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An.i:rt'als fatally injuraj by effects of the cannikin detonation 

on Am::hitka Island were subjected to p?st rrorte:n examination, and 

representative tissues were studied microscopically. Fran evidence 

so obtained, in combination with other infonnation, it "Was concluded 

that three mechanisns were involved in producing the range of lesions 

observed: rock-falls~ vertical acceleration; and co:nbined effects of 

over- and underpressures. 

TW:::> sea otters, Enhydra lutris (Linnaeus), on the beach at the 

tin"e of the detonation, were crushed by falling rocks. Eight birds 

(seven harlequin ducks, Histrionicus histrionicus (Linnaeus), and a pelagic 

corn:orant, Phalacrocorax pelagicus Palla.s) also sustained crushing injuries, 

evidently when ex.pose:::! rocks up?n which they were resting were violently 

displaced upward by vertical acceleration. Animals that were diving at 

the tin"e of the detonation were ex.posed to a pressure-:Pllse followed by 

a fall in pressure to cavitation and a subsequent rise to the pre-existing 

ambient. In ten sea otters and in four haroor seals, Phoca vitulina(Linnaeus), 

lesions produced respectively by overpressure and underpressure were 

distinguished, although some of the disruptive changes in the lungs could 

not be specifically related to one of these factors. Fatal injuries in 

seven birds, representing si.x species, were attr.i.l:l.lted to effects of 

pressure-changes. In two sea otters, traumatic lesions of urrlet:errnined 

origin were super:i.mposed upon those produced by pressure-changes. 
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Because of the scarcity of injured but still livi!1.g man:mals, 

it appears that the rate of mortality was high anong those that 'Were 

div.ing in the critical areas at the time of the detonation, but those 

at the surface probably were uninjured. 
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!NTRODUCl'ION 

After the ca.-miki.n Test on Am:::hitka Island on 6 November 1971, it 

was p::>ssible to investigate the effects on mari.'1e animals of the pressure 

wave generated by an undergrourrl nuclear detonation. I was invited to be 

present in order to examine any that were injured or killed. A search 

along the beaches, beginning as SOOn as possible after the test on 

6 November and continuing through 8 November, produced several marine 

rnarrrnc:llS and birds that evidently had been killed by effects of the 

detonation. The present rep::>rt describes p::>st rnortan firrlings in these 

animals and attempts to define the means by 'Which the observed injuries 

were produced. 

M:lst of the an:imals were obtained by teams traversing the beaches 

on foot, beginning at 4 :30 p.m. on 6 November, when only about a half-rnile 

of beach on the north side of the island nearest the test-site could be 

surveye:i by nightfall. A severely injured sea otter and several dead 

birds were found during that evening. Extensive searches along both sides 

of the island were made during the next two days (Kir~ and :EUller, 1972), 

M:>st of the animals fourxl by the respective crews were brought the following 

rnorning by helicopter to a central location, an:1 tlru.s the majority of 

s:pec:i.:mens was receive:i on 8 and 9 November. In all, twelve sea otters, 

four harb:>r seals, and sixteen birds representing seven s:pecies were in 

suitable condition for detaile:i examination. I depart:Erl Am:::hitka on 
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10 November, sinc:e it was considere:i that degenerative cha::nges in the 

organs w::>uld obscure a judgement as to the cause of death in specimens 

found after that time. 

Pranpt e:x:anrl.!'I.ation '\NaS essential, in order to lessen the effects 

of degenerative changes that had begun soon after the death of the animals, 

notwithstanding the cool climate of the region. All anirnaJ.s were dissecte:i 

on the day that they were receive:i, but the arrount of time that could be 

devoted to each was less than w::>uld have been desirable. The w::>rk was 

much facilltate:i by the assistance of other investigators, who kindly 

recorde:i the findings. Autopsies were done on the sea otters and birds 

in a small building made available by the Fisheries Research Institute, 

University of Washington. One seal that could not be retrieved by 

helicopter was dissected on the beach~ the others, because of their' 

large size, were examined outside on the ground. !-Pst of the sea otters 

were in relatively good corrlition, having been immerse:i for a time in 

cold sea-water. Some of the specimens obtaine:i at the last had been 

partially eaten by eagles, but the resulting darrage was confit1e:i to the 

posterior part of the body. The tw::> seals found last and examined on 

9 November exhibite:i rrore advance:i degeneration, since the enveloping 

layer of subcutaneous fat cause:i retention of body-heat. The birds found 

later than 6 November also showe:j degenerative changes, but these did not 

obscure the nature of the injuries sustaine:i. 

The total length of each marn:nal was recorde:i, and weights were . 

taken of the sea otters. After an eh.terna1 examination, all a:nimals 
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were placed in dorsal recumbency and the ventral tissues were rercoved 

to exp.::>se the thoracic and al:dominal viscera in situ. Gross findings 

were recorded, after which the organs were rercoved for detailed 

examination. The brain a-:d spinal cord were the last to be exami.''led. 

The processing of the animals was uniform, except that circumstances 

did not pennit rerroval of the spinal cord frc:m the seals. Selected 

skulls, including those frc:m the seals, were taken to the Arctic Health 

Research Center in Fairbanks for cleaning and further study. Samples 

of tissue, the majority from macroscopically abnonnal organs, were 

i..'"1dividually 1 abeled as to origin and orientation and preserved in 

10 per cent fonnalin solution. Selected tissues from ostensibly nonnal 

organs also were preserved. For comparisons, tw::::> intact, uninjured sea 

otters kirrlly provided by Mr. James A. Estes, University of Arizona, 

were later dissected at the laboratory. The blood vascular system of 

one was doubly injected with vinyl resin by Dr". F. H. Fay, to permit 

study of the vessels of the vertebral column. 

Tissues were dehydrated and embedded by starrlard methods, sectioned 

at 0.005, 0.007, or 0.010 mn, and stained routinely in hematoxylin-eosin 

and in Mallory' s anilin blue collagen stain. Special stains were applied 

to selected sections. The osteological material was cleaned by means of 

derrnestid larvae and bleached in hydrogen peroxide. 

RESULTS 

The marine mamnals obtained after the detonation had been in good 
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to excellent corrlition at the time of death, as would be expected during 

autumn. Some general infonnation concerning the sea otters is Sl.ll'!1tli3Xized 

in Table I. It might be noted that none of the abnorma:'ities described 

below was observed in a series of thirty-one sea otters found moribund 

or dead of natural causes on An:chitka Island during 1949-52 (Rausch, 

1953). One of the birds exhibited abnormalities of a chronic nature, 

and one r..ad died of causes unrelated to the detonation (see below) • 

In a preliminary rep:>rt of findings (KirJa..lood and Fuller, 1972, 

p. 9), the injuries sustained by the animals were attrib.lted to three 

causes: (1) rock-falls; (2) vertical acceleration; and (3) overpressure. 

The integration of the evidence from the p:>st morten examinations and 

from the study of tissue-sections has required rood.ification of the 

concept of one of these me::hanisms as well as different interpretation 

of the cause of death of certain animals. The three me::::h.:misns as now 

recognized are (1) rock-falls; (2) vertical acceleration; and (3) the 

combination of overpressure and underpressure. The firrlings are presented 

according to these categories. 

I. A:n.irca1s injured by rock-falls 

TWO sea otters, Enhydra 1utris (Linnaeus), examined on 8 Nova:riber, 

had been crusha:'i by rocks falling from the coastal cliffs at the time of 

the detonation. 

Crushing of the skull and left side of the al:x1omen had caused the 

imnediate death of the first animal. The thorax had not been directly 

7 
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injured. The left lung was lOOderately COl'lCjested, probably as the result 

of p:!st rrortem h>JlX)Stasis of blood: the right lung was essentially nottnal. 

The abdominal cavity contained much uncoagulatOO blood and la..rge clots. 

'The spleen had been ruptured, and the liver displaced entirely to t.~ 

right side. 

The se:::ond sea otter was i.rIrrnbilize1 by rocks that had fallen on 

the right rear leg. 'Ihe animal 'o\IaS dead when found on 8 Nover!tler, and 

the eyes were missing. presumably having been rem:Ned by scavenging 

birds, but it had survived for sane time after the accident, hav'inq 

severely abraded the anterior marqir.s of the pads of both fore-feet in its 

st:ruggles to escape. Signs of trat:ma were limited to the nuscles of t:te 

fenur, the adjacent al:Xlaninal wall, and as.·:;;ociated marmary tissue, all of 

which were t.:::uo:r:rhagic. '!be sutx:utaneous t j ssues CNer these areas ~ 

severely edematous. The abdaninal organs ex."li.bited no gross injuries, 

except for a perforation of the colon at a level about 7S m:n anterior to 

the anus. The ple.lral cavities CC'l1tained a small arrount of blood-stained 

fluid, and the lungs appeared to be severely congested. 

The left ra:nus of the rnarXiible had a fresh fracture that began 

ventrally at the level. of the anterior margin of the second 1l'D1ar and 

ed:en:ied dia<,J)na1ly anterodorsad to the middle of the secoOO pranolar, 

of which the crown and p:!sterior I'tX)t ~ missing. TWo beach-pebbles, 

about 3 and 4 Iml in diamE!ter, respectively, were found deeply anbedded 

between the tw;:) surfaces of the fracture after the skull had been cleane:i. 

These evidently had becate imp:lcted by the an.inal's chewing sur:rounding 

10 



objects in its efforts to escape. The enamel crowns of the renaining 

teeth ~e uninjured.. 

An in:::idental firrling was a cystic area, about 6 x 4 nro, b the 

right thyroid. Sections s1':l<:.lwerl this to be a cystadenoma. 

II. AAimals injured by vertical acceleration 

Injuries of the type that I now attribute to vertical acceleration 

were limited to birds. '!bose affecttdl presumably. had been resting on 

offshore rocks in shallOW' waters near the test-site at the t:i:rre of the 

detonation. All of the specimens exhibiting the characteristic pattern 

of lesions \Ere fc:::und within a restricted area along the north side of 

the isJ..ard. 

The speciJnero..s considered here in:::lude seven harlequin ducks, 

Histrionicus histrionicus (Linna.eus), an:l one pelagic co:x::n:ora.."'lt, 

Phalacrocorax @~ Pallas. 

Evidence of severe trauma was seen in both the soft tissues an:3. 

t:l:'Y4 skeleton of these birds. The externa.1 examination revealed injury 

to the fem:>ral. J:tll.S::!les and to the adjacent body-wa.ll in all cases; other 

firdings incluC!ed fractures of the leg-bones, fracture and separation of 

the vertebral col1.lm, and hem:>rrhage fran the auditory canals. The nature 

of the injuries suggested that the legs had been driven dorsad by a vertical 

force. 

11 



The tissues of the bcxly-wall around the proxirral errl of the fenur 

and the m:dial femoral muscles were herrorrhagic bilaterally. In two 

ducks, the bcxly-wall just anterior to the fenur had been perforated 

bilaterally, with seepage of fluids fran the al::dcminal cavity. Leg-bones 

of 'b1O docks had been broken ~ one had fractures of both tibiae and 

corrminuted fractures of the left fenur, and both fEll1l:)ra had been b..""Oken 

in the oti'.er. As far as could be determined, the fractures of the 

long-bones "Were essentially longitudinal 111 orientation. 

The vertebral coltmlll had been disarticulated in five dtX:ks, with 

the separations oc:.::curring at the level of the second to the fourth 

thoracic vertebrae. In one of the m:::>st severely injured, the skin over 

the separated vertebrae had. been perforated, with drainage of fluids 

fran t...'le thoracic cavity. Ribs had been broken unilaterally in one 

duck and in the corm:::>rant. 

The viscera of all of these birds had. been severely damaged, 

particularly those situated anteriorly and dorsally. The thoracic 

contents, excepting the heart, had disintegrated to the ert.ent that 

pllm:mary tissue 'WaS unrecognizable. The kidneys also 'Were mo:e or 

less macerated, rut the al:dominal organs otherwise "Were relatively 

intact. Sane degree of laceration of the liver had occurred in tl«) 

ducks and in the corm:::>rant. In one duck, the proventriculus had 

ruptured, releasing its contents into the lxxiy-ca.vity~ in another, it 

had separated at the !?Oint of j1.ll'X:tion with the ventriculus. Both of 

these birds also had perforations of t..'le intestine. The alxlaninal 

12 



cavity contained much blood and large clots in all cases. 

All of the specimens sl'Ic:.7.el sc:ma degree of injury to the 

superficial or deep tissues of the head and neck. In one of the IlPre 

severely affected ducks, the tissues covering the cervical vertebrae 

ventrally were herrorrhagic £ran the level of the phary.nx to the thorax: 

the trachea wa.s partially crushed, and had belen severed. at a point about 

one-third of its length anterior to the point of entry into the t.'I1orax. 

laceration of the spinal cord where it passe::l through the foramen magnmn 

had OCC".lI'rEd in one case, and subar.achnoid 'hem::>rrhages WE!re present 

dorsally on the cerebrum arx'i cerebellum. This bird also had a harcrrhagi.c 

area about 50 mn long superficially in the right pectoral muscle. 

Sul::Jarachrv:)id henPrrhages, in one case i."lVOlving the optic lobes bilaterally, 

-were present on the brain of three other ducks. Flow of blood :fran one or 

both atXiitol:Y canals \as no+-...ed in four. Macroscopically, there was no 

eviderce of fractures in the basal portion of the skull in these birds. 

Ill. Animals injurEd by canbine:i overpressure and urrlerpressure 

The injury of one 5eCl otter, and the deaths of nine sea otters, 

four harbor seals, and seven birds WE!re attributed to the effects of 

pressure while the a.niIrals WE!re sub:nergEd. 

Sea otters. 

The traumatic lesions observEd in the 5eCl otters in this category 

were uniform in patt.eln and, in the animals foun::I dead, differEd within 

13 



rather narrow limits in det.:)ree of severity. 'llle injuty of the see otter 

fou.TJd alive was initially attributErl to vertical ao:::eleration, but the 

integrated evidence strongly supports its inclusion rere. Findings in 

this ar.ima.l are considered separately. 

The injured see otter, discovered late on the evening of 6 NoVember 

by Mr. James A. EStes and Jt¥Self, as 'INe returned along the north beach, 

was lying an:ong large l::oulders well above water-line, headed away fran 

the see. The an.:inal made feeble efforts to defe.r.d itself by biting, but 

was no longer cap3ble of locorrotion. It was carried b:l.ck to a vehicle arrl 

taken to the laboratory, where the examination was begun at about 9: 00 p.m. I 

or approxin'ately ten hours after the detonation had occurred. 

External signs of trauma were absent. The thoracic walls tNere 

narkedly distended and rigid, and breathing was of al:xianinal type. There 

tNere fifteen respirations per minute, with severe inspiratory arrl. expiratory 

dyspnea.. Inspiration was through the open m:mth, accompanied by a gasping 

S01.ll'Xli expiration was prolonged, with forcible expulsion of air through the 

llDUth. 

The an.i.m:ll was killed by means of intracardiac inje:::::tion of 

potassium chloride solution. When the needle was inserted, air esca:l?Ed 

into the sul::cutaneous tissues. At this t.ime, the sea otter expelled a 

large quantity. of blood-staine::i urine, so dark .in color as to ha.ve the 

appearance of pure blood. 

The lungs appeared to be collapsed bilaterally. 'llle pulrronary 

1(+ 



pleura 'WaS intact, with scattered, subpleural areas of hetorrhage. 

'!be nPre severely affecte:i left lung (consisting of tw:> lobes in the 

Se:l otter) was relatively uniform dorsally and ventrally; the ventral 

SJrface of the right lung (consisting of three lobes) was nore nearly 

1'¥l:rma.l in appearance. The left p:>sterior lobe had a few' isl~ of 

inflated, a:pparently normal tissue along its medial :margin. Each 

pleural cavity contained 10-15 ml. of blOCld-stained fluid. '!be trachea 

throughout exhibited severe COD:'Jestion of the sul:I:ru::osal tissues between 

the rings. Bloo:l-clots were present anteriorly in the nasal cavity. 

The eyes and auditory canals appeared to be no:rma.l. The tyrrq:mric 

manbranes were intact. The statach. and duodenum contained frothy, 

sanifluid material with many gas-bubbles. Discrete, heror:rhagic areas 

lNere present anteroclorsally in the wall of the urinaJ::y bladder, one 

medial and one on either side; a smaller harorrhage was found in the 

wall on the right side near the neck. The lumen contained large 

blood-clots. The kidneys ard ureters lNere macroscopically nonnal. 

The liver exhibited only :numerous pale, round sp:>ts up to 4 mn in 

diaD:eter beneath the capsule on the anterior (diaphragrratic) surface. 

The wall of the gall bladder was greatly thickened as a result of 

chronic c.'I:lolecystitis caused by a trema.tode that occurs corrm::mly in 

sea otters (Rausch, 1953). No abnonnalities were observed in other 

organs. 

Samples of tissue from four areas in the lungs of this animal 

were examined microscopically. These were similar in that each showa:l 
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considerable variation in degree of i11.jury fran lobule to lobule. 

In the sections fram the apex of the left anterior lobe, large 

areas of alveoli were collapsed or partly collapsed. SOme of these 

areas were severely hem::>rrhagic and contained many mum cavities or 

spaces that resembled bubbles ani presumably had contained gas. That 

sorte might have been fat cannut be exclude::1, since staining for fat 

was not dOMe Such cavities were a prominent feature in sections of 

pulm::ma:ry tissue fran the various injured anircals (see belOlN'). Sane 

represented bllious en;;>hysema.tous spaces formed as a result of traunatic 

disruption of the tissue, but nnst were spherical cavities that appeared 

clearly to represent gas that had been entrapped upon coagulation of 

blood or herorrhagic fluid Lrl which it had been suspended. Hem:>rrhage 

had occurre::1 also into SOIre bronchi and bronchioles (in the sea otter, 

cartilaginous elenents are present in bronchioles of a diameter down to 

at least 0.280 mn). The interlobular, subpleural, ani peribronchial 

connective tissue was emphysanatous. No harorrhage had occurred into 

these interstitial spaces. In the more m:xlerately affected areas, the 

tissue was congested, frequently with slight he:n:orrhage into the alveoli. 

Findings were similar in sectiop.s from the medial portion of the left 

posterior lobe. 

In sections from the anterior margin of the right anterior lobe, 

gas-bubbles were clearly evident in hemorrhagic areas. Focally, groups 

of roun:i, interconnecte:i cavities apparently fille1 with air had been 

produced by rupture and distension of adjacent alveoli. These differed 

marke::1ly in appearance from the irregular sp.3Ces in areas of pulm::mary 

16 



emphysema. Interstitial emphysema had produced wide spaces around 

bronchi ani large veins. Some lobules, or parts of lobules, had been 

only slightly affected. In sections from the rneiia] portion of the same 

lobe, atelectatic areas were observed to be nore extensive, espe::::ia11y 

around larger bronchi. Where the alveoli were not conpletely collapsed, 

many gas-bubbles often were present. Some bronchi contained blood, 

usually as a thin layer covering the I!n.lcosal surface. Interstitial 

emphysema was marked, with interlobular septa attaining widths up to 

0.480 mn (Fig. 1). Other areas of parenc~'l'CB. were not severely affected, 

but usually there was SOIn::! degree of collapse of the alveoli or emphysema.. 

The kidneys were severely' congested, especially in the cortical 

zone. Free erythrocytes were oocasiona1ly observed in Bowman r s space 

and in the lumina of convoluted tubules. The pale, subcapsular fooi 

on the he:patic surface evidently corresponded to superficial aggregations 

of vacuolated he:patic cells. Staining to derronstrate fat was not 

attempted. No microscOpic abnormalities were recognized in tissue from 

other organs. 

In the sea otters found dead, the thoracic organs ana. central 

nervous system had been severely affected. The obse....""Ved lesions were 

relatively u..."'1.i:Eorm in the nine specimens. 

The head and assooiated structures. The examination of the 

st..ructures of the head was difficult under field conditions, and only 

the few specimens taken to the laborato:t:y were adequately studied. 

Fracture of the orbital walls was easily overlooked unless the skull 
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had been cleaned. In the field, injury to the ears was determined from 

examination of the external auditory meatus and of the tyrrtFanic cavity 

after removal of the roof of the tymp:mic bulla. Severe injury with 

harorrhage in the middle ear had occurred in five a.ni1!1als. The tympanic 

manbranes were considere::i to be intact in four. 

Injury to the contents of the ocular globe was note::i in tY.O sea 

otters. Hemorrhage into the anterior chamber of the left eye had occurred 

in both, and the right eye of one had been ruptured, an injury that might 

have been caused by scavenging birds. Fracture of the posterior wall of 

the orbit was discovered in the cleaned skulls of tY.O arrinals, in neither 

of which was there any external evidence of injury to the eyes. In one 

subadult animal, a rourrl. depressed fracture measuring 20 x 15 rrm was 

present in the right orbital wall dh'ectly ventral to the supraorbital 

process. Canparison of the skull with that of a young sea otter in which 

synostosis had not yet <x::curred, showed that the fracture was almost wlPlly 

in the frontal bone, with slight involvenent of the posterior end of the 

lacr.iIral. In an old adult, a hole measuring 19 x 14 rem was present in the 

same location, dIld the underlying maxilloturbinates had been shattered 

(Fig. 2). Fractures of the orbital walls prol:ably were overlooked in scm: 

of the other spec:imens. 

S:imilar injuries had occurrerl in tY.O an:imals that presumably had 

been killed on 6 NOverrber but found sane time later by University of Arizona 

personnel. The orbital walls had been fractured bilaterally in a Stlbadult 

rrale found on the beach on 26 November. In the cleanerl skull, the openings 
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measured 26 x 19 and 19 x 15 nm on the left arrl right sides, respectively. 

The upper p:rrt of the maxilla had been broken away on the left, but the 

location of the openings was the sane as in the other 'bio desc::ribed above. 

In this an.i.rnal also, the maxilloturbinates and nasal septum had been 

shattere:i, arrl the posterior part of the palatine l:xme had been broken 

away. S.ilnilar danage to the palatine l:xme, with fracturing of the 

maxilloturbinates posteriorly, was obsave:i in a secorxl specimen, foun:1 

on 7 Decenber. The orbital walls of this animal -were inte:.ct. The 

structure of the skull of the sea otter is such that damage of this 

nature could hardly occur fortuitously after death. 

. 
Other external injuries to the head were noted in tw:> animals. In 

one, a fracture extende:i fran the posterior er:d of the sagittal crest 

ventrad across the occipital to the dorsal margin of t."1e foramen magnum. 

Dorsally, a depressed fragment of the right parietal, 30 x 10 mn, exter:de:i 

fran the la:mtdoidal crest anteriad along the sagittal crest. In the 

second, the parietal :muscles inmediately posterior to the su,Ptaorbital 

process were hEm::>rrhagic over an area of a.l::out 25 x 25 II.l1l. The maxillary 

process of the left zygana. had been fractured. 

The central nervous system. lesions observed in the brain and 

spinal cord were unifonn in pattern. Only one animal, the least severely 

injured of the series studied, exhibite:i no gross lesions in these organs. 

The spinal canal of one a.n:imal was not opene:l.. 

Subarachnoid herrorrhage was a frequent firxling in the brain. 

He:norrhage attribltable to external tra.urtli:l was observed only once, in 
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the animal having a depressed fracture of the right parietal. Firrlings 

in the brains of the sea otters are listed briefly below: 

(1) Blood-stained fluid in the lateral ventricles. (2) Epidural 

hem::>rrhage on the dorsal surface of the right cerebral hemisphere 

p:::.steriorly, just lateral to t."1e longitudir.al fissure, arrl corresp:::.rrling 

in location to a depressed fracture of the parietal bone. (3) Blood-staine::1 

fluid in the lateral v.:mtricles: congestion of the cerebrum. (4) Blood-stained 

fluid in the lateral ventricles: sul:erachnoid hem.:>rrhage anteriorly on the 

dorsal surface of t."rte cerebrum. (5) Harorrhage into the longitudinal 

fissure of the cerebrum; blood-clots in the lateral ventricles: hem:>rrhage 

ventral to the brain stem and right lobe of the cerebellum: subarachnoid 

harorrhage anterodorsally on the left lobe of the cerebelllml. (6) COngestion 

of the cerebellum; harorrhage ve."1tral to the brain stan; blood-stained fluid 

in the lateral ventricles (the spinal cord of this animal was not examined). 

(7) Brain appeared swollen, with massive subarachnoid hei:oorrhage dorsally 

over both cerebral I-snispheres; blood-clots in the lateral ventricles; 

sul:erachnoid 1:leIrorrhage dorsally over the cerebellum. 

The vascular lesions in the cerebrum varied in extent, but were 

essentially superficial. NO evidence of ruptured vessels in the deeper 

tissue was observe::1 when slices of forrnalin-fixe::1 brain were exa:mi.nEd 

under the dissecting microscope. Vessels lying in the sulci also were 

intact. Findings in sections range::1 from congestion of the subarachnoid. 

veins to extensive subarachnoid heoorrhage. The capUlaries and larger 

vessels of the cerebral tissue were usually congested, and focal herrorrhages 

involving both arteries and veins were occasionally o:bserved peripherally. 
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The choroid plexuses of the lateral ventricles were usually congested, 

but rupture and hem:::>rrhage had occurred in one specimen. 

Vdscular lesions i ... ·"1 the cerebellum te.n:l.ed to be nore extensive. 

In areas where subarachnoid hatOrrhage had occurred, the vessels in 

the interfolial sulci were ruptured, with consequent distension of 

the sulci with blood. In SECtiOns of the cerebellum in which the nost 

extensive hem::lrrhage had occurred dorsally, scattered diffuse hemorrhages 

were noted in the granular am oolecular. layers, and less frequently 

deeper in the white matter (Fig. 3). In one restricted area in the white 

matter, perivascular hem:::>rrhage had occurred, usually into perivascular 

spaces. Congestion of the cerebellum was not marked. Focal h.em:>rrhages 

in the granular layer were present in another anirral. 

The spinal cord had been injured in seven of the eight anirrals 

appropriately exarrined. The severity of the other lesions observed in 

the ninth aninal irrlicated that its spinal cord probably had been injured 

as well. In all seven sea otters there was subdural hem::lrrhage of the 

spinal cord, rut in no case was there arr:/ irrlication of fracture or 

dislocation of the vertebrae. The thoracic portion of the cord was 

consistently affected, with variati~ in the extent of injury posteriad. 

In three animals, such h.em:>rrhage was present throughout the thorax, 

fran ab::>ut the level of the seventh cervical vertebr.a p::>steriad. L"'1 the 

rema.inder, subducal hem:::>rrhage exterded farther p::>steriad, to the level 

of the third 1l.".Utlbar vertebra or beyorXi, as in one case where it exterded 

to the leo."el. of the sacrum. The cervical spinal co.I:d was a1::.norrca1 in 
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two cases: epidural hem::>rrhage had occurred in one of the rrost severely 

.injured animals, ar:d he:rorrhagic fluid was present in the spinal canal 

of the second.. 

The .injured spinal cords had a tense, smooth dura, through which 

the underlying bloexl appeared black. Small are;lS free of harorrhage 

sane'timas imparta:l a rrottled appearance. In less severely hem::>rrhagic 

areas, it was apparent that both the ventral venous sinus ar:d the dorsal 

subarachnoid vessels had ruptured. Transection of for.rnalin-fixed 

spe:::imens showed the spinal cord to be surrounded by an asyrrmetrical 

layer of blood rang.ing up to 2 mn .incllickness (Fig. 4) I the uneven 

distr~tion of which beneath the dura frequently had caused distortion 

of the cord. Hematanyelia was an occasional firrling, with single or 

multiple he:rorrha.ges .into the white matter. Tissue-sections also 

revealed focal herrorrhages .in the gray matter, usually along the columns 

adjacent to the white matter. Congestion of the gray matter was 

cha.racteristic • 

The respiratory systan. Escape of blood fran the nose ar:d rrouth 

was nota:l in five animals. In all cases, massive p:.ilironary l1estorrha.ge 

had occurred. The quantity of coagulata:l blood in the lungs was such 

that these organs tended to retain their size ar:d nor.mal anatanical 

relationships wt-..en the pleural cavities 'Were opened. This condition 

facilitated examination of the lungs in situ. The significance of 

lung-weight as an ind.icator of severity of injury in animals exposed 

to air-blast has been defined by Richn:ond and CQ-'WC)rkers (White and. 
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Richmond, 1959; Richrcond et al., 1968). The lungs of the marine marrmals 

at .Amc.::hitka were not 'OIIeighed, but a marked increase in 'OIIeight of these 

organs was clearly evident in all of the ani.mals found dead. 

The trachea usually contained blood or stanach-contents, but 

rarely shoINed macroscopic lesions. The tracheal mucosa was congested 

in one case; in anotr.er animal, sulx:mtaneous tissues ventral to the 

lar:ynx and upper trachea were haoorrhagic. Within the thorax, subpleural 

hem:>rrhage sanetimes occurred around the trachea (see below). 

'!'he lungs of all the animals had been injured bilaterally, altb:lugh 

the pattern of the lesions varied. Injuries to the anterior lobes tended 

to be least severe; in three animals, these were relatively Il.Ol:JlIal. 

nacroscopically, and in tw::> others the apical portions of these lobes 

had been little affected. In another specimen, a few normal-appearing 

islets of inflated alveoli protruded on the lateral surface of the 

otherwise hem::>rrhagic lobes; these measure:i up to 50 x 35 mn and 

48 x 30 m:n on the left and right lobes, respectively. The lateral or 

n:e:iial surfaces of one or xrore lobes sometimes appeared to be ~tively 

normal, rut the urrlerlying parenchyma was hem::>rrhagic. Superficial 

pul.roonary lesions of other types were occasionally observed. In one 

animal, the left posterior lobe having multiple perforations also 

exhibited nu:nerous gas-filled cavities bulging beneath the pul.roonary 

pleura. On the anterior margin of the right posterior lobe were tw::> 

inflated bullae, the larger of which measured 45 x 25 mn; the floor of 

each was fonne.:'l by a layer of coagulated blood. SUbpleural. gas-filled 
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cavities were present on the lateral surface of the left I:X>sterior lobe 

in another a.n.i.mi:l.l. In a third specimen, hem:>rrhage had occurred in the 

tissues aroun::l the two left brooohi where they entered the respective 

lobes. 

In the IlDst severely affected lobes, the pulnDnary parenc:hyna was 

very dark, ani solid in consist:eooy; samples ra:roved for preservation 

often sank in forrralin solution. In sorre animals, the severely hem.:>rrhagic 

ares contained macroscopic cavities filled with gas. The b..""OnChi ani 

larger bronchioles in all cases contained blood aM, in five animals, 

:ingesta fran the st.a:nach as well. Herroth::>rax was observai in seven 

animals, with the quantity of free blood in each pleural cavity ranging 

fran alx>ut 40 to 150 ml. Large clots, up to 100 ml in volume, were 

usually present, either free or ext:errli."lg fran perforations in the 

pu1rronary pleura. Rupture through the pulm::>nary pleura of one or ItDre 

lobes had occurred in the lungs of five animals. The p9-""forations were 

on the lateral surfaces, am ranged fran 3 to 40 mn in greatest dic:lmeter. 

NOne was observed in the anterior lobes. Single perforations of one or 

nore lobes were present in the lungs of four ani:nals: bilaterally in the 

posterior lobes; in the right cardiac lobe at the junction with the 

anterior lobe dorsally, am in the right posterior lobe; in the right 

posterior lobe near the junction with the cardiac lobe; and in the left 

posterior lobe. Four perforations were present on the lateral surface 

of the posterior lobe in the fifth spec:.ima:n. In another animal, a 

large fragment of pulrronary tissue had been detached fran the apex of 

the right anterior lobe. 
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~ cut surfaces of preserved samples of pulrl¥::>nary tissue 'Were 

examined uxx.ler the disse::ting microscope, areas of severe h.e:rorrhage 

appeared black, .in contrast to the lighter color of adjacent hem::>J:rhagic 

tissue that had not been so extensively disrupted. These tissues 

contained scattered, spherical cavities up to 4 mn .in dianeter, evidently 

representing entrapped gas-bubbles. After preservation, such tissues had 

a liver-like consist.er¥=y, a:rrl were :not compressible. 

Microscopically, the lesions in the dead anima.ls differed fran 

those observed .in the animal fourxl alive only .in their greater extent 

and greater severity. Disruption of tissues a:rrl extensive ha'lDrrhage \\Jere 

characteristic of the ca:rdiac and posterior lobes. In the l.'IOre m:Xlerately 

affected areas, the alveoli were uniformly blood-filled; in other areas, 

the alveolar structure could not be discerned. BrOnchi and bronchioles 

contained blood, a.rrl many had been ruptured. Roun:l cavities, representing 

gas-bul:bles, were present .in all of the se±ions examined; 'Where there 

W':':lS extensive harorrhage, these attained diameters up to 4, nm an:i sanet.ines 

:in'parted a sponge-like appearance to the tissue. Sane loOOles contained 

partly collapsed alveoli, but areas of canpletelyatelectatic alveoli 

were u:ncu:(1l011. Pulrronary emphysema was a frequent finling. All sections 

sllowe:l evidence of .interstitial emphysana, with distension of .interlobular 

septa to widths up to 0.880 rrm. SUch septa usually appeared as sp:lCes in 

which re:nnants of conne::ti.ve tissue "Were sparse or absent. O:::casionaUy 

a very loose reticulum ranaine:i, .in which snall numbers of erythrocytes 

'Were saretirnes pr:esent. In the vicinity of ruptures through the p.tl.m::>nary 

pleura, the .interlobular spaces were fille:i with blood. Representative 
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lesions in the lungs of these sea otters are shown in Figs. 5-9. 

In one of the nore severely injured animals, sections of tissue 

taken from the lateral surface of the right posterior lobe near a 10 nm 

perforation showed evidence of chronic interstitial inflamnation, with 

wide septa of dense connective tissue marginally infiltrated by 

lymphocytes. Plasrra cells were occasionally observe:i. The alveoli 

in this area were hercorrhagic and largely collapsed, but interstitial 

anphysana was less general. 

On 21 NOvember, the l::ody of a sea otter was recovere:i by a 

trawl off .Atrchitka in 30 fathans of water. The lungs were fixed in 

fo:m.alin by Mr. James A. Estes, who sent the material to me for further 

stuiy. The tissues stained poorly, but the gross changes in the lungs 

(extensive he:rorrhage; interstitial emphySEma), as detet:mine:i from 

sections, appeared to be identical with those observed in p.U:rconary 

sections from the animals considered above. 

The heart arXi associated structures. Cardiac tissues ~ 

presel.':'Ved fran four of the nine animals. In three, the ventral surface 

of the heart exhibited superficial, subepicardial. lesions as follows: 

ecchyrcotic and petechial hercorrhages anteriorly on the left ventricle 

near the coronary groove; an irregular hem:::>rrhagic streak up to 7 nm 

in width ext.ending over tvJO-thirds of the ventricular length; ar:rl a 

2 nm he:corrhage at the interventricular sulcus. In two cases, the 

lesions had been produced by hatorrhage into the subepicardial adipose 

tissue; the myocardium was also congested, ar:rl scattered focal 
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herrorrhages were present. sections of the third specimen, having only 

a small superficial lesion, revealed extensive herorrhage deep in the 

~ium of the thinnest part of the ventricular wall, with narked 

separation of the myocardial fibers (Fig. 10). In the spec:i.rnen without 

macroscopic lesions, the lI'(YOCardium was congested and very few focal 

herorrhages could be fo1..1Irl. Examination of the endocardium and other 

structures revealed no other macroscopic lesions, nor were any 

abnormalities noted in the large vessels. 

When the thoracic organs of one sea otter were examined in situ, 

an "empty" spa.ce of considerable extent was observed in a pulnonary 

vein madially. Although its significance was not appreciated at the 

time, this was the only macroscopic evidence of possible air-embolism. 

No air-emboli 'W'ere recognized in the coronary vessels. 

Other thoracic Organs. In these an..imals, other structures 

situated dorsally in the thorax usually exhibited some degree of inju..-y. 

I.esions were sometimes present in the med.iastin:tmt and in the pulncnary 

ligaments, and l:1Em::>:t:I';ha.ge into the subpleural fascia ventral and 
.~ 

~., 
lateral to the vertebral coiumn had occurred in rrost cases. Since 

surmarization of the observations is difficult, fin::iings in the 

individual animals are briefly described: 

(l) Retroperitoneal herrorrhage dorsal to the aorta throughout the 

thorax, and bilaterally extending dorsad lateral to the vertebral bodies~ 

also with herrorrhage dorsally in the mediastinal pleura just anterior 

to the diaphragm. (2) The mediastinum (not fenestrated in the sea otter) 
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had been perforated :fX)sterior to the pulrronary ligaments, with 

herniation of the :fX)sterior lobe of the right lW1g into the left pleural 

cavity. (3) Severe herrorrhage an:1 clot-fornation dorsal to the aorta 

throughout the thorax, extending :fX)steriad to the level of the origin 

of.the psoas muscles; bilaterally with hetrorrhage and clot-formation 

lateral to the vertebral bodies. (4) Rupture of the costal artery 

anterior to the sixth thoracic vertebra, with a herrorrhagic area 60 nm 

in length. (5) Herrorrhage and attached clots in the right pul.:mPnary 

ligament and dorsal to the trachea anteriorly, am with clot-formation 

dorsal to the aorta opposite the sevent.l1 and eighth intercostal spaces ~ 

m:derate hem:>rrhage lateral to the vertebral bedies throughout the 

:fX)sterior ~thirds of the thorax bilaterally. (6) Moderate herrorrhage, 

rrore severe on the left, lateral to the vertebral bodies throughout 

the thorax. (7) Slight herrorrhage along the vertebral bod.ies bilaterally, 

with some clot-formation; pulmonary ligaments herrorrhagic :fX)steriorly. 

(8) Anteriorly with herrorrhage in the left pulmonary ligament and 

extending dorsad along the lateral surface of the trachea on the 

right; rupture of the intercostal veins and arteries with massive 

retroperitoneal accumulation of coa.gulated bloo::i from the level of 

the sixth thoracic vertebra :fX)steriad on the left. None of these 

lesions was observed in the ninth arUmal. 

The thoracic walls and diaphragm. The thoracic walls infrequently 

showed macroscopic signs of tra'Ull'a. In one of the trost severely injured 

sea otters I having ruptured intercostal vessels, the sixth through ninth 

ribs on the right had separated at the costochondral junctions, and the 
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surrounding tissues were he:rorrhagic. The muscles of the eighth arrl 

ninth intercostal S]?Cl.Ces dorsally had been nearly perforated inme:iiately 

lateral to the vertebrae. Externally, in the corresfOnding area (over 

the seventh to ninth ribs), tissues ventral to the latissinuls dorsi were 

henorrhagic. The right side of the diaphragm also had multiple perforations. 

In a second aniInaJ., subpleural hen:orrhage had occurre:i laterally 

in the left thoracic wall, along the posterior :rrargins of the fifth to 

twelfth ribs, increasing in extent fOsteriad. Sections reveale:i subpleural 

and intramuscular herorrhage, with involvement of only the internal 

intercostals. On the same side, the thoracic surfacf'J of the diaphragm 

had subpleural herrorrhages extending dorsoventrally along the muscle 

fibers. Similar lesions were observe:i on the right thoracic surface of 

the diaphragm of a third animal. 

An unusual combinatiOn of lesions was observed in a sea otter 

found on the aouth side of the island. In addition to severe intrathoracic 

injuries, including separation of a fragment frcm the a:pex of the right 

lung (see above), there was evidence of external trauma. The sub:::utaneous 

tissues ventrally had been consumed. by amphifOds (sane of which were still 

present), indicating a longer period of inmersion in the sea. Scattered, 

discrete blood-clots were present over the ventral surface of the abdcmen 

and lower t.h.C'rax. The sul:x:mtaneous tissues were edematous bilaterally 

along the abdomen, with greater accumulation of fluid on the left. The 

ventral sub:::utaneous tissues presu:nably also had been edematous. Hen:orrha.ge 

had occurred beneath the pectoral muscles just lateral to the sternum. 
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The injuries suffererl would seen to have been sufficiently severe to 

have been imnediately fatal. 

The a1:rlominal orga."1s. Some of the sea otters had been partly 

eaten by scavenging eagles, which in all cases had openEri the a1:rlanen 

PJsteriorly. The intestine and part of the right kidney were missing 

in one; the intestine, both kidneys, a.>rl the PJsterior parts of the 

liver had been rem:>verl from another; the urinary bladder was missing, 

arrl the intestine had been mutilaterl and was largelyautolyzerl in a 

third. with these exceptions, all of the a1:rlominal organs were examinerl. 

Some degree of injury to the liver r.ad occurrerl in eight of the 

nine animals. The lesions were largely restricterl to the anterior 

(diaphragmatic) surfaces of the four large lobes. Following the 

nomenclature of Urnanov (1971), these are designaterl the right arrl 

left diaphragmatic and the right and left visceral lobes. In the 

sea otter, the liver is almost entirely enclosed within the thorax, 

with only· the PJsteromedial margins of the diaphragmatic lobes exterding 

beyond the costal arches into the subcostal angle. Be::ause of the 

variation in lesions observed, firdings in the individual aIriroals are 

briefly descri.baJ.. 

(1) The surfaces of the right diaphragmatic lobe arrl of the left 

diaphragmatic and visceral lobes were laceraterl, with fragmentation or 

maceration of the surrounding parenchyrra. Hem:>rrhage had occurred L,to 

the al:rlaninal cavity. (2) The left diaphragmatic lobe had a superficial 

ahraderl area. just lateral to tP..e midline. The intestine arrl other 
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viscera were coatErl with blood. (3) The left diapr.ragmatic an'i visceral 

lobes had multiple tears an'i abrasions~ the injurErl area of the 

diaphragmatic lobe was coverErl by a thin, adherent clot. The abdonri.na.l 

cavity containErl much free arrl coagulatErl blood. (4) The surfaces of 

the diaphragmatic lobes appearErl to be severely congested. (5) Both 

diaphragmatic lobes had been lacerated or rupturErl, with maceration of 

the parenchyma~ an adherent clot covered the exposed parenchym:l. of 

the right lobe. The abdominal cavity contained free blood. (6) The 

right diaphragmatic lobe exh.ibitErl a sul:x::apsular han::>rrhage measuring 

70 x 50 nIn. (7) The surfaces of the diapr.ragmatic lobes had areas of 

apparent congestion, with scattered petechial he:rorrhages. The anterior 

surface of the right visceral lobe had a subcapsular hem::>rrhage measuring 

30 x 15 nIn, an:i a similar area of smaller size was present on the medi al 

surface of the quadrate lobe. (8) The left diaphragnatic and visceral 

lobes exhibitErl extensive subcapsular hem::>rrhage. The posterior portion 

of the Ii ver was missing in this animal. 

in the Ii ver of the ninth a.nimal. 

No macroscopic lesions were noted 

Macroscopic examination of the affectErl lobes showed that the 

lesions were superficial in all cases, even when extensive laceration 

or crushing had occurred. Sections from a~:-:XlS that appeared to be 

congested revealErl diffuse herrorrhage superficially in the parenchyna, 

but the capsule am hepatic cells irrrned.iate1y below were unaffected.. 

Where petechial hem::>rrhages had occuqed, sanetimes causing a slight 

elevation beneath the capsule, the accumulations of bl0c:x3. were separated 

from the capsule by a thin layer of intact hep:itic cells. 
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Other a1::rlominal organs usually were nonnal nacroscopically. 

Perforation of the stanach or intestine was never observed. The gastd.c 

mucosa appeared. to be congested in one spec:i:men. Blood found in the 

stanach of two animals presumably had been swallowed. In one case, 

severely congested. or possibly hercorrha.gic areas were present in the 

psoas muscles bilaterally. 

Harbor seals. 

Four harbor seals, Phoca vitulina Linnaeus, were found dead. 

These an:i.ma.ls, three females and a male, were adults: their 1:x:dy-lengths 

'Were 1210, 1520, 1700, and 1910 Iml, respectively. Weights could not be 

obtained. The spinal canal was not opened. in these animals, and tissues 

were not preserved. fran the two in which post !!Orten degeneration was 

rather adva..rlCed.. The heads were further examined. and cleaned at the 

lal:::oratory • 

The head and associated structures. Herorrhage into the anterior 

chamber had occurred. in the left eye of one an:i.ma.l, and bilaterally in 

a tleCOoo. In another, bl<Xld was draining from the nouth and ears. 

The posterior walls of the orbit had been fractured. bilaterally in 

the four specimens (Fig. 11). In the least severely injured., a female, 

the anterior and ventral nargins of the orbital part of the frontal bone 

as well as the adjacent orbital part of the n:axilla had been fractured. 

bilaterally (Phoca has no dist.in::::t lacrinal bone). That part of the 

maxilla covering the ventral turbinates anteriorly had been fractured. 
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bilaterally just anterior to the b3.se of the zyganatic process. The 

fractures within the orbit as well as of the maxilla were depressed, 

with Irost of the fragments renaining in situ. Findings in the second 

female were similar, but the maxilla had been fractured anteriorly 

only on the left. The injury was rrore extensive in the remaining biO, 

in which the fractures of the orbital wall also involved the perpendicular 

part of the palatine bone bilaterally. sate of the bone-fragments had 

been detached, with the result that the cleaned skulls exhibited large 

openings in the orbital walls. In one, the posterior portions of the 

ventral turbinates had. been exposed, with some fracturing~ in the 

second, the ventral turbinates on the left had been shattered an:i a.lm:>st 

completely detached. In these biO specimens, no fractures had occurred 

in the maxillae anteriorly. 

The middle ear was e.xamined on the left side only, following 

re:t.Oval of the roof of the tympanic b.1lla. T.ba tympanic msnbra:ne 

had been rupturErl in all cases. Hmorrhage into the tynpanic cavity 

had occurrErl in bo specimens, with displacE:'!ltent of the audito:r:y ossicles 

in one. Although the tynpanic cavity contained no blocd, the au.'lito:r:y 

ossicles had been dislodged in the male. L"l the third fata.le, the 

rrost severely injurErl of the seals, the prom:>nto:r:y of the pyramid had. 

been shatterErl on the left side, an::1 the petrosal part of the temporal 

bone had been broken away bilaterally and displacErl dorsad. The resulting 

openings in the floor of the cranium neasurErl about 30 nm in transverse 

diameter and alxmt 18 nm in length. 
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The brain. SUbarachnoid hemorrhage of l:imited extent occurred 

in three animals: on the dorsal surface of the cerebellum in two, and 

ventral to the cerebellum in the third. The displacement dorsad of 

the petrosal oones had caused severe hemorrhage ventrally in the brain 

of th~ one specimen. Because rerrova1 of the brains of these animals 

was delayed, no tissues were preserved. 

The respiratory systan_" As in the sea otters, the lungs of the 

seals had been severely injured bilaterally. The lungs of the harbor 

seal are not lobed, and appear to be identical.. Each is separated 

into approximately e::r.ual anterior am. p:>sterior segments by a shallow 

fissure (Soko1ov et al., 1968), but this was not evident in the disterrled 

lungs of the specimens examined. A pair of principal bronchi, of which 

the p:>Sterior is longer, arises fran the trachea on each side. 

In the first animal, found on the norning of 7 November, the lungs 

were distended and very dark in color, with a sc:t'I:eW'ha.t llOttled. appearance 

imparted. by irregularity of the subpleural hemorrhage. The lungs were 

nore hemorrhagic ventrally, especially in the apical and latercmedial 

areas. Gels-bubbles in the interlobular septa were visible through the 

pleura. The transected parenchyma was severely hemorrhagic, with large 

areas that appeared to be atelectatic. The bronchi and bronchioles 

contained blood. The pil..rronary pleura had been torn around the right 

p:>sterior bronchus at its p:>int of entry into the lung. The second 

animal, the llOst severely injured, was examined on 8 Nove:nber. Blood 

was draining fran the rrouth, arrl the thorax 'Was filled with uncoagulated 
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blood that had e:scape:j following bilateral rupture of the lungs. The 

lungs were totally herorrhagic, with the posterior nargins appearing 

sa:newh.at less severely injured. On the lateral surface of the left 

lung, posterior to the middle, was a transverse laceration about 70 nm 

long, within which a ruptured bronchus was clearly discernible. On the 

right, a rourrl perforation about 20 nm in diarreter was present near the 

middle in the posterior third of the lateral surface. The trachea 

containe.1 blood, and exhibited a herorrhagic area in the dorsal wall 

at the level of the origin of the anterior bronchi. 

The tw::l ar.inals examine::'i on 9 November v;ere in relativ~y p:x>r 

corrlition for study. In the first, a large male, the lungs were herorrhagic, 

but no unusual lesions were observed. The rrouth contained a large blood-clot, 

indicating escape of blood via the trachea. When the seconCi anirral was 

opened ventrally by means of a median longitudinal incision, entrapped 

air-bubbles were found unCier the suJ::cutaneous adipose layer in tissues 

ventral to the larynx. This condition was evidently interstitial 

suJ:cutaneous emphysema produced by extension of air along the cervical 

fascias from the anterior mediastinum. The lungs were hem:>rrhagic, with 

the posterior portions rrost severely injured. Gas-bubbles were abundant 

in the interlobular septa. The bronchi and bronchioles containe:l blood. 

Freshly cut surfaces of fonnalin-fixed p,llm::mary tissues fran 

the first two an.inaJ.s were examine::'i under low magnification, and as in 

the sea otters, the pattern of the lesions varied fran lobule to lobule. 

In the first specircen, the interlobular septa were much distenCied, ar:d 
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large, spherical cavities were present in the interlobular connective 

tissue. In the severely injura:i anirna.l, the tissue was liver-like curl 

very firm, and when transecta:i had the appearance of a hom:::>geneous 

. matrix within which were many spherical cavities ranging up to 2 nm 

in diameter. Such cavities had a srooth, unifo:nn lining apparently 

consisting of coagulata:i blood. Ruptura:i bronchi or broncJ:-.ioles were 

noted in the vicinity of a perforation of the pleura. 

Microscopically, the findings in the lungs of the seals were 

similar to those in the lungs of the sea otters. The range in the 

severity of lesions in different parts of the organs was comparable. 

In Phcca, as cornpa.ra:i with the sea otter, the interlobular septa are 

m::>re strongly defina:i, glandular tissue i::1. the bronchi and bronchioles 

is m::>re ahurrlant, and cartilaginous elements are rrore extensive. 

The sections from the severely injured apical region of the right 

lung of the first. seal reveala:i extensive acetnnulations of blood, ~~>ith 

only bronchioles remaining distinguishable. Iarge gas-bubbles were 

present in the coagulatal blood. Tissues excised fran the lateral 

surface near the middle of the right lung exhibita:i pulnonary emphysema 

in less hemorrhagic areas. Gas-bubbles were numerous in coagulated 

blood, and single alveoli distenda:i with air were scattered rurong 

blood-filled alveoli in some lobules. The interlobular septa were 

usually distenda:i with blood, but little or none was present in the 

lumina of the bronchioles. Tissue from the apical region of the left 

lung was less severely affected. The lobules were distinct, with rrost 
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of the alveoli fille::l with blood. Ga.s-bubb1es were nurnarous, and the 

interlobular septa were emphysenatous in some areas. Find.ings in the 

lungs of the second seal were s:imi1ar. However, sections through the 

ruptured area of the left lung revealed extensive disruption of tissues 

and severe hemorrhage. Representative areas from the lungs of the two 

seals are shown in Figs. 12-15. 

Possible tissue-emboli were identifie::l in veins in the lungs of 

two seals. One (Fig. 16), nearly filling the lumen of the vein, contained 

strarrls of fibrin, but the identity and origin of the tissue otherwise 

could not be determine::l. In the second. case, three snaIl, discrete 

aggregations of cells were present, e:nbe:Ide::l anong et:ythrocytes (Fig. 17). 

The cells IIDSt nearly resembled those of the alveolar walls, but their 

identity could not be clearly establishe::l. Neither was considered to be 

an artefact. With the extensive disruption of the lungs of these an.inaJ.s, 

the occurrence of emboli derived from pulmonary tissues VIOUld not seem 

remarkable. 

The heart. Macroscopic lesions of the heart were recognize::l only 

in the rn:>st severely injurErl of the seals. Along the distal nargin of 

the right auricle were several thin-walle::l, vesicle-like structures, 

'Which inflate::l when pressure was exerte::l at the base of the auricle 

before the heart was opened. Sections through the auricular nargin showed 

these vesicles to be subepicardial cavities evidently produced by air 

in the subepicardial connective tissue. Muscle fibers of the underlying 

myocardium were torn, but relatively little harorrhage had cx::curred. 
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Although the auricle contained. little blood, cavities suggestive of 

air-emboli Were identified. in se:::tions of an adherent clot in one area 

(Fig. 18). An examination of the remairiier of the preservai auricle 

by means of the dissa::ting microscope revealai similar St.lbepicardial 

defe:::ts more prox.i.mally in the auricular wall. It had been recordai 

at the time of the autopsy that the heart of this an:i:rtal contained 

coagulatai blood in the left ventricle only. 

No other abnormalities were observai in the· thoracic organs of 

the seals. 

The al:rlominal organs. No :rcacroscopic lesions wer!' re:::ognizai in 

the ab:'laminal organs of the seals. In one anin1al, the esophagus was 

dilated: with semifluid ingesta. The kidneys of the rrost severely injured 

animal were fourrl microscopically to be congested. 

Birds. 

Fatal injuries to seven of the birds are attributed to the effe:::ts 

of pressure. Six species were represented in this series: horne::i grebe, 

Podiceps auritus (Linnaeus), 1; pelagic comorant, 2; greater scaup, 

Aythya :rcarila (Linnaeus), 1; oldsquaw duck, Clangula hyeralis (Linnaeus), 1; 

harlequin duck, 1; an:1 com:ocm I'OI.:lrre, Uria aalge (Pontoppidan), l. 

was found on a freshwater lake about 2 kIn west of the test-site. 

birds were fourrl along the beaches. 

The scaup 

The other 

Because post rrortem changes had occurred generally in these speoinens, 
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few tissues were suitable for preservation and later microscopic 

examination. 

The head and associated structures. In the grebe was a small, 

su.b::mtaneous hemorrhage between the rami of the manCiible, ventrally. 

In the rrore severely injured corrrorant, the tissues dorsal and lateral 

to the cervical vertebrae were hemorrhagic, and a small hemorrhagic 

area was present on the left side of the head just anterior to the 

auditory opening. 

The brain. Marked congestion of the brain was noted in the grebe 

and in the rrore severely injured corrrorant. In the latter, a sma.ll 

hemorrhage had occurred anteriorly on the ventral surface of the b:eain. 

The thoracic organs. In all specimens, the lungs were dark in 

color and appeared to be hanorrhagic. Retroperitoneal hemorrhage had 

occurred dorsal to the lungs in- the second co:r::m:>rant. In the harlequin 

duck, the left lung had been part..ially detached p:>steriorly, and its 

lateral margin had been lacerated. The trachea of the scaup contained 

bloo:l, and hemothorax was observed in the grebe and in the harlequin 

duck. 

The lungs of the IlDre severely injured cormorant and of the 

grebe were examined microscopically, after preservation in spite of 

the evident p:>st rrortem degeneration. The bloo:l-content of the organs 

was greatly .increased, but there was little disruption of the tissues. 

Rupture of vessels, with h€!lOrrhage into se:con:lary bronchi, had occurred 
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in the grebe. Interstitial emphysema seenej to be marked in both birds, 

and herrorrhage into perivascular tissue had occu....-red in the grebe. No 

gas-bubbles could be identified with certainty. 

The aJ:dominal organs. Free blood was present in the aMominal 

cavity of the murre, the oldsg.:aw duck, the harlequin duck, and one 

conrorant. A superficial herrorrhagic area was present dorsally on the 

anterior hepatic lobe of the murre. The left anterior hepatic lobe 

had been severely lacerated in the grebe, but as determined from 

sections, the injury was superficial. In the rrore severely injured 

conrorant, the right hepatic lobe was lacerated ventrally, with the 

injured area coated by coagulated blood. 

Some chronic lesions found in the scaup were probably attributable 

to an old shot-v;ound. A partially calcified su1:::lCutaneous abscess was 

attached to the p:>sterior margin of the sternum ventrally on the left. 

The ventriculus was adhered to the left aMominal wall, and the anterior 

hepatic surface was adhered to the surface of the sternum just to the 

left of the midline. In this area also was an intra-aMominal abscess 

measuring about 50 :x: 25 nm, containing caseous material. 

A thick-billed murre, Uria lomvia (Linnaeus), also found on the 

beach, had died of causes unrelated to the detonation. The bird was 

emaciated, with marked wasting of the pectoral muscles. The lungs 

'Were :rcacroscopically normal. 
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DISCUSSION 

The ty;o sea otters caught by rock-falls were resting on the beach 

a:t:out 3.2 km southeast of the test-site at the time of the detonation. 

The lesions attributable to the effects of falling rocks are obvious 

and need not be consideroo further, but the fracturing of the mandible 

in the less severely injured otter is difficult to explain. Signs of 

trauma in the soft tissues dorsally, as might be expected if the animal 

had been struck with sufficient force to break the rather massive ramus, 

were not observed. Vertical acceleration as a };X)ssible cause of this 

injury cannot nr::M be excluded. 

The injury of eight birds is attributed e.."1tirely to vertical 

acceleration. The pattern of the lesions and other observations support 

the conclusion tha.t these birds were subject to the effects of an 

acceleration pulse of considerable magnitude. Harlequin ducks, seven 

of the eight specimens in:::lude:i here, cormonly rest on exposed rocks 

near shore am, of the s~ies present at the time of the detonation, 

\\'Ould seem to be the ItOst vulnerable to injury by vertical acceleration. 

All c::: the birds in this category were found within a small area of the 

north beach, from about 1.3 to 1.7 km from the test-site. Four ducks 

and the corrrorant were found together at Sand Beach Cove at a1:out 5:00 p.m. 

on 6 November. These birds presumably had been killed near shore a,''ld had 

washe:i onto the beach very soon after death. A fifth duck was fO'.:ll'Xl at 

the same location on 7 November, };X)ssibly having been overlooke:i on the 

previous evening. An acceleration pulse of 10 g was roeasure:i on the 
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beach in this area (M. L. Merritt, personal ccmrnmica.tion; see also 

Appendix A, Kirkwood and Fuller, 1972). Tw:> last ducks were found on 

8 November, near the mouth of White Alice Creek. Their origin is 

uncertain, since they might have drifted sanewhat eastward before 

being washed ash:>re. 

In mammals considered to have been UIXlerwater at the time of 

the det:c?nation was seen a considerable range of disruptive changes 

produced by the ccmbined effects of over- and underpressure. These 

arUmals presumably ware exposed to a relatively slowly risi.."'lg 

pressure-p.llse followed by a fall in pressure to cavitation and a 

subsequent rise to the pre-existing 2!'!lbient. A representative 

pressure-time curve is shown in Fig. 19. 

The number of injured or dead marine mamnals found after the 

detonation was snall in prop::>rtion to numbers presumerl to have been: 

present within the critical areas at the time of the test. Three 

ma.'rmals, a sea otter and tw:> harbor seals, were found along the north 

coast of the island. The still-living sea otter ani one seal, apparently 

having been injured when near shore, ware on the beach adjacent to the 

area of high overpressures (l::etween Sand Beach Cove and White Alice 

Creek, see Fig. 20); the secorrl seal came ashore at Crown Reefer 

Point, evidently having drifted eastward fran the area where injury 

had occurred. Firxiings on the P;:lCific side of the island \Ere s:im:ilar. 

Three sea otters and one seal were on the beach opposite the test-site: 

six sea otters and one seal had drifted eastward, sane as far as 
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St. Makarius Bay am, in the case of the seal, St. Makarius Point, 

before coming ashore. On 21 November, the body of a sea otter was 

recO'lTered by a trawl in 30 fathoms of water about 2.5 kIn off the north 

shore of the islan:l. The changes in the lungs were indistinguishable 

from those observed in an:imals killed by effects of pressure (see 

Results). COnsequently, the sinking of some carcasses and the effects 

of sea-currents were probably i:rcg;:ortant as factors negatively affecting 

the probability of recovering dead an.i.nals. It is perhaps noteworthy 

that, with the exception of the single sea otter, all of the a.n.:iIra.ls 

obtained had sustaine:1 severe, probably irm'e:liately fatal injuries. 

Am::mg the living animals observed in ti".e area follOW'ing the detonation, 

only three (a seal and two sea otters) exhibited signs of injury; none 

of these could be captured (KirlG«x:ld and Fuller, 1972). 

TWo variables were important in influencing the severity of the 

injuries sustaine:1 by rnanm3.ls in waters near the test-site; extent of 

.i.rmersion (i.e., whether at the surface, or diving); am location in 

reference to the pattern of pressure gradients. The data (M. L. Merritt, 

personal ccmnuni.cationi Kirkwood and Fuller, 1972, fig. A-7) :L>rlicate 

that O'ITeI:pressures of 200 to at least 300 psi were p:rcxiuced at the 

sea-floor over an area ext.erxllng aJ::out 5 kIn :fran the Bering Sea shore._ 

or well beyond the 3D-fathom contour, with an extent along shore of 

alx>ut 5.6 kIn. Beyorrl this was a zone about 3.5 kIn w'...cie, extending 

nearly to the 6o-fathom contour, in which pressures ranged :fran 100 to 

200 psi. The area. in which cavitation took place extended about 8 kIn 

seawar.d, with a northwest-southeast extent along srore of about 18 kIn. 
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:Relative underpressure does not increase with depth, and cavitation 

occurred at depths from the sea-floor nearly to the surface (M. L. 

Merritt, pers::>nal corrmunication). No ccroparabl.e data are available 

for the corresp:::mding area on the Pacific coast. 

Sea otters can ranain sub"nerged for as long as 6nunutes, ar:rl ma.y 

be capable of diving to depths of 50 In (Earabash-NiJdforov, 1947). However, 

they usually feed in v.aters up to 15 fathoms deep, and no positive evidence 

exists that they ever feed in depths greater than 20 fathans (Kenyon, 1969, 

p. 69). It ma.y be assumed, therefore, that the ma.jority of sea otters in 

the wa.ters b:>u.rx:1ed by Sea otter Point and Crown Reefer Point (Fig. 20) 

p::>tentially 'WOuld have been e:x:pose.d. to overpressures ranging fran 100 to 

nore than 300 psi, depending up::>n their depth in the water at the time 

of the detonation, and t.h3.t all Y.'OUld have been within the area of 

cavitation. Harbor seals are capable of IrD.lch deeper t longer dives, rut 

the specimens considered in this report were in shallow waters near the 

shore at the time of the detonation. The post nortan findings indica.te 

that manmals in waters opposite the test-site on the south side of the 

islani were subjected to pressure-changes of a ma.gnitude sllnilar to those 

occurring on the north side. 

Orbital and auditory lesions. 

The four seals and s::::m::l of the sea otters had been subjecte:l to 

overpressures of ma.gnitude sufficient to cause fracturing of the bones 

forming the walls of the nasal cavity. In these specd.rnens, that portion 
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of the frontal oone fonning the medial wall of the orbit had been fractured 

arrl displaced inward. The p3.1atine oone had been broken awaY:E;X>sterior1y 

in two sea otters, and the maxillary oone anterior to the orbit had been 

fractured in two of the seals. 

By means of air-blast, Richm:>nd. et al. (1962) am Chiffelle et ala 

(1968) produced f!'3.ctures of this type in the orbital walls of dogs. 

'l"iNO p3.rameters considered to be :ircq:x::lrtant in producing such fractures 

were magnitude of overpressure an:l rise-time (Richm::>nd et al., 1962~ 

Wh..i:te et al., 1971, p. 37). In dogs exposed to air-blast, the orbital 

walls of some were fractured by overpressures aOOve 140 psi when the 

interval to maximum pressure was 30 rose::: or less (Richnorx1 et al., 1962). 

Of the two fOssib1e mechanisms considered by Richmond et ala to account 

for the pressure-differential that resulted in fracture of the orbital 

walls, one appears to be pertinent here, i.e., the transmission of the 

pressure-pulse hydraulically to the intraorbital tissues, resulting in 

elevated intraorbital pressure, with delayed pressurization of the 

air-spaces medial to the orbital walls. Lesions of this kind. evidently 

have not been observed previously in :n:arn:nals exp:>sed to pressure-pulses 

in water. 

structural differences between sea otters and seals may influence 

their susceptibility to the effects of pressure on the nasal cavity. 

Para-nasal sinuses are lacking in roth species, probably as a result of 

adaptation to the marine envirornnent. The skull of the sea otter is 

canpact arrl relatively massive, with relatively thick orbital wa.lis. 
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As canpared with the river otter, Illtra canadensis (Schreber), the 

short nasal cavity of the sea otter is both relatively and absolutely 

much ItPre capa.cious. The massive maxilloturbinates are situated 

ItPstly J;Osterior to the anterior level of the zygomata, and are 

contiguous with the et:hmoturbinates, which have no p::>sterolateral 

extensions such as are present in the river otter. In old adults, a 

t:l:">.in-walled convexity is present in the frontal bone p::>sterior to the 

supraorbital process bilaterally, just anterior to the level of the 

relatively large ethrroid. In the sea otter, fracturing of the orbital 

wall occurred at the level of the posterior portion of the maxilloturbinates 

or, in ItPre severely injured anirrals, over the anterior part of the 

et:rm::>turbinates as well. The palatine bone m the sea otter is relatively 

short and quite t.'Iri..n posteriorly. 

The orbits of the harbor seal are very large, accorrrrodatfug 

corresp::mdingly large ocular globes, arii their me::Ual walls are thinner 

and ItPre fragile than are those of the sea otter. The maxilloturbinates 

are ItPstly anterior to the anterior margm of the orbit, and the 

ethrroturbinates: are situated postercdorsally arii covered by SOl'I'IeWhat 

thicker bone. The palatine bones of the harbor seal are relatively 

heavy. In the seals, the orbital walls were fractured ItPre anteriorly, 

m the area directly lateral to a spacious cavity posterior to the 

rraxilloturbinates. The frontal rone maki."lg up the orbital wall in this 

area has a thickness of as little as 0.1 mn. The maxilla had been 

fractured in bNO seals, m one bilaterally, just anterior to the origm 

of the zygomat i ,... PJ::OCess where a slight convexity is present m the wall 
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of the nasal cavity. As determined by means of transmitted light. the 

area in which fracturing occurred is the thinnest part of the maxilla. 

The bone in this area. overlying the maxilloturbinates, is approximately 

0.25 m:n thick in the adult harb:>r seal. Thus. in seals exposed. to 

pressure-pulses underwater, not only the orbital walls may be fractured, 

but the walls of the nasal cavity may give vlaY at weak p:Jints elsewhere. 

Reflex closure of the nostrils occurs in seals upon diving, and this 

characteristic might have important inplications in animals exposed to 

rapidly rising overpressures. The nasal cavity of the harbor seal contains 

a relatively large volume of air. 

Evidence of injury to the middle ear was noted in five of the 

sea otters found dead. and in all of the seals. The middle ear was 

ostensibly nornal in four of the dead sea otters, and in the injured 

otter found alive. Injury to the auditory structures ~uld not be 

expected if these animals had been only partly sul:merged at the surface, 

but this explanation is not cornpa.tible with the extent of injury OCC1lIring 

in the lungs of these animals. 

In addition to the physical para:rteters involved, relative 

susceptibility to injury by pressure-pulses in water depends to some 

extent upon structural characteristics of the species of mannal exposed. 

The size of the pinna is reduced in the sea otter, but whether adaptive 

m::xtification has occurred in structures of the middle ear is u:nknown. 

The tympanic bulla of the sea otter is s.imi.lar in relative size to that 

of the river otter, but the praoontorium is nore massive and the tymp;mic 
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cavity is more capacious. 

In Phoca, the pinna is absent, and both the auditoxy canal and 

the middle ear have specialized features. The auditory canal is lino..:d 

by cavernous tissue which may passively become engorged during diving. 

The external auditory meatus is short ar.d thick-walled, and the tympanic 

bulla is very large and inflated, with thick walls of dense l::one. In 

the specimens examined, the tym:j:;:anic membrane was 11 to 12 mn in greatest 

dian:eter. The tympanic cavity is lined with cavernous tissue w.hich, 

if the eustachian tube is closed, may fill with blood and thus equalize 

pressure during diving; if the eustachian tube is not closed during 

diving, the connection with the air-passages provides for equalization 

with the ambient pressure because of the extent to which the lungs are 

canpressible (~, 1968). 

The four seals examined 'WOUld have been in comparatively shallow 

waters at the time of the detonation, and therefore would not have been 

physiologically adjusted to high ambient pressure. The process by which 

the middle ear was injured in these anirralsis not entirely clear, nor 

is it FOssible to detennine that all of the seals were affected in the 

same way. In the IrOst severely injured specimen, the prcm:mtorium had. 

been fractured, and the petrosal l::ones bilaterally had been broken free 

and forced dorsad into the cranial cavity. The findings irrlicatethat 

expansion of air during the phase of negative pressure caused the wall 

of the tyIopanic cavity to rupture at its weakest point. Rupture of the 

tympanic bulla urrler FOsitive pressure would have caused the fragments 
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to :i:m.plod.e. 

SO:re indication of the :;:elative effects of maxirral and minimal 

pressures in producing fatal injury to seals can be obtained by the 

comparison of t:'iNo of the specimens studierl.. The ItOst severely injurerl. 

animal, having ruptured lungs in addition to the auditory lesions 

mentioned above, was fOUl'ld on the north. beach west of the nouth of 

White Alice Creek, opposite the test-site. If, as is assumed, this 

aninal was 'WaShed directly ashore, it would have been killed in an 

area where overpressures were in the range of 300 psi. In contrast, 

the seal that drifted eastward to St. Makarius Point was probably the 

farthest offshore at the time of the detonation, as indicated also by 

its having been the least severely injurerl. of· the four. Its left 

tympanic rr:e:nbrane had a transverse fissure an:l the tyrrq;:e.nic cavity 

contained blocx'l, but the auditory ossicles had not been displaced. 

The media] walls of the orbit had been only slightly fracturerl., with 

little displacement of bone-fragments, although bleeding into the anterior 

chamber had occurrerl. in roth eyes. The maxillary rone' had been fractured 

bilaterally, with m.iniroal displacanent of fragments mediad. Injury to the 

lungs of this animal was considererl. to have been the least severe anong 

the specirrens stt:rlied. 

Thoracic lesions. 

Lesions in the lungs am other thoracic struc:tures of mam:oals e:gposed 

to rapidly rising, high-magnitude pressures u.rrle:rwater are considered to 
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be attributable to the establishtnent of pressure-gradients in tissues of 

different densities and to implosive effects. The negative-pressure phase 

prob3bly contributes significantly to the disruptive changes that occur 

in the lungs of such ma'lll'la.ls, but its effects are difficult to distinguish. 

Sea otters and seals are adapted structurally arx.'i physiologically, 

al tbough to different degrees, to existence in the marine environment. 

The musculature of the body-wall of the sea otter appears to be p::x:>rly 

developed, providing little support to the vIscera when the animal is 

out of water. The thorax, with fourteen pairs of ribs, is very capacious, 

making Up a:t:out six-tenths of the length of the trunk. The thorax widens 

rapidly :p:Jsteriad and, in relaxed dead spec:imens in dorsal recumbency, 

has a max:imum width about twice the dorsoventral thickness. The thorax 

is flexible &.rl app:!rently collapsible. The diaphragm is rrore oblique 

than that in terrestrial mustelids. The sea otter has a large hepatic 

sinus fonned by enlargement of the vena cava ,posterior to the diaphragm 

(t1:OrIanOv, 1971). ot:.hel:: p:)ssible IOCXtifications of the vascular system 

of the sea otter have not been investigated. 

The thorax of the harbor seal, with fifteen pairs of ribs, is long 

and capacious, and the diaphragm is somewhat oblique. The long trachea, 

consisting of about sixty-five complete and inccmplete cartilaginous 

rings, is flexible but c::c:llI'p3ratively rigid (Sokolov et al., 1968). 

'.Ibis structure is not compressible, as it is in other species 

[e.g., the weddell seal, I.eptonychotes weddelli (leSson)] that dive 

to greater depths . (Kooyman et al., 1970). The bronchial tree of the 
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harror seal is SUPp:::lrted. by extensive cartilaginous elements that 

extend nearly to the origin of the alveolar ducts; myo-elastic valves 

also are present in the alveolar ducts (:Belanger, 1940). 

Harbor seals exhale im:ne:iiately after diving (Harrison a:rrl 

Kooyman, 1968). The dead air-spa.ce in the lungs is considered. to l::e 

about one-tenth of pu.lnonary volume (Scholarrler, 1940). If the thorax 

of the harbor seal is collapsible, the lungs duri."'lg dives would be 

progressively compressed. with increasing depth until, at about 100 m, 

only the rigid :passages 'IA'Ould contain air (Sch::>lander, 1964; Harrison 

and Kooy.ma:n, 1968). The blood"""llOlume of seals is proportionally large, 

being about 60 per cent greater than that of man, a:rrl the venous system 

is very ca:pacious(Ha.:rrison and Kooyman, 1968). A differential distriliution 

of blood occurs during diving, when vasoconstriction occurs in peripheral 

vessels as a reaction to apneic stress (Scho1ander, 1964). A large 

he:patic sinus, fOnne:l by enlargement of the posterior vena cava, is present 
" '. 

in the harror seal, with blood-flow through the sinus controlled. by the 

caval sphincter situated just anterior to the diaphragm. Thus, the 

hepatic sinus and large veins in the al::rlome.."'l may serve as a reservoir for 

returni..'1g 'peripheral blood during diving (Harrison and Kooyman, 1968). 

These adaptations indicate that seals and, to a lesser extent, sea·/ 

otters can be expected to resporo .differently fran terrestrial man:rrals 

when exposed to under- am ove:rpressures underwater. In contrast to 

the findings in Se:'!. otters, it was observed that thoracic lesions in 

seals were essentially restricted to the lungs. .This may be attributable 
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at least in part to their nruch larger size. .Adult harbor seals around 

ATChitka have been found to 'Neigh from about 90 to 130 kg, the males 

being largest. 

:::r.a lungs of both the seals arrl the sea otters killed by effects 

of pressure had been extensively disrupted, although the severity' of 

the lesions differed rather widely from area to area, or even from 

lobule to lobule. Whether the pattern of pulmonary lesions was related 

to the distribution of the larger, rrore rigid air-passages could not 

be determined. Although the alveoli in atelectatic areas were congested, 

little intra-alveolar hEm:)rrhage had occurred. This observation suggests 

the possibility tha.t only the air-filled alveoli were severely affected. 

during the phase of negative pressure. Also, sudden death might have 

inhibited. extensive henorrhage. In any eve."'l.t, the abundance of 

gas-bubbles within the pJ.l.nonary tissue as well as in the rrore extensive 

accumulation of blood and other fluids seems to indicate that distribution 

of gas i...'1 the lungs was significantly affected by the negative phase. 

Bronchi and bronchioles "W'ere found ccmrronly to be filled with blood. 

However, as observed. in tissue sections, some bronchioles that had 

ruptured were filled with gas, and corn:nunicated. directly with gas-filled 

cavities in the surrounding parench:yma. Perforation of the pulmonary 

pleura in at least SOOlEl cases clearly involved. rupture of bronchioles 

distally, near the lateral surface of the lobe. Findings in tJ:-..ick sections 

through such lesions, exa:rni.'1.ed. by means of the dissecting microscope, 

indicated that internal pressure had caused the ht:onchioles to . rupture. 
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Herrorrhage into surrounding tissues in such lesions appeared. to be 

secondary. 

Whether rupture of pulm:mary lobes was related. to expansion of 

air during the negative phase might also be considered.. It is ]?erhaps 

significant that, in sea otters, the j?erforation occurred. on lateral 

surfaces of posterior lobes or, in two cases, in interlobar fissures. 

Five posterior lobes had been ruptured. in the sea otters, and ]?erforations 

were present :posteriorly in l::oth lungs of the seal that probably had 

been ex.posed. to the greatest overpressure. Since the thorax in l::oth 

species is relatively rigid anteriorly, overexpansion of the lungs w::nlld 

seem :possible only poSteriorly, 'Where the margins of the thorax are quite 

flexible, and where the diaphragm 'iJOuld be displaced. :posteriad. 

In addition to disruptive effects related. to the intrinsic inertia 

of tissues and to spalling, alternating phases of acceleration and 

deceleration of the thoracic wall produce pressure-differentials that 

may cause hemorrhaging into air-filled. tissues (White et al., 1971). 

Such herrorrhaging might be expected. to occur especially in l:Tlr3l'lIllals such 

as sea otters and seals, in which an unusually large volume of blood 

is contained. by the hepatic sinus and by the large veins in the al:dorninal 

cavity. The pressure-differentials may also cause air to enter fluids 

in the lungs. Findings in sections ir.dicate that venous-alveolar fistulae 

were nt.:lm3rous in the lungs of these an:i.mals. In addition, ruptured. 

bronchioles were frequently observed within extensive herrorrhagic areas; 

these '111Ould seem also to be an i:lnfOrtant source of air-emboli. 
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, I, Stomach-contents were found in the larger airways of the lungs 

of rrost of the sea otters found dead, and the esophagus of one of the 

seals "WaS distended with ingesta. Compression of the abdomen evidently 

caused the stomach to empty, forcing the contents into the esophagus and 

pha.rynx. Inspiration of the ingesta then occurred during a subsequent 

interval of negative thoracic pressure. The exact sequence of events 

involved is not clear. 

In the four dead sea otters that had no recognized lesions in the 

middle ear, the anterior pulrronary lobes exhibited only slight to moderate 

injury, While the posterior lobes had been severely affected. In reference 

to the effects of air-blast, Desaga (1950, p. 1289) expressed the opinion 

that there is little possibility of severe blast-injury without rupture 

of the tympanic membranes. However, recent investigations (Richm::md ~ al., 

1968; Wnite et al., 1970) have shown that considerable variation is to be 

e>.-pected in the response of the tympanic membrane in arrima.ls exp:lsed 

experimentally to overpressures of short duration. The findings of White 

et al. suggested that injury to the tympanic membrane is IIPre likely to 

occur with rapidly rising overpressures in mammals of some species, but a 

clear correlation between physical parameters and expecte::l degree of injury 

has not yet been established. White et al. pointed out that severe injw:y 

to the lungs without rupture of the tyn"q;lani.c membranes may occur i..'1 animals 

exposed to air-blast. In the sea otter, structural adaptations of the 

external ear may afford much better protection against pressure-pulses 

urrla:water as compared with t...'1e ear of terrestrial :marcmals subjected to 

air-blast. 
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Sea otters cormonly sw:im or rest on their back at the surface, 

and. they are often seen also in vertical fOsition with only the head 
I' 

extendEd ab:::>Ve water. In any area, a considerable prop::>rtion of otters 

in the water would be expectEd to be at the surface at any given time • 
• , 

In the case of conventional explosions underwater, the instantaneously 

changing pressure-pulse arriving at the air-water interface is reflecte:1 

as a tension-pulse, and those parts of an animal's J:x:xiy below the surface 

are exposEd to nax:i.rrnJm pressure as well as to the effects of the 

tension-pulse (Wakeley, 1945). . Severe injury to persons expose:i to 

such pressure-pulses at the surface has been frequently observe:i. When 

fatal injuries occur under these circumstan::::es, p::>st m::>rtem findings 

include extensive pulm::mary he.rorrhage and al-"eolar rupture, with 

Significant increase in l1Ing-weight (Huller and Bazini, 1970). In the 

case of the Cann:ikin. detonation, the effect of the pressure-pulse at 

the surface was quite different. With the refraction at the sea-floor 

as the incident wave pa.sse:i from rock to water, the slowly changing 

pressure-pulse approached the surface from below, its magnitude decreasing 

inversely with depth. The pressure at the surface would be near zero, 

. and suI:::roerge:i p:lrtions of animals at the surface 'WOuld thus be expose:i 

to negligible overpressure (M. L. Marritt, personal comrn.mication). In 

contrast, the effect of acceleration 'WOUld be greatest at the surface, 

so that partially sul::xnerged anircels might have been thrown violently from 

the water. The p::>ssible effects of acceleration and of cavitation at the 

surface are unknown. 

Injuries to other intrathoracic structures in the sea otters, with 
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the exception of some of the vascular lesions, may be attributed to 

shearing a..'1dtearing caused by acceleration arrl deceleration of the 

thoracic wall (White et al., 1971), which \\Quld seen to acccunt for 

injuries to the mediastinum, :;>uln'onary ligaments, am. other associated 

structures. The specific cause of subepicardial and myocardial 

hE:m:>rrhages in blast-injured mamnals has not been determined (Chiffelle 

et al., 1968). The subepicardial vesicles observed on the right 

auricle of one of the seals were presumably related .i.'"l some way to 

air-anbolism. It \\Quld appear that emboli could have entered the 

right side of the heart only by way of the puJ.nonary artery. 

Marm1als injured by air-blast frequently exhibit a pattern of 

intermittent harorrhage beneath the pu1.n'onary pleura. Such hen'orrhages, 

usually designated "rib-markings, II evidently correspond to intercostal 

spaces, rather than to ribs (Clemed.son and Granstan, 1950). In SOtt'e 

cases, corresporrling herorrhagic areas are also present beneath the 

parietal pleura in the intercostal spaces. Schard.i.'l (1950, p. 1213) 

rep::>rted that fracturing of ribs and tearing of intercostal nuscles 

may occur in an:im3.ls exposed experiIrentally to air-blast. OOssle 

(1950, p. 1272) observed intercostal hem:lrrhage in a Il'an who had been 

killed by blast during a.'l air-raid. The severe injuries sustaj,..-,ed by 

the sea otters and seals resulted in subpleural h.Em::>rrhage so extensive 

and diffuse as to obscure any pattern that could be related to structures 

of the thoracic wall. Also to be considered is the p::>ssibility that 

"rib-markingS" ~uld not have been produced if the pulm::mary injuries 

were essentially decompressive in origin. 
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Herrorrhages in the intercostal spaces were observed only on the 

left side of one otter. In this aniinal, the left side of the thorax 

had been severely injured, with separation of some of the costochorxh-al 

junctions and tearing and herrorrhage of the thoracic muscles externally. 

The left zyganatic arch also had been broken. In a se::on:'i a.nimal, the 

ventral body-wall had injuries iniicative of external trauma, and a 

portion of the anterior lobe of the right lung had been torn away. 

Sin:e aniInals diving near the sea-floor Ir.QIl].d be in density-equilibrium 

with the su.rrourxiing water, it seems improbable that such injuries 

could be caused by acceleration, altOOugh anima.ls diving in shallow 

water perhaps could be injured by rocks displaced upward. Both of 

these otters also exhibited thoracic lesions attr:i.J:Altable to effects 

of pressure-cha.nges. 

Extensive retroperitoneal herrorrhage was observed lateral to the 

vertebral column in rrost of the sea otters examined. In t'Irx:> animals, 

such hemorrhage was partly caused by rupturing of dorsal intercostal 

vessels, one case invel ving both veins and arteries. The extensive, 

rrore diffuse herrorrhage lateral to the vertebral bodies appears to be 

attributable to rupturing of numerous small tributaries of the internal 

ve..-tebral system of veins. The retroperitoneal. hem:>rrhage thus appears 

to have been caused by the same process that produced lesions in ti'.e 

central nervous system (see below) • 
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Lesions of the central nervous system. 

In the sea otter, as cC!'rlparei with the dog or with man, the internal 

vertebral system of veins is rrore highly developed and complex (Fig. 21). 

The system is still ItDre specializErl in Phoca and in sone other marine 

rnaxmals (Harrison and Tomlinson, 1956~ Watson ard Ib'Wd, 1972). Such 

ItDdification is apparently relatErl to adaptation to the marine environment. 

The system of vertebral veins provides an alternate route fot return of 
! 

blood to the heart by way of the azygos vein. 

In the sea otter, the azygos vein enters the anterior vena cava 

on the right side at the level of the fifth intercostal space (Fig. 21). 

Three large veins arising from the internal vertebral veins on the right 

combine with one fran the left side, forming a comron trunk that extends 

a soort distance ventrad and joins the azygos anteriorly. The three 

veins on the right contain valves. The left vein, lacking a valve, 

arises from a large inter:nal vertebral sinus. An anterior connection 

between the vena cava and the internal vertebral veins is provided by 

the costocervical vein, which runs slightly posteriad, joining the 

anterior vena cava at about the level of the first rib. The internal 

va"tebral system contnunicates with the dural sinuses in the skull 

(Barnett ~ al., 1958), and the veins of the spinal cord are tributaries 

to this system. 

carrpression of the vena cava, itx::luding the hepatic sinus, and 

its tributary vessels in the al::dominal cavity 'WOuld force blood. into 

the inteI:nal vertebral system, mainly by way of the left tributary of 
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the azygos an:i the costocervical vein. If the pressure were sufficient, 

rupturing of some of these vessels might result. The extensive 

retroperitoneal hen'orrhage seen lateral to the vertebral colmnn in t.~e 

sea otter is attributed to rupture of small, extravertebral tributaries 

to the internal vertebral systen of veins. Internal rupturing of vessels 

YlOUld seen to account for the sul::dural an::l subarachnoid herrorrhage in the 

spinal cord and brain. Thoracic lesions attributable to injury of vessels 

of the internal vertebral system were severe from about the level of the 

azygos vein posteriad, a j?attern that YlOUld seen to be a result of increased 

pressure posterior to the large internal vertebral sinus fran which the 

left branch of the azygos arises. Similarly, the lesions in the brain 

~uld result when blood entering from the costocervical vein was force:l 

anteriad in the int-e,..""I'lal vertebral veins. 

Increase:l hydrostatic pressure in the inte:rnal vertebral system, 

with the consequences described above, is attrili.lted to compression of 

the caj?acious vessels in the ab:lomen. A similar hypothesis was proposed 

by YOW1g (1945) to account for increased intracranial pressure in man 

exposed. to air-blast. However, because of their specialize:l azygos 

venous system, sea otters an::l seals appear to be much nore susceptible 

to pressure-induced injury to the central nervous system than are m:m 

and other terrestrial rrenrnals. 

Lesions in ab:lominal Organs. 

In man, im:nersion-blast usually produces injury to intra-al:xiominal 
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organs, especially those containing gas. A frequent finding is 

perforation of the large intestine (Wakeley, 1945; Huller an:l Bazini, 

J.970). parenchymatous organs seem rarely to be affected. in man. 

Pe....-forations or other leSions of the intestine or storrach were not 

observed. in the sea otters and seals killed. by pressure-effects. The 

absence of such injury might be attributable to a lack of gas in the 

alimentary canal of these mam,nals. 

, 
In eight of the nine sea etters killed. by effects of pressure, 

, ' 

.' , 
traumatic lesions 'iNere present intb.e liver. 'These ranged from 

. " 

subcapsular hem::>rrhage to lacerat::'o~ ,or ma.ceration of the superf~cia:;l 
, 

tissue of the anterior surfaces of t.l-}e larger lobes. Since the thorax 

of the sea otter appears to be collapsible dorsoventrally, especially 

posteriorly, the hepatic lesions seem probably to be attributable 

to the crushing ef~ect exerted. by the costal ma.rgins when the thorax 

was suddenly compressed.. During the positive-pressure phase, the liver 

evidently would have been i.rrm.?bilized by sirrnJltaneous ca:n:pression of 

the a1:XI.orre:n, preventing any displacement of the organ posteriad. 

The severe congestion obser-.red. in the kidneys of sorre animals 

was probably a result of compression of the posterior vena cava and 

renal veins. 

COnclusions • 

The lesions observed. in ma.rine ma:rcmals injured by unde:r:water 

effects of the Cannikin detonation are attributed to both over- and 
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underpressure. The role of negative pressure in the ger..esis of disruptive 

changes in the lungs is not entirely clear. The pattern of lesions 

obse:rved is considered to be related in part to structural characteristics 

of species of mam:nals adapted to the rrarine environment. In some of the 

sea otters, injuries produced. by an unknown me:::hanism were superimposed 

ul=On those causoo by effects of pressure. 

The small ntmlber of injured but still living sea otters observoo 

following the detonation suggests that the oortality was high arrong those 

that were exposoo to pressure-changes within lfulited areas (e.g., between 

Sea otter Point and Cr'own Reefer Point along the Bering Sea coast). A 

high proportion of t."1e local population in the two critical areas 

potentially ~uld have been. exposed to lethel pressure-changes because 

sea otters frequent relatively shallow waters (Le., usually within the 

20-fathom contour), and thus ~uld tend to be concentratoo relatively 

near shore. Thus, diving animals within certain, still undefinoo lfulits 

VIOuld be exposed to severe pressure-cr.anges; ~nimals at the surface 

presumably ~uld not be injured. 
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I 
FIGURE SECTION 

In order to consolidate the color presentations in this document, it was 

I necessary to rearrange some of the figu~es out of normal numerical 

sequence. For this reason, the figu~e numbers and their location are 

given below. 

Figure ~ Figure Page 

1 · • · 77 12 · · • · · · 77 

2 · · · · · • 70 13 · · • · · · 79 

3 · · • · · · 70 14 · · 79 

4 · · · · · · 71 15 · · · · 73 

5 · • · · · · 77 16 · · · · 73 

6 · · 77 17 · · 74 

7 · · 77 18 • . · 74 

8 · · . · · · 77 19 · · · · 80 

9 • · · · 71 20 · . · · · · 81 

10 · · 72 21 · · · · 79 

11 · • . · 72 
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FIGURE 2. Skull of old adult sea otter, showing perforation of 
the medial orbital wall. Chronic periodontal disease 
caused perforations around roots of teeth • 

FIGURE 3. Subarachnoid hemorrhage and hemorrhage in molecular 
layer of cerebellum in sea otter. Hematoxylin-eosin. 
95 x. 
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FIGURE 4. Section across formalin-fixed spinal cord of sea otter, 
showing subdural hemorrhage and hematomyelia. 

FiGURE 9. Large gas-filled cavities and interlobular emphysema in 
lung of sea otter. Hematoxylin-eosin. 80 x. 



FIGURE 10. Interstitial hemorrhage in myocardium of sea otter. 
Mallory's anilin blue collagen stain. 225 x. 

FIGURE 11. Skull of harbor seal. showing fracturing of medial 
orbital wall. 



FIGURE 15. 

FIGURE 16. 

Venous-alveolar fistula in lung of harbor seal. 
Hematoxylin-eosin. 85 x. 

Embolus of unidentified tissue in vein in lung Gf 
harbor seal. Hematoxylin-eosin. 240 x. 



FIGURE 17. Emboli of probable alveolar tissue in vein in lung of 
harbor seal. Hematoxylin-eosin. 230 X. 
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FIGURE 18. Probable gas-emboli in coagulated blood in right 
auricle of harbor seal. He~~toxylin-eosin. 110 X. 



COLOR PLATES 
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FIGURE 1. Interlobular emphysema and hemorrhage in lung of sea 
otter. Hematoxyli n-eos r n. 65X. 

FIGURE 5. Ruptured bronchiole and gas-filled cavities in lung of 
sea otter. Hema toxyl i n-eos in. lOX. 

FIGURE 6. Ruptured vein formfng venous-alveolar fistula in lung 
of sea otter. Weigert-van Gieson. 65X. 

FIGURE 7. Intra-aiveolar and subpleural hemorrhage in lung of sea 
otter. Hematoxyl in-eosin. lOX. 

,FIGURE 8. Severe intra-alveolar hemorrhage with ruptured vein in 
I ung of sea ot ter . Hema toxy I i n-eos in. 265X. 

FIGURE 12. Subpleural emphysema with hemorrhage, and intra-alveolar 
hemorrhage in lung of harbor seal. Hematoxyl in-eosin.lOX. 
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FIGURE 1. FIGURE 5. 

FIGURE 6. FIGURE 7. 

FIGURE 8. FIGURE 12. 
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FIGURE 13. Ruptured vein and perivascular emphysema in lung of 
harbor seal. Hematoxylin-eosin. 65X. 

FIGURE 14. Perivascular and peribronchial hemorrhage in lung of 
harbor seal. Hematoxylin-eosin. 65X. 

FIGURE 21. Double-injected circulatory system of sea otter, showing 
relationships of intravertebral venous system in neck 
and thorax. Veins - yellow; arteries - red. 
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Bering Sea 

Pacific Ocean 

2 mi. 
4 

3.2km. 

FIGURE 20. Part of Amchitka Island and adjacent Bering Sea, 
showing predicted overpressure-contours and limit of 
cavitation, with place-names mentioned in the text. 
(Redrawn from map provided by K. L. Merritt.) 
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