of
the shelt changes litle with increase in size, but the shell wall becomes thicker (Figure
9). When the shells of different sizes were partiatty immersed in 7 mm ol waler, the
ceffective densily of the shells increased relatively rapidly with increase in size (Figure
8). This is because the small shells displaced more waler relative Lo their mass than the



Mobility of Partially Submersed Shells

01 09 4610 [4Y ST°0 80 [aN] [ €L0 90 L0 L'l L1 SA[BA IR
01 T0  il60  ¥E €0 FS 070 £ PO ES Pl e Te a[BA o]
01 0¢T  &FT0 21 61°0 8 10 03 120 97 01 Lz ¥ aa[BA 1J07]
01 Y0 éS90-170 €8-1%  ST0 ¥6 070 0¢ SL0 S6 L't 0 0% as[rA 1]
(3[0Y palog [TRUS 111m )
dﬁ@:.;dgc Qg@wﬁuﬂw\
0L L0 ¥9°0 9¢ 0z°0 0¢ S0 L'z ¥Lo Sl g€ 9€¢ Ja[BA o]
8 S 80°0 €0 0’0 0e Quou e ¥L0 ST S'¢ 9t Sa[ea Yoy
o1 ¥ 18°0 6S 1¢0 oS 50 9°C sLo S e &€ da[ea ]
8 60 g0 €c ¥0 0's auou 9¢ 5.0 1 ae ¢ SA[BA ]
0t H GLo eIt 82°0 S01 S0 ze Lo 61 0F %3 2a[ea 1]
9 €0 0£°0 ¥r 920 S01 suoun  Z'g Lo 61 0F TF oABA 1J07]
DUMISDLIG VIDPDU
01 Yo S€0 9¢ £10 06 g0 0'C €L0 91 8¢ 0t aa[ea 1yBry
01 982 6070 60 €10 06 suou 6°C eL0 9l 3¢ 0¥ aaea By
01 s 6¢°0 0€r [a] 0021 auou 1L gLo 6¢ 6 Lo AR A
01 gr Lo $le €¢'0 0'601 2uou S9 0L'0 9¢ '8 t'6 aA[BA JYBTY
61 920 110 'Ly S¢0 006 60 ¥'9 120 §e €8 G6 9A[eA 379°]
€1 €9 Fco 0'9¢ S0 0°06 Juou 9 1.0 §'¢ €8 6 OA[BA 3)57]
<1 9 8¢°0 9'%c a0 0'Ls 60 s Lo 8¢ 89 UL 2A[BA 3j9]
S1 91l 810 0TL @0 0'Ls auou s aLo g'c 89 UL SA[RA 1]9°]
S1 90 3¢°0 10¢ 0 Sor 60 s 10 8¢ L9 €L QA[RA 3197]
¥l 91T 610 501 o 9 auou ¢S 10 8¢ L9 &L SA[BA 3j7]
0t IEL 010 [ 610 0'6¢ auou 9¥ €Lo 9¢ §'8 £9 aA[RA By
¢l V) cEo0 Sl 61°0 01¢€ 60 S £L0 &g 8§ 9 da[RA3p7]
¢l 8T o L't 61°0 01¢ Juou S £L0 SC 8¢ 9 9A[BA 3T
ST ol 9¢°0 €81 0¢°0 0°9% 07¢ s ¢Lo 8¢ L9 <L dA[RA ]|
¥C ¢l 910 '8 060 09t auou s Lo 8¢ L9 [y SA[RA 1307]
ST 0 A 'Sy S¢0 16 €1 ¥'9 89°0 e 08 €6 9AJRA o]
S 99 cro Vel Al z'l6 auou ¥'9 89°0 e 08 o PALRA 107
wmsnqos wnipinroulq
sjewn jo 005 /wd 29 /urd wg w 2] (L] LpPaydg w o wa u
aquauy; AMDOPA JIJEN WIT P IDCM W P SN ETUITTAN Adpaep  satowmnip Moy ssowpPIgL yisuag gy
oY ur {Nsuap  urIyFa g QLY [1[T's ajoly | CTINNG
anesday data iy oy

176

SOA[RA JO I01AR(S( SWNY PUB SO1ISTIAIORIBYD [RIISKY T

Z ®1AV]




Mobility of rartially Submersed Shells 170

RE
.64
50 .5
3
404 .44
o) ]
] SHELL SUBMERGED COMPLETELY WITH NO o
3 AR ENTRAPPED L. g
5 30 -7 0 2 3
\_-—S . z _® A BRABILIANA ~0
o B 0% & D RCBUSTIM
[} | 3 e o
g 20 g . o o
w SHELL IN O7CM OF WATER WITH .~~~ o O‘/
§  1o] ARENTRAPPED . -7 % v
w
w
uw
w -
o r r ——— 7 T — o — e — T T 1
7 :
1 2 3 4 5 6 : 2 3 4 5 5 ; 3
NOMINAL DIBMETER CM NOMINAL - CIAMETER  CM

F1e. 8. Effective density of Dinocardium robustum valves as a [unetion ol the nominal diameter,
The nominal diamelter is calenlated by taking the cube root ol the produet ol the length, width, and
thickness of each shell. Shell length was measured along the longest vib in the central portion of
the shell. The width was considered the greatest distanec between the anterior and posterior margins
measured in the plane ol commissure and normal to the height. The height is the maximum dimen-
sion of the individual valve measnred perpendicular to the plane of commissure: height as used
here iz one-half height of closed articulated shell.

I'iG. 9. Wall thickness of shells of Anadara brasiliana and Dinocardium robustum as a function
of nominal diameter. Wall thickness 15 a term used here 10 denote the (istance between the imner
and outer surlace of a single valve. Wall thickness was measured with a micrometer at three places
along a line parallel to the ventral margin and about one-third the distance from the ventral to
dorsal margin; these measurements were averaged.

large shells. If. as indicaied in Figure 7, cffective density is a major factor in shell trans-
port, and shell size has a greater effect on eflective densily when shells are only partly
immersed, it follows that shells are probably more readily sorled according to size when
partially immersed. This suggests that shells are morve readily sorled according to size
in the beach environment than when completely subnmerged.

The cffect of the air entrapped beneath clam shells in increasing ease of transport
becomes very apparent when the distances Lraveled by shells without air (having a hole
bored in shell) are compared with distances traveled by shells of the same size with atr
entrapped beneath them (Figure 10).

Shells of A. brasiliana had higher effective densilies than similar sized shells of D.
robustum because of the thicker shells of the former species (Figure 9). The effect of the
higher effective density in decreasing the relalive distance transported by 4. brasiliana
is readily seen in Figure 10,

The intercept sphericity (defined by Krumbein, 1941) was calculated for cach shell
and Jound to fall between 0.6-0.8. The small differences in the shapes of shells nsed 1n
the experiments had no measnrable efleet on shell transport, The simple ornameniation
on the species tested had no apparent influence on ease of shell movement.

Bracy EXPERIMENTS

In order to sec if the behavior of shells in the {lume was representalive of their be-
havior on the beach when exposed Lo swash waler, a series of Lests was run on the beach.
Two pairs of D. robustum shells which had previously been tested in the flume were
placed near the water's edge. The lefl valve of each pair contained a hole drilled through
the shell. The valves without holes moved a considerable distance inland with each
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Fre. 10. Average veloeity of shells of Anadara brasiliana and Dinocardium robustum in Hime ex-
periments as a [uuction of nominal diameter,
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Fie. 11, Distanees waveled by Dinocardium robustun valves placed at the waters edge and trans
ported shoreward Dy one, ar at most, two swashes, Position of shells and condition of shell (with
or without drilled hole) is indicated by shell outlines, Air was entrapped under shells withont holes.

Fic. 120 Distances traveled by Dinocardium rohustum valves placed helow low water level during
one minute. Same shells ax in Figare 10. No air was entrapped beneath valves,

swash, but the valves with holes moved only a short distance, or not al all {Figure 11).

The experimenls were repealed in decper waler below the swash area, so that the
shells were conlinuonsly submerged. Air was allowed to escape completely from be-
necath the shells before they were placed concave downward on the sand surface. The
shells withoul holes moved farther than the shells with holes (Figure 12). The relatively
short distances traveled by the shells without holes were not the result of buovancy, as
was lthe case with partially snbmerged shells, but because the hole permitied equaliza-
tion of the pressure hencath and above the shell, thus deminishing the “lift”” due lo a
decreasce in pressurce on the upper side caused by the moving waler, Ior discussion of
Bernoulli’s theorum, which concerns changes of pressure with change of speed, see
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Stewart, 1944, p. 181, or standard text on physics. The lifting cffeet on those valves with.
oul holes decreased the normal component of the eflective weight of the shell so that it
could be moved hy slower waler currents,

Shell Orientation in Moving Water

Final orientation of a shell which has been exposzed o waler current reflecls current
direction, Because of this the process by which shells arc oriented is of interest 1o the
paleoceologist. Shells were oriented at the begimning of cach flume test with the shell
beak pointing upstream. Shells with holes did 1ol move Tar from where they were placed,
and the shells maintained their initial ortentation. Shells with air entrapped, on the other
hand, traveled considerable distances; these shells were oriented differently at the end
of the tests than at the beginning. Left valves rolaled counter-clockwise, whereas right
valves rolaled clockwize. This ix opposite the direction of rotalion of left and right shells
ol Donax vittatus observed by Lever (1958). The reason for this is that the left valve of
Donax viticties move closely resembles in shape and distribulion of mass the right valves
of Dinocardinm robustnm and Anadara hrasiliana than it does the lelt valves., Both in
the flume and beach experiments the Lwo species studied became oriented with the pos-
terior end of the shell downstream, and with the heaks of the left valves 907 counler-
clockwise from the current direction, and the beaks of the riehl valves 90° clockwise
(I'tgure 13). The fmal orientation was probably dne, in parl, lo a tendency of cach

v +

0

180°

Fre. 13, Orientation ol Diaocardium cobustum valves, Point of relerence is the valve beak whieh
in the initial position in A, B. and €, was poiuted towards the divection ol current source, and in
D, was pointed away from sonree, A, final orientation of right valves in 30 flume experiments. B,
final orientation of left valves in 118 (lume expériments, (0 {inal orientation of right valves in 20
beach experiments. D, hnal orientation ol right valves in 10 beach  experiments. Arrow indicates
direetion ol current.
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shell Lo precent it most streamlined silhouetle Lo the current and. in parl, to the dis-
tribution of mass in the shell. The anlerior of the shell, hecause of its grealer thickness, is
Leavier than the posterior and acls as an anchor while the poslerior parl trails down-
slream.

Orienlalion observalions were restricled to shells with air entrapped beneath them.
Ax data are not available showing how these shells become oriented when completely
submerged without aiv entrapped, it is not possible 1o delermine whethier the presence of
air bencath the shell affected the final ovientation. However, air éntrapped bencath clam-
shells probibly plays a major parl in delermining their final orientatiou. For example,
air benealh ). robustum valves in a centimeler or more of waler lends Lo lift the winbo
ol the shell, Observations al the beach showed that when this ocenrs the urabo of the shell
swings lowards the beach willva gentle incoming swash, and away (rom the beach witlr a
receding gwash, and somelimes the valves are overturned (Figure 14).

Waler movement on the beach is infnitely more complex thau in the flume where, for
example, the water moved only in one divection, On the beach the swash flows in two
principal direclions. first lowards shore and then away from it, bul usually it does not
follow the saine path in and oul. Successive swashes do not alwayg come from Lhe same
direction, nor are they evenly spaced. The shells during the beach test became oricented
in more or less the same manner as when they were in the Thune, in parl, becanse they
were exposed only 1o the incoming swash and. in part, because the water velocities were
not high. At high velocilies, such as those observed by the senior author afler a hurri-
cavne, xhells roll end over end in the swash zone, An excellent digenssion on the effeet of
swash moving obliquely up and down the beach on shell orientation and sorting is given

by Lever (1958),

Behavior of Shells Progressively Covered hy Water

Buoyanl {orce increases as shells are progrescively covered by water because more and
more waler is displaced. Observations were made of shells of D. robustam and A. hra-
siliana progressively covered by water both in the swash zone and in the laboratory,
where shells were placed inside beakers which were then slowly filled with water. Air
eseaped [rom heneath the shells when they were about halfl covered by waler. Air excape
cnlminated with the release of a large bubble from beneath the dorsal edge of the <hell.
The plane of commissnre of shells of . robustnm formed an angle of aboul 80° with Lhe
horizontal at the time the large hubble was released. Many shells of 1. robustin ovir-
turned apparently duc o the pushing aclion of the released bubble, Those shells that did
not overlirn, but returned to the bottom after the release of the large bubble ol air re-
tained some of the original air beneath then No Turther air was released with Jurther
increase in water level. The volume of air trapped bencath (wo D, robastum shells was
measured after they setiled to the bottom. One shell contained 19 cc or 18.2 per cent of
the original volume of entrapped air; the other shell contained 8 ce or 10.3 per cent of
the original entrapped air. The volume of air retained beneath the shell is sullicient 10
nuaterially increase the shell's buovancy. Shells of A. hrasiliane, which are heavier than
shells of D. robustum ol the same size, did not overturn,

The importanee of the buoyant uplift of entrapped air in overlurning valves may be
reflecled in the relative proportions of values of . robustumn and 4. hrasiliana deposited
on a beach. In a collection of D, robustuar shells cast upon the beach of Muslang Fsland
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6. 14. Behavior of inocardium robustum shell observed on the beach of Mnstang Island, Texas.
A, original position and attilnde of shell above walers edge. B. encompassed by incoming swash
with air entrapped beneath the shell raising the heak. () outgoing swash mirns shell with ventral
edge as pivot. D, incoming swash overturns shell. F. final position and attitnde of shell on heach.

within a 24 hour period 65 per cenl (82) were concave upward. On the other hand,
shells of A. brasiliune are nsnally lound convex upward, e.g.. in a colleclion of 95 shells
made along the waler’s edge of Mustang 1sland, 85 per cent were found convex npward.

In deeper waler both species usually occur in a convex upward position. In 10 trials
in water 20 em deep, 1wo specimens of D. robustem placed concave stde up on the sand
surface averaged only seven scconds in this position before turning over. When the
procedure was reversed and the specimens were placed on the sand convex upward, all
valves were in the same position at the end of one minnle’s observation. However, in the
interim cach specimen had turned completely over (360°) an average of one time. The
valves remained more or less in the same place during the observations. The fact that
single pelecypod shells are more stable with the concave side down and are nsually found
in that positton is woll known (Shrock, 1948, pp. 313-320). The present observation
=uggeals Lhat single valves acted upon by currents lurn over and over, remaining a short
time in the concave upward position and a cousiderably longer time in the concave
downward posilion. At any given time more valves would be in the concave down post-
tion than in the concave np position.

The Fifect of Naturally Bored Holes on Shell Transport

Holes in shells are formed in nature by boring snails, boring sponges, boring algac,
boring [ungi, worms, and by abrasion or breakage. The per cent of shells with holes is
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somelimes a considerable parl of the total shell aceumulation, e.g., 88 per cent ol dead
shells belonging to the peleeypod Spissula elliptica collected along come coasts have been
hored by the snail Nutica alderi (Twenholel and Schrock, 1935, p. 359). In conjunclion
with the present study the authors tabulated the nmmber and probable canse of holes in a
collection of shells Trom a Gull of Mexico heaclh near Progreso, Yucatan Peninsula,
Mexico (Fable 3). Snail-bored shells of hrachiopods have been reported from as Tar
back as the carly Paleozoic (Bucher, 1938). Boring sponges have an equally lone range.

Holes made by boring sponges, algue, lungi, worms. and some =nails are extremely
small, No escape of air was evidenl when shells with considerable sponge borings were
ewersed convex upward under water. Air readily escaped from larger holes caused by
abrasion or breakage but small holes apparently do not allow passage of air.

Suail-drilled boles vary considerably in diameter and position on the drilled shell. Air
does not readily escape Trom snail-drilled holes having a small diameter. The posilion of
a snail-drilled hole also affeets the volume of aiv entrapped heneatli the shell, hecanse
air above the hole is retained. For example, the volume of air retained beneath several
snail-drilled shells of 4. brasiliana was measnred and found 1o vary from about 39 to
59 per cent of the interual volume of the shell (Table 4). Velocities obtained in fhime
experiments wsing snail-drilled <hells were guite variable and higher than obtained with
artificially drilled holes, probably hecanse of air retaived beneath the snail-drilled shells.

Tt is conceivable thal shells with holes might accumukte in one place on a beach and
shellz of similar size withoul holes in another. Bucher (1938) found many snail-drilled
shells of the brachiopod Delwanelly meeki (Miller) i a 1hin shale of Upper Cinein-
natian age, although snail-drilled shells were rare clrewhere, This may have heen the

resull of differential =orting.

Conclusions

1. The foree required o move shells is directly proporional Lo the normal component
of the weight of the shell. Air entrapped beneath a elamshell decreases the normal com-
pounent ol the shell weight so that il can be moved by a sinaller foree.

Tavrr 3

Siatisties on the number and cause of holex in two common species of pelecypods colleeted from i
heach near Progreso, a seaport town on the Yueatan Peninsula, Mexico

Vercent I'ereent
Tutal number Pereen) drilled with hale
Species collecled with hole by sponpee by suail eradded
Arewzebra 156 00.6 50.2 1.7 8.7
Chione cancelluta 118 27.5 13.2 14.3 0

.

[anLe 4

Volume of air entrapped bencath valves of A, braziliana containing holes drilled by snails

Approximala

Type of Nole diameler Hole Cnp volume Air enlriapped pereenl ol original wir
valve «m posilian e 3 remuining nuder shell
Left 0.20 umbo 9.4 5.6 59.5
Lelt 0.15 umbo 2.8 10 39.7
Lelt 0.20 umho 51 2.1 39.0
Lelt 0.12 umbo 0.8 10 —




