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This study was conducted to measure the distribution of lead and 

other trace metals in the sediments of Pearl Harbor (Hawaii) to deternine 

whether paint chips from vessels o f  the U .  S. Navy's Inactive Fleet have 

affected the environmental quality o f  Middle Loch, 

Sediment cores (ranging from 0.5 to 3.0 m long) were collected from 

Middle Loch near the Naval Inactive Ships Maintenance Facility and in an 

area of West Loch that is relatively isollated and unaffected by naval 

operations. 

(13?Cs) and naturally occurring lead-210 (210Pb) to define three time 

periods: 

deposited since 1950); sediments were those containing excess 

*l0Pb but no detectable 137Cs (i.e.* deposited between 1930 and 

1950); and "historical" sediments were those contalnlng no detectable 

levels o f  21*Pb (i.e., deposited prior t o  1930). 

The sediment cores were dated using fallout cesium-137 

urecent" containing both 137Cs and excess 210Pb (i .e., 

Concentrations of copper, lead, and zinc averaged 180 t.Lg/g, 

49 ug/g, and 272 pg/g, respectively, in recent Middle Loch sediments. 

These concentrations are significantly higher than those i n  either 

historical Hiddle Loch sediments or recent Nest Loch sediments. However, 

except for lead, the concentrations in recent Middle Loch sediments are 

similar to those of older Middle Loch sediments, which indicates that the 

increase i n  trace metal contamination began before the onset o f  Inactive 

F l e e t  operations (about 1946). 
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Increased trace metal levels in recent Middle Loch sedi 

expected to result from two potential sources: (1) sewage discharges and 

(2) paint from inactive vessels. Since paint contains elevated levels of  

lead and zinc but little copper, the elevated copper levels in Middle 

Loch sediments tend to implicate sewage as the source of trace metal 

contamination. Moreover, the 1ead:zinc ratio of recent Middle Loch 

sediments (0.18:l) is a factor of 10 lower than that measured in paint 

(2.1:1), and the Middle Loch 1ead:zinc ratio is not significantly greater 

than that measured in recent West Loch sediments (0.21:l). Hence, we 

suggest that sewage rather than paint is the major source o f  trace metal 

contamination in Middle Loch. This is consistent with the findings o f  a 

previous study by U. S. Navy personnel. Further investigations o f  the 

composition of marine paints, and the trace metal levels and history o f  

sewage discharge into Pearl Harbor could be conducted to verify this 

conclusion. 

Finally, the lead concentrations in Middle Loch are no greater than 

those in other estuaries near urban and industrial areas of the United 

States, based on a brief survey of the literature. 
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Several vessels o f  t h e  U. S. Navy's I n a c t i v e  F l e e t  a re  moored and 

maintained i n  Middle Loch o f  Pear l  Harbor, Hawaii. Through n a t u r a l  

weather ing and some preserva t ion  a c t i v i t i e s ,  p a i n t  ch ips from these 

vessels a r e  in t roduced d i r e c t l y  i n t o  t h e  waters o f  t h e  harbor. 

marine p a i n t s  a r e  h i g h l y  inso lub le ,  most of these p a i n t  ch ips a re  

probably  deposi ted i n  t h e  sediments i n  the general  v i c i n i t y  o f  t h e  

vessels. 

Since 

The purpose o f  t h i s  study was t o  measure t h e  concentrat ions o f  t r a c e  

metals,  e s p e c i a l l y  l e a  , i n  t h e  sediments and t o  determine, i f  poss ib le ,  

whether p a i n t  ch ips  had con t r i bu ted  measurably t o  metal contaminat ion o f  

Middle Loch. 

1.1 BACKGROUND 

Pear l  Harbor i s  a sub t rop i ca l  ( l a t .  21°N ), coas ta l  p l a i n  estuary 

composed o f  t h r e e  major lochs (which a re  t h e  drowned va l l eys  o f  t h ree  

streams) and an entrance channel (Fan 1976). Together these lochs d r a i n  
2 an area o f  -330 km (Turner 1975). 

a g r i c u l t u r a l  land  (p ineapple and sugarcane); however, i n  the  immediate 

v i c i n i t y  o f  Pear l  Harbor, t he re  i s  cons iderable r e s i d e n t i a l  and 

i n d u s t r i a l  a c t i v i t y ,  p r i m a r i l y  associated w i t h  the  Navy shipyard,  Mickam 

A i r  Force Base, and Honolulu I n t e r n a t i o n a l  A i r p o r t  (see Fig.  1) .  A t  mean 

f l o w  ra tes ,  e i g h t  major streams c a r r y  -10.4 Hg (11.5 tons)  o f  sediment 

per  day i n t o  Pear l  Harbor ( f rom Fig.  3 i n  Fan 1976). 

Most o f  t h i s  watershed i s  
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Most shipyard a c t i v i t y  takes place 4n East Loch and J t s  subs id ia ry  

Southeast Loch. As  a l ready discussed, t h e  Naval I n a c t i v e  Ship 

Naintenance F a c i l i t y  (NISWF) i s  located on Middle Loch, and t h e r e  i s  some 

i n t e r m i t t e n t  ffavy a c t i v i t y  associated w i t h  loading docks i n  t h e  lower 

p o r t i o n  of Nest Loch. 

There i s  some p r i v a t e  and comnercial use o f  t h e  harbor by f shermen 

seeking b a i t  and by a smal l  marina located near t h e  entrance t o  t h e  

harbor below I r o q u o i s  Point .  

Access t o  Pear l  Harbor i s  r e s t r i c t e d  by t h e  Navy. 

Most o f  t h e  i n d u s t r i a l  a c t l v i t y  i s  ad jacent  t o  East Loch and 

Southeast Loch. There a r e  r e s i d e n t i a l  areas surrounding t h e  harbor, 

p r i m a r i l y  concentrated on t h e  Pear l  C i t y  Peninsula (which separates East 

Loch and Middle Loch) and t h e  Maipahu area (around t h e  nor thern p o r t i o n s  

o f  Middle loch  and West Loch). Municipal  sewage from Pearl  C i t y  

Peninsula has been dlscharged I n t o  Mlddle Loch (Evans 1974). and sewage 

from both  r e s i d e n t i a l  and i n d u s t r i a l  sources has been discharged i n t o  

streams t h a t  d r a i n  i n t o  Pear l  Harbor (U. S. Navy 1973). 

I n  t h e  e a r l y  197Qs, a ser ies  o f  s tud ies ( C a h i l l  e t  a l .  1972; 

U. S. Navy 1973; Turner 1975; Fan 1976) was conducted, i n c l u d i n g  a 

large-scale b i o l o g i c a l  survey (Evans 1974). Subsequent t o  1976, there  

have been v i r t u a l l y  no publ ished environmental s tud ies o f  t h e  area, o ther  

than s tud ies o f  groundwater q u a l i t y  and a v a i l a b i l i t y .  
50 C a h i l l  e t  a l .  (1972) examined cobalt-60 ( Co) concentrat ions i n  

t h e  sediment o f  a l l  three lochs and found t h a t  t h e  l e v e l s  were as high a5 

248 pCi/g d r y  weight, b u t  were p r i m a r i l y  conf ined t o  t h e  sediments 
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immediately under the  submarine pens i n  Southeast Loch. Three o f  t h e  e a r l y  

repo r t s  (U. S. Navy 1973; Evans 1974; Turner 1975) contained the  r e s u l t s  o f  

an extens ive sediment study throughout the  harbor. These r e s u l t s  i nd i ca ted  

t h a t  t he re  were s i g n i f i c a n t  s p a t i a l  v a r i a t i o n s  i n  t h e  l e v e l s  o f  t r a c e  metal 

contaminat ion i n  t h e  sur face sediments. The ma%imu~ values observed i n  t h i s  

prev ious study were as f o l  laws : chromi um.--36O ug/g; copper--l260 pg/g; 

mercury--9.5 pg/g; n i c k e l  --930 pg/g; lead --1708 vg/g; z inc --1900 

vg/g ( f rom Table 3.1-2 i n  Evans 1974). 

l e v e l  o f  which was h ighes t  i n  N idd le  Loch), a l l  o f  these maximum values were 

f o r  sediments i n  t h e  area o f  Southeast Loch. 

v a r i a t i o n s  i n  t r a c e  metal  l e v e l s  between the  th ree  I T E ~ J Q ~  lochs i nd i ca ted  t h a t  

East Loch contaminat ion was p r i m a r i l y  der ived from i n d u s t r i a l  (<.e., 

sh ipyard)  sources, whereas that  of Mlddle Loch and West Loch was der ived from 

r e s i d e n t i a l  sources (Chap. 3.1 i n  Evans 1974). Since t h i s  study d e a l t  only 

w i t h  sur face sediments, t he re  was no i n fo rma t ion  presented on h i s t o r i c a l  

t rends i n  t r a c e  metal  l eve l s .  One r e c o m n d a t i o n  i n  the  b i o l o g i c a l  survey 

(Chap. 5 i n  Evans 1974) was t h a t  sediment cores should be taken. 

With t h e  except ion o f  n i c k e l  ( t h e  

S t a t i s t i c a l  ana lys is  o f  t h e  

The present  study grew out  o f  a recogn i t i on  by personnel o f  t he  I n a c t i v e  

F l e e t  t h a t  p a i n t  ch ips f rom t h e i r  operat ions represented a p o t e n t i a l  source 

eta1  ( e s p e c i a l l y  lead)  contaminat ion o f  the  harbor sediments. The 

approach o u t l i n e d  i n  Sec. 1 .2  o f  t h i s  r e p o r t  was developed t o  ascer ta in ,  i f  

poss ib le ,  the  c o n t r i b u t i o n  o f  p a i n t  ch ips t o  t h e  t r a c e  metal l e v e l s  i n  t h e  
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1.2 APPROACH 

I n  o rder  t o  determine i f  p a i n t  ch ips f rom the  i n a c t i v e  vessels were 

c o n t r i b u t i n g  measurably t o  t h e  t r a c e  metal  l e v e l s  i n  Middle Loch sediments, 

we needed one o r  more c o n t r o l  zones (where p a i n t  ch ips do n o t  have any 

in f luence) .  Two poss ib le  c o n t r o l  zones were: (I) sediments deposi ted i n  

Middle Loch be fore  t h e  onset o f  I n a c t i v e  F l e e t  operat ions,  and ( 2 )  sediments 

f rom an area o f  ad jacent  West Loch where there i s  no naval  a c t i v i t y  now o r  i n  

t h e  past.  For  t h i s  study, bo th  c o n t r o l  zones were used. 

Both long (>2 m) and sho r t  (4 m) sediment cores were taken from several  

l oca t i ons  i n  Middle Loch (see Fig.  1 ) .  The sec t ions  o f  these cores were 

dated us ing  t h e  rad io iso topes  cesium-137 (137Cs) and lead-210 (210Pb). 

Cesium-137 i s  a f a l l o u t  rad ionuc l ide  t h a t  has been d i s t r i b u t e d  over the  

surface o f  t h e  e a r t h  s ince  1950 (see Olsen, 1979). 

determlned from 137Cs p r o f i l e s  by assumlng t h a t  t h e  f i r s t  appearance o f  

137Cs represents 1950 and t h a t  peak concentrat ions o f  t h i s  rad ionuc l ide  

Sediment chronologies are 

represent  1963, t h e  da te  o f  maximum f a l l o u t .  Lead-270 4s  a n a t u r a l  

rad ionuc l i de  t h a t  has been used ex tens i ve l y  f o r  da t i ng  sediment samples 

deposi ted du r ing  t h e  l a s t  75 years. 

daughters ( t h e  longest  l i v e d  o f  which i s  "'Pb) from the atmosphere by 

means o f  p r e c i p i t a t i o n  prov ides a measurable source o f  210Pb t o  the  e a r t h ' s  

surface. By measuring 210Pb and 226Ra p r o f i l e s  i n  sediment cores, 

Removal o f  rad ium226 (226Ra) decay 

chrono log ica l  i n fo rma t ion  can be obtained f rom the  dec l i ne  o f  a tmospher ica l ly  

der ived  'lOPb (here c a l l e d  excess 21QPb*) i n  t h e  sediment as a r e s u l t  of 

* Excess 21oPb i s  the  concent ra t ion  o f  21oPb above t h a t  which can be 
accounted f o r  by t h e  uranium i n  the  sediment. 
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i t s  decay. 

sediment cores c o l l e c t e d  i n  r i v e r s ,  lakes, an coasta l  areas (Robbins and 

Edgington 1975; N i t t r o u e r  e t  a l .  1984; Olsen e t  a l .  1984; Ashwood e t  a l ,  

Both 137Cs and 'lOPb have been p rev ious l y  used t o  date 

1906). 

Although these rad ionuc l i de  chronometers can be used t o  o b t a i n  

average annual sediment accumulation ra tes  (which can then be used t o  

date i n d i v i d u a l  sediment depth increments), t h e  accuracy o f  these 

averages i s  dependent upon a constant sediment accumulation r a t e  and 

e i t h e r  a l ack  o f  sediment surface mix ing o r  a t  l e a s t  a q u a n t i f i a b l e  

amount o f  mixing. Since sediment accumulation ra tes  i n  Pearl Harbor are 

probably a f f e c t e d  by t r o p i c a l  s t o m s  and s ince sh ip  t r a f f i c  may 

s i g n i f i c a n t l y  mix sur face sediments (Evans 1974), we chose t o  use t h e  

presence o r  absence o f  13'Cs and "OPb i n  t h e  sediments t o  d e f i n e  

t h r e e  broad t ime per iods;  (1) t'recent'l sediments: those I n  whlch both 

f a l l o u t  137Cs and excess 210Pb are  present; ( 2 )  "a lde r "  sediments: 

those i n  which o n l y  excess *l0Pb i s  present; and (3 )  " h i s t o r i c a l "  

sediments: those i n  which the re  i s  no de tec tab le  leve? o f  excess 210Pb, 

The recent  sediments represent m a t e r i a l  deposi ted between 7985, when 

the  cores were co l l ec ted ,  and 1950, when 137Cs was f i r s t  detected 

(Qlsen 1979). Because o f  t h e  r e l a t i v e l y  low l e v e l  o f  excess 210Pb i n  

s u r f a c e  sediments (-1 pCi/g) and t h e  inirnurn detectable a c t i v i t y  f o r  

t h i s  rad ionuc l i de  (-0.12 pCi/g), we c a l c u l a t e  t h a t  detectable excess 



21QPb should be confined to sediments deposited a f t e r  about 193 

(-2.5 half-lives). Hence, the older sediments (where onfy excess 

*"Pb 3 s  present) must have been deposited between 1950 and '1930. The 

historical sediments represent material deposited prior to 1938 and, as 

will be shown in See. 3.2,  contain relatively pristine levels of copper, 

lead, and zinc. 

The relevance of  these periods for this study i s  that t h e  U. S. 

Navy's Inactive Fleet operations did not begin until -1946 

(CDR 3 .  E .  Vroom, U. S. Navy, personal communication 1986).  Thus, the 

impact of  naval operations should not be apparent in sediments deposited 

prior to the recent sediments (1950-1985). Similarly, the older 

sediments (1930-1950) raughfy approximate the period of naval buildup in 

Pearl Harbor assoclated with World War 11. 

Some sources of trace metal contamination in older and recent 

sediments are generic--that is, they may affect all lochs more or less 

equally. One such source is anthropogenic lead, primarily from 

automobile exhaust. Murozumi et al. (1969) have demonstrated that lead 

aerosols are distributed worldwide and that they began to increase 

rapidly about 19.60 [see also the tree-ring data o f  Saes and Ragsdale 

I ) ] *  The contributions of such generic sources can be evaluated by 

comparing trace metal concentrations in recent and older sediments from 

Middle Loch with those i n  similar sediments from West Loch, 



2.1 SAMPLE COLLECTION 

Sediment cores were obtained on th ree  separate occasions. 

November 1984, s h o r t  (4  m) g r a v i t y  cores were obtained from var ious 

s i t e s  around Middle Loch. 

g r a v i t y  co re r  w i t h  p l a s t i c  l i n e r s .  

p l a s t i c  l i n e r s  and d i d  n o t  come i n  contac t  w i t h  the  brass b a r r e l .  Each 

o f  these cores was extruded from the  p l a s t i c  l i n e r ,  us ing a rubber 

stopper a t  the  end o f  a wooden rod, and then sect ioned i n  5-cm 

increments, us ing  a s t a i n l e s s  s t e e l  spatu la .  Each increment was 

I n  

These cores were obtained us ing a brass b a r r e l  

The sediment was conf ined t o  t h e  

he rmet i ca l l y  sealed i n  a p l a s t i c - l i n e d  aluminum can (-94 cm 3 v o l ) .  

Sect ion ing  and canning were accomplished on t h e  same day t h a t  t he  core 

was taken. 

I n  March 1985, th ree  long (>2 m) v ibracores were taken from Middle 

Loch. V ibracor ing was accomplished by a t tach ing  a po r tab le  cement 

v i b r a t o r  t o  one end o f  a long aluminum p ipe  (3-12 m long, 7.5 cm i n t e r n a l  

d iameter) ,  s low ly  lower ing the  f r e e  end o f  t h e  p ipe  t o  the  sediment 

surface, and then a l l ow ing  the  v i b r a t i o n  t o  feed the  p ipe  i n t o  the  

sediment [see Lanesky e t  a l .  (1979) f o r  a d e t a i l e d  d e s c r i p t i o n  o f  t h e  

technique].  V ib racor ing  e f f e c t i v e l y  l i q u e f i e s  the  sediment i n  t h e  

v i c i n i t y  o f  the p ipe  w a l l s  and r e s u l t s  i n  an undisturbed core. The 

v ibracores were extruded from the  aluminum pipe, us ing Tef lon  d isks  a t  

t h e  end o f  an aluminum rod. The cores were sect ioned i n  2- o r  4-cm 

increments (depending upon depth), us ing a s t a i n l e s s  s t e e l  spatu la .  
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Because of  the  h i g h l y  liquefied s t a t e  of the top few centimeters o f  the 

sediment and the long extrusion length, some of the upper sediment 

smeared along the sides of these cores d u r i n g  the extrusion process. 

outer layer o f  the core sections (containing the  smeared material) was 

scraped of f ,  using the spatula, and then the "clean" center sections were 

hermeticaJly sealed i n  plastic-lined cans as before. 

The 

In December 1985, one long (>2 m) and one short (SO cm) vibracore 

were obtained near Laulaunui Island I n  West Loch (see Fig. 1 ) .  These 

were extruded, sectioned, and canned as described above. 

During the extruding and canning of each core, records were made o f  

the physical appearance (color,  cohesiveness, and texture) o f  each core 

section. Al l  cans were shipped by a i r  t o  Oak Ridge Natjonal Laboratory 

h )  fo r  radionucljde and metal analyses, 

2.2 RADIONUCLIDE ANALYSES 

Radionuclide a c t i v i t i e s  were measured i n  ORNL's Environmental 

Sciences Division by gama-ray spectrometry, uslng e i ther  Ge(Li) or  

in t r ins ic  germanium detectors. 

prev ious ly  described by tarsen and Cutshall (7981). The canned samples 

were counted for  a period of typically 1000 m f n ,  us lng a Nuclear Data 

8700 microprocessor system t o  acquire and s tore  accumulated counts .In 

4096 channels. A modified Nuclear Data software program allows for an 

automated peak search routine to  be performed, corrects fo r  the presence 

o f  any background contributions (Cutshall and larsen 1980), ident i f ies  

radionuclides by t h e i r  g a m - r a y  signature, perfoms ac t iv i ty  calculatio 

Calibration of the detectors has been 
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and corrects for decay based on the elapsed time interval between the 

sample collection and sample analysis dates. A hard copy printout o f  the 

data was made for each sample analyzed. 

Table 1 provides decay data for the specific radionuclides of 

interest. Following radioactivity analysis, each sample was air-dried at 

- <72OC for >48 h. 

the basis of  dry sample weight. 

Radioisotope activity levels were then calculated on 

Table 1. Radionuclide decay properties used in analysis 

I sotope Photon energy Photon abundance Half -life 
(keV) (%I  (Year) 

-~ ~~ 

21 OPb 46.5 4.05 22.26 

'37cs 661.6 85.1 30.17 

Minimum-detectable-activity (MDA) levels (Pasternak and Harley 1971) 

for the various radionuclides are presented in Table 2. If such 

quantities of radioactive material were present i n  the samples when 

counted for 1000 m i n ,  then 95% of the time a value greater than zero 

would be reported for these radionuclides. However, at these low 

activity levels, the relative analytical uncertainty may range from 240 

to 100% o f  the value. The MOA depends upon the composition o f  the matrix 

( i . e . *  other radionuclides present and their amount), the sample size, 
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count ing t ime, d e t e c t o r  e f f i c i e n c y ,  geometry, and any ~ ~ c ~ g r o u n d  

c o n t r i b u t i o n s .  Thus, t h e  values repor ted i n  Table 2 should n o t  be 

considered absolutes;  they  may range up or down by several  f a c t o r s .  

T h e i r  purpose i s  t o  p rov ide  t h e  general l e v e l  o f  s e n s i t i v j t y  expected 

from a t y p i c a l  7000 min-counting i n t e r v a l .  

Table 2. Estimated minimum-detectable-activity (MOA)  
l e v e l s  f o r  a 1000-min count ing Anterval  

Radianucl ide 
MDA 

(PCi  1 

Concentrat ion 
f o r  an 80-9 d r y  w t  

sample (pCiJg) 

10 

I 

0.12 

0.01 

2.3 METALS ANALYSES 

A f t e r  being d r i e d  and weighed as descr ibed above, se lected samples 

were ground t o  a f i n e  powder, us ing an agate mortar  and pest le .  

powder from each sample was placed i n  a p l a s t i c  v i a l  sealed w i t h  a 

The 

p l a s t i c  cap, and marked w i t h  the  same i n f o r m a t i o n  as was on the  aluminum 

can, Care was taken t o  c lean t h e  mortar and p e s t l e  a f t e r  each use t o  

avoid cross-contamination. 

For t h e  Middle Loch cores, two d i f f e r e n t  methods were used f o r  t o t a l  

d iges t ion .  

d isso lved i n  a mix tu re  o f  n i t r i c  a c i d  (HMO3) and hydrogen f l u o r i d e  

(HF). 

I n  t h e  f i r s t  method, -250 mg o f  t h e  f i n e  powder was 

This s o l u t i o n  was evaporated u n t i l  i t  was n e a r l y  d r y  and then 

11 



red isso lved i n  8 N HNQ3 t o  d r i v e  o f f  t h e  f l u o r i n e .  

was again evaporated u n t i l  nea r l y  dry  and then made up t o  -50 con 

wi th  2% HN03- 

d isso lved i n  malten l i t h i u m  metaborate (LiBO,) i n  a pure carbon 

c r u c i b l e .  The r e s u l t i n g  fus ion  was then poured i n t o  co ld  HND3. 

s o l u t i o n  was g e n t l y  heated and ag i ta ted  u l t r a s o n i c a l l y .  

y i e l d  a t o t a l  d i g e s t i o n  o f  t h e  sample, b u t  some o f  the  s i l i c o n  i s  l o s t  i n  

the HF-HNQ3 method, 

i n d u c t i v e l y  coupled plasma spectrometer ( I C P ) ,  which detern ines 

concentrat ions f o r  severa l  metals. 

This new s o l u t i o n  
3 

I n  the  second method, a s i rn i las  q u a n t i t y  o f  sample was 

This 

Both methods 

A f t e r  d iges t ion ,  t he  s o l u t i o n  was i n j e c t e d  i n t o  an 

For mercury determinat ions,  U, S .  Environmental P ro tec t i on  Agency 

(EPA) Method 245.1 (USEPA 1979a) was run, except t h a t  HNOg-perchloric 

was used as t h e  o x i d i z i n g  agent instead o f  pe nganate. Thi  s method 

u t i l i z e s  c o l d  vapor atomic absorpt ion spectroscopy (AA)  f o r  the  

ana lys is .  Also, because I C P  d i d  no t  have s u f f i c i e n t  s e n s i t i v i t y  f o r  

lead, t h e  so lu t i ons  der ived  from the  HF-HN03 d i g e s t i o n  were run  through 

g raph i te  furnace AA, us ing  EPA Method 239.2 (USEPA 1979a). t o  o b t a i n  the  

lead concentrat ions.  

For  the  West Loch core, t he  HF-HNQ3 p repara t ion  together  w i t h  AA 

was used f o r  copper, lead and zinc ana lys is .  No o the r  elemental analyses 

were performed on t h e  West Loch core. 

A l l  metal analyses were conducted by t h e  A n a l y t i c a l  Chemistry 

O i v i s i o n  o f  ORNL, where standard q u a l i t y  assurance prac t ices ,  such a s  

dup l i ca tes ,  b lank analyses, spikes, and comparison w i t h  var ious standards 
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( f rom EPA, U. S. Geological  Survey, and Nat iona l  Bureau o f  Standards) are 

r o u t i n e l y  employed . T h e i r  q u a l i t y  assurance program genera l l y  meets the  

c r i t e r i a  i n  EPA's Handbook f o r  A n a l y t i c a l  Q u a l i t y  Contro l  i n  Water and 

Wastewater Laborator ies (USEPA 1979b). I n  add i t ion ,  b t j n d  standards and 

dup l ica tes  were submltted t o  them f o r  both t h e  I C P  and AA analyses. 

Resul ts o f  t h e  analyses o f  t h e  b l i n d  standards are  shown i n  Table 3. 

3 .  RESULTS AND DISCUSSION 

3.1 RADIOISOTOPE DATA 

Resul ts of t h e  rad io iso tope analyses f o r  137Css 210Pb, and 
40 potassium-40 ( K)  a r e  presented i n  Appendix A.  

Potassium-40 i s  a n a t u r a l l y  occur r ing  rad ionuc l ide  c o n s t i t u t i n g  

-0.012% o f  t h e  potassium i n  potassium-bearing minera ls  such as 

muscovite, i l l i t e ,  and potassium-feldspar, Where these minera ls  form a 

l a r g e  p a r t  o f  t h e  sediments, t h e  4*K a c t i v i t y  r e f l e c t s  the  g r a i n  s i z e  

and composit ion. However, t h e  sediments o f  Pear l  Harbor a re  q u i t e  low i n  

potasium-bearing minera ls  (Turner 1975). Hence, t h e  40K a c t i v f t i e s  

shown f o r  a l l  cores i n  Appendix A a re  r e l a t i v e l y  low. 

Figures 2 t o  5 present  t h e  137Cs and excess 210Pb p r o f i l e s  f o r  

Middle Loch core CA and West Loch core WL-2. These are presented as 

examples o f  t h e  data c o l l e c t e d  on a l l  cores. E r r o r  bars have been 

omi t ted from t h e  f i g u r e s  t o  make them more readable. However, by 

reference t o  t h e  standard d e v i a t i o n  data i n  Appendix A, i t  i s  apparent 

t h a t  t h e  several  peaks o f  737Cs data in t h e  upper layers  o f  both cores 

are  probably n o t  s i g n i f i c a n t .  Rather i t  appears t h a t  t h e  137Cs 

13 



Table 3. Analyt ical  r e s u l t s  for National Bureau of Standards and U. S. Geological Survey Standards 

E 1 emen t 

U. S. Geological Survey 
marine mud MAG-1 

Mea sur  ed Std.  

Nat ional  Bureau of Standardsa 

Standard 1645 Standard 1646 
Measured Std.  Measured Std.  

Chr miurn 9?b 104 NA NA NA 76 

Copper 24b 30 108c 109 19c 18 

Nickel 4 l b  55 NA 45.8 NA 32 

Lead 30d 24 742c 7 14 2 8 C  28.2 

Zinc 150b 130 16OOC 1720 125" 132 

a 1vA = ~ o t  analyzed 

Analysis performed by induc t ive ly  coupled spectrometry (ICP) a t  same 
time as ana lys i s  for  M i d d l e  Loch g r a v i t y  cores .  

Analysis performed by AA a t  same t i m e  a3 ana lys i s  for  West Loch 
v ibracore .  

Analysis performed by g raph i t e  furnace atomic absorp t ion  sepctroscopy 
(AA) a t  same time a s  ana lys i s  for  Middle Loch g r a v i t y  cores .  
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a c t i v l t y  above what appears t o  be the 1963 peak i s  probably r e l a t i v e l y  

constant  o r  poss ib l y  inc reas ing  Sn core CA. 

Such constancy may r e f l e c t  la rge-sca le  mixing, perhaps by s h i p  

t r a f f i c  [as noted by Evans ( 1 9 7 4 ) ] ,  o r  the  con t inua l  i n p u t  o f  drainage 

bas in  s o i l s  ( con ta in ing  r e l a t i v e l y  constant  I3’cs a c t i v i t i e s )  i n t o  

Pear l  Harbor s ince the  f a l l o u t  peak i n  1963 .  Note t h a t  the  l J 7 C s  

p r o f i l e s  f o r  both Middle Loch and West Loch are  s i m i l a r ,  even though 

the re  i s  very l i t t l e  sh ip  t r a f f i c  i n  the  Laulaunui I s l a n d  area o f  bjest 

Loch. Qlsen (1979) showed t h a t  s i m i l a r  137Cs p r o f i l e s  ( i . e . ,  

e x h i b i t i n g  a r a p i d  increase i n  a c t i v i t y  i n  t h e  sediments around 1963 and 

r e l a t i v e l y  constant  values above t h i s  p o i n t )  a re  t y p i c a l  o f  f ine-gra ined 

coas ta l  sediments I n  the  Hudson R i v e r  es tuary  and r e f l e c t e d  the  eros ion 

of drainage bas in  s o i l s  and t h e i r  accumulation i n  harbor areas. 

The e f f e c t s  o f  t r o p i c a l  storms on sediment e ros ion  and accumulation 

i n  Pear l  Harbor a re  unknown b u t  probably s l g n l f l c a n t .  Storms may account 

f o r  some o f  t he  s c a t t e r  i n  t h e  250Pb data (F igs .  3 and 5 ) .  

For  a l l  t h e  above reasons, and as discussed i n  Sec. 1 . 2 ,  we chose t o  

use t h e  presence o r  absence of detec tab le  l e v e l s  o f  137Cs and *l0Pb 

t o  d e f i n e  th ree  t i m e  per iods  I n  the  h i s t o r y  o f  sediment accumulation. 

The depth o f  sediment represent ing  these t ime per iods i n  each core i s  

i nd i ca ted  in t h e  data tab les  i n  Appendices A and B and i s  summarized i n  

Table 4. F o r  i n fo rma t ion  purposes only, t h e  average annual sediment 

accumulation r a t e  ca l cu la ted  from a regress ion o f  t h e  210Pb data i s  

a l s o  presented i n  Table 4 (see N i t t r o u e r  e t  a l .  1984 f o r  d e t a i l s  on the 

method of  c a l c u l a t i n g  sediment accumulation ra tes  from 210Pb data) .  
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Table 4. Dat ing o f  sediments based on rad ios io tope  

data f o r  Middle Loch and West Loch cores 

Middle Loch Core CA 

Sediment accumulation r a t e  predic ted from excess 21oPb: 2.1 cm/year 
(s lope = -0.0150; r 2  = 0.55; N = 39) 

Estimated depth o f  f i r s t  137Cs appearance: 

Actual  depth o f  f i r s t  737Cs appearance ( i .e . ,  -1950): 

Actual  depth o f  excess 21oPb pene t ra t i on  ( i .e. ,  -1930): 

74 cm 

70-74 cm 

110-114 cm 

Middle Loch Core CI 

Actual  depth o f  f i r s t  137Cs appearance (!.e., -1950): 

Sediment accumulation r a t e  p red ic ted  from a37Cs: 

>224 cm 

>6.4 cmlyear 

Middle Loch Core C X  

Sediment accumulation r a t e  p red ic ted  from excess *loPb: 1.5 cmlyear 

Estimated depth o f  f i r s t  137Cs appearance: 

Actual  depth o f  f i r s t  137Cs appearance ( i .e. ,  -1950): 

Actual  depth o f  excess 21oPb pene t ra t i on  ( i . e . ,  -1930): 

(s lope = -0.0213; r 2  = 0.67; N = 29) 

52 cm 

70-72 cm 

84-88 cm 

Middle Loch Core GD 

Sediment accumulation r a t e  p red ic ted  from excess 21oPb: 0.8 cm/year 
( s lope  = -0.0394; r 2  = 0.82; N = 12)  

Estimated depth o f  f i r s t  appearance: 28 cm 

Actual  depth o f  f i r s t  137Cs appearance (i .e., -1950): 

Actual  depth o f  excess 210Pb pene t ra t i on  ( i . e . ,  -1930): 

40-45 cm 

>63 cm 
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Table 4. (cont inued)  

Middle Loch Core GE 

Sediment accumulation r a t e  p red ic ted  from excess *IoFJb: 0.2 cm/yeas 

Estimated depth of f i r s t  137Cs appearance: 

Actual  depth o f  f i r s t  137Cs appearance ( i .e . ,  -1950): 

Actual  depth of excess 21OPb pene t ra t i on  ( i . e . ,  -1930): 

(s lope = -0.202; r 2  = 0.92; N-5)  

7 cm 

5-10 crn 

15-20 cm 

Middle Loch Core GG 

Sediment accumulation r a t e  p red ic ted  from excess 21*Pb: 1.1 cm/year 

Estimated depth o f  f i r s t  13765 appearance: 

Actual  depth o f  f i r s t  137Cs appearance ( i . e . 9  -1950): 

(s lope = -0.0278; r 2  = 0.59; N = 11) 

38 cm 

>68 cm 

Middle Loch Core GH 

Sediment accumulation r a t e  p red ic ted  from excess 210Pb: 0.4 cm/year 

Estimated depth o f  f i r s t  137Cs appearance: 

Actual  depth o f  f i r s t  137Cs appearance ( i .e. ,  -1930): 

Actual  depth o f  excess 2aoPb pene t ra t i on  (i.e.$ -1930): 35-40 cm 

(s lope = -0.0754; r2 = 0.76; N = 8) 

14 cm 

15-20 cm 

Mest Loch Core WL-2 
Sediment accumulation rate pred ic ted  from excess 21oPb: 1 .2  crn/year 

Estimated depth o f  f i r s t  137Cs appearance: 

Actual  depth o f  f i r s t  137Cs appearance (i .e., -1950) : 

Actual  depth of excess 210Pb pene t ra t i on  ( i * e . ,  -1930): 

(s lope = -0.0266; r2 = 8 - 6 4 ;  N = 23) 

42 cm 

40-44 cm 

>ti0 cm 
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The degree t o  which mix ing  has a f fec ted  the  *loPb p r o f i l e  can be 

i n f e r r e d  by comparing the  pred ic ted  depth o f  t h e  f i r s t  appearance o f  

13'Cs (based on t h e  sediment accumulation r a t e  ca lcu la ted  by *"Pb 

data) w i t h  the  ac tua l  depth o f  137Cs penet ra t ion  ( N i t t r o u e r  e t  a l .  

1984). This comparison i s  a l so  presented i n  Table 4. 

From the  data i n  Table 4 and Appendix A, i t  i s  apparent t h a t  Middle 

Loch core C I  was taken from an area o f  extremely hSgh sediment 

accumulation ra tes .  Leaves and twigs were found throughout the  length  o f  

core C I ,  and the  sediment throughout most o f  i t s  leng th  had a black,  

o rgan ic - r i ch  appearance. The core was taken from the  d e l t a  a t  t he  mouth 

o f  a stream. Local Navy personnel i nd i ca ted  t h a t  a sewage o u t f a l l  p ipe  

a l so  discharged i n  t h e  same area. 

content  (which was a l s o  i nd i ca ted  by extremely low 40K a c t i v i t y ) ,  

coupled w i t h  the  f a c t  t h a t  the  c o r e  d l d  not penetrate t o  pre-1950 

sediments (13'Cs was present  even i n  the  bottom sect ions) ,  i t  was 

Due t o  t h e  apparent ly  h igh  organic 

decided n o t  t o  run elemental analyses on t h i s  core. However, t h e  

ma te r ia l  f rom t h i s  core i s  s t i l l  a v a i l a b l e  a t  ORNL and could be analyzed, 

i f  deemed necessary. 

Several o the r  g r a v i t y  cores were taken from Middle Loch i n  November 

1984. These cores e i t h e r  d i d  n o t  penetrate the  sediment deep enough t o  

y i e l d  a p i c t u r e  o f  p re - Inac t i ve  F l e e t  t r a c e  metal  l eve l s ,  o r  they were 

taken from such sandy ma te r ia l  t h a t  the t r a c e  metal  concentrat ions would 

have been suspect. Although rad io iso tope data were obtained f o r  these 

cores, they  a re  n o t  repor ted here. 
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3.2 TRACE M€TALS 

The U. S .  Navy (1973) conducted a t r a c e  metal survey of s o i l s  and 

stream sediments from t h e  Pear l  Harbor area and compared t h e  r e s u l t s  w i t h  

those from a survey o f  Pear l  Harbor sediments. They found t h a t  the 

f a l l o w i n g  metals were present a t  h ighe r  l e v e l s  i n  Pear l  Harbor sediments 

than i n  l o c a l  s o i l s :  s i l v e r ,  cadmium, chromium, copper, mercury, n i c k e l ,  

lead, and z inc.  The ICP technique used i n  o u r  study d i d  no t  y ie ld  

s a t i s f a c t o r y  r e s u l t s  f o r  s i l v e r  o r  cadmium. because t h e  d e t e c t i o n  l i m i t s  

were t o o  high. Hence, t h e  t r a c e  metal r e s u l t s  g iven i n  Appendix 5 

i nc lude  o n l y  t h e  remaining s i x  elements. 

In October 1983, ORNL personnel removed a small  p iece o f  p a i n t  t h a t  

was pee l i ng  o f f  t h e  e x t e r i o r  o f  t h e  U.S.S..Hornet (moored a t  t he  NISMF i n  

Bremerton, Idashington). The p a i n t  was ground t o  a f i n e  powder, d isso lved 

i n  HN03, and analyzed by ICP, 

s i g n i f i c a n t  l e v e l s :  chromium--890 l.rg/g; lead--17,000 pg/g; 

t i tanium---740,000 pg/g; z inc --8100 l.rg/g. 

wg/g. Although t h e  t i t a n i u m  concentrat ion i n  t h e  p a i n t  sample i s  q u i t e  

h igh  (as might  be expected), Hawaiian basa l t s  a r e  a l s o  h igh  i n  t i t a n i u m  

The following metals were detected at 

Copper was found t o  be 4 7 4 )  

(see Table 111 i n  Gladney 1980); t he re fo re ,  f i n d i n g  t races o f  titaniu 

from p a i n t  ch ips i n  t h e  sediments i s  q u i t e  u n l i k e l y .  While t h i s  does 

represent a r i go rous  ana lys i s  o f  t h e  p a i n t  on i n a c t i v e  Navy vessels, -iit 

does prov ide  an i n d i c a t i o n  t h a t  elevated l e v e l s  o f  chromium, lead, and 

zinc, -In sediments may i n d i c a t e  t h e  presence o f  p a i n t  chips.  
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Table 5 summarizes the results given in Appenddx 8 by loch and by 

time period. Also included in Table 5 are results of the ICP analysis 

for aluminum and results of the total organic carbon (TOC)  analyses on 

nine sections of Hiddle Loch core C A .  

yields total values for each sample, including the metals bound in the 

mineral lattice. Hence, the aluminum concentrations in Table 5 

are total aluminum. Together with the POC values, they indicate that 

there was not a significant shift in the mineralogy of the sediments from 

one time period to another. 

West Loch core. For comparison purposes, Table 6 lists values from 

previous studies of  Hawaiian basalts and local soils. 

The total digestion ethod we used 

Similar analyses were not performed for the 

Both chromium and nickel are higher in all Hiddle Loch sediments 

than in local soils. Nickel is also higher in Middle Loch sediments than 

i n  Hawaiian basalts, However, nel ther chromlurn nor nickel are higher in 

recent sediments (post-1950) than in historical sediments (pre-1938). 

Hence, it would appear that contamination by these metals is no greater 

at present than it was over 50 years ago. This is important for this 

study because the data from the paint chip analysis indicate that paint 

would be expected to be a source o f  chromium contamination. 

any discernible increase in chromium levels i n  recent sediments 

(post-1950) potentially impacted by Inactive Fleet operations implies 

that paint is not a significant source of the trace met 1 contamination 

in Middle Loch. 

The lack of  
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Table 5. Elemental concentrations in sediments o f  Pear? Harbor,  Hawaii 

Metal and organics concentrations, m a n  e std. dev. ( a n g i g )  

Middle Loch West-loch ~ 

E 1 ement Recenta Olderb HI s t o r i c a I C ~ e c  en it d 8 e 

A l ~ ~ i n u r n ~  mg/g 83 2 9 95 t 1 3  93 2 9 NA NA 
(n = 52) (n = 16) (n = 39) 

Ch romni urn 233 30 256 5. 35 288 _+ 37 NA NA 
(n = 52) (n = 16) (n = 19)  

Copper 180 f. 41 
(n = 52) 

172 k. 68 121 _+. 22 
(n = 16) (n = 19) 

107 ?. 8 95 +- 9 ’ 1  
(n = 17) ( n  .- 6 )  

0.40 0.24 
(n = 40) 

0.47 _f 0 .68  0-17 t 0.10 
(n = 14) (n = 12) 

ercuryg A N A 

Nickel 168 31 
(n = 52) 

200 9 110 
(n = 16)  

1 7 7  5 30 
(n = 19) 

NA A 

34 2 22 5 2 3  
( f l  = 16) (n = 19)  

35 _+. 3 21 5 3 
(an = 17) ( n  = 45) 

247 2 96 122 & 40 
(n = 19)  (n = 16) 

167 2 5 164 c 14 
( n  = 3 7 )  (n = 6) 

li nc 272 _tl 68 
(n = 52) 

1 . 5  t 0.1 0.4 0.1 
(n = 2 )  ( n  = 2 )  

T’otal Organic 
Carbon,’ % 

0.9 4 0.2 
(n = 5) 

NA NA 

Based on sections from cores C A ,  C X ,  GO, GE, GG, and GH containing 
both 337Cs and excess 210Pb (i .e. , sediment deposited between I985 
and 1950), except f o r  anomalous values o f  core C X ,  section 0-4 cm. 
Baaed an sections from cores C A ,  C X ,  GO, GE, and GH containing only 
excess 210Pb (i .e. , sediment deposited between 1950 and 1930) 
f o r  a ~ a ~ ~ ~ o u ~  values o f  core C A ,  section 702-106 crn. 

except 

06s sections o f  cores CA C X ,  GE, and GH containing no 

on sections o f  core WL-2 containing both 137Cs and excess 
sediment deposited between 1985 and 1950). 

table levels o f  excess 210Pb (lee., sediment deposited prior to 

2TQPb ( i  .e. 

( i a e . ,  sediment deposited between 1950 and 1930). 

Anomalously high lead levels in core CX sections 39-40 cm and 52-54 crn 
were not included. 

e WB = o a t  analyzed. 
f Based on s e c t i o n s  OF core ML-2 containing o n l y  excess 2 1 O ~ t 1  

9 Mercury values were not obtained for any sections o f  core C X .  

i Based on sections o f  core CA analyzed for totaf organic carbon. 

2 5  



Table 6. Trace metal concentrat ions i n  
Hawaiian b a s a l t s  and l o c a l  s o i l s  

Trace metal  concentrat ion ( ~ g / g )  
- 

 oca^ s o i l s b  

Element Hawaiian basal ta Cu l t i va ted  Uncu l t i va ted  

Chromi urn 290 _+ 30 

Copper 130 5 13 

Mercury NAC 

Nicke l  120 2 16 

Lead 3 . 3  t o  6.2 

Zinc 102 5 8 

58 66 

99 34 

0.65 0.78 

290 80 

13 11 

159 44 

a From BHVO data i n  Table I11 o f  Gladney (1980). 

From Tables 1 and 2 i n  U. S. Navy (1973). 

NA = Not Analyzed. 

Mercury does n o t  appear t o  be a s i g n i f i c a n t  contaminant i n  Mlddle 

Loch sediments i n  any t ime per iod.  Although t h e  mercury concentrat ions 

have apparent ly  r i s e n  i n  post-1930 sediments, t h e  l e v e l  i s  s t i l l  lower 

than t h a t  i n  l o c a l  s o i l s .  

Recent Middle Loch sediments conta in  h igher  l e v e l s  o f  copper, lead 

and z inc than do l o c a l  s o i l s .  Recent Middle Loch sediments a l s o  conta in  

h igher  l e v e l s  o f  these t h r e e  metals than do h i s t o r i c a l  sediments, and 

recent  Middle Loch sediments are more contaminated w i t h  these metals than 
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are  recent  West Loch sediments. For a l l  t h ree  o f  these metals,  the  

l e v e l s  began t o  increase i n  t h e  o l d e r  sediments ( i . e * ,  l930-1950>. 

Hence, t h e  contaminat ion appears t o  have begun be fore  the  onset o f  

I n a c t i v e  F l e e t  operat ions,  a l though i n  the  case o f  lead there  i s  also a 

s i g n i f i c a n t  increase i n  concent ra t ion  i n  recent  sed-iments over  t h a t  i n  

o l d e r  sediments. 

There a r e  f o u r  p o t e n t i a l  sources of capper, lead, and z inc :  (1) 

atmospheric depos i t i on  f rom automobile and/or i n d u s t r i a l  sources ( e . g . ,  

t h e  power p l a n t s  i n  t h e  area);  ( 2 )  sewage ( t h e  U. S. Navy's 1973 study 

l i s t s  severa l  i n d u s t r i a l  sources o f  metals t h a t  a re  found i n  storm and 

s a n i t a r y  sewage); (3 )  i n t e r - l o c h  t r a n s p o r t  of contaminants from t h e  main 

sh ipyard a c t i v i t i e s  i n  East Loch and Southeast Loch by cur ren ts  and sh ip  

t r a f f i c ;  and (4 )  p a i n t  ch ips  removed from i n a c t i v e  vessels moored i n  

Middle Loch. 

Anthropogenic lead aerosols  have spread across t h e  wor ld,  as 

demonstrated by t h e  work o f  Hurozumi e t  a l .  (7969). While t h e  sharp 

increase i n  atmospheric lead l e v e l s  s ince  1940 i s  undoubtedly r e f l e c t e d  

i n  t h e  d i f f e r e n c e  between recent  and h i s t o r i c a l  sed-iments, i t  seems 

u n l i k e l y  t h a t  atmospheric depos i t i on  o f  lead  would be grea ter  in Middle 

Loch than i n  ad jacent  West Loch. Moreover, t he  recent  work o f  8aes and 

Ragsdale (1981) and Ber ish  and Ragsdale (1985) demonstrates t h a t  

atmospheric lead l e v e l s  a r e  dec l i n ing .  Yet, t he re  i s  no evidence t h a t  

sediment the  lead l e v e l s  i n  t h e  sediments i n  e i t h e r  Middle Loch o r  Hest 

Loch a re  dec l i n ing .  Hence, t h e  d i f f e rences  i n  t r a c e  metal l e v e l s  between 

these two lochs a re  u n l i k e l y  t o  r e s u l t  f rom atmospheric depos i t ion ,  
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Results o f  a s tudy o f  water c i r c u l a t i o n  i n  Pear l  Harbor (Chap. 3 . 3  

i n  Evans 1974) appear t o  i n d i c a t e  l i t t l e  p o t e n t i a l  f o r  contamjnant 

t r a n s p o r t  i n t o  Middle Loch. This i s  borne au t  by t h e  r e s u l t s  o f  t h e  

6oCo study conducted i n  t h e  l a t e  1960s ( C a h i l l  e t  a l .  1972). as 

discussed i n  Sec. 1.1. Thus, t he  evidence o f  previous s tud ies  i nd i ca tes  

t h a t  cross-contaminat ion from East Loch and Southeast Loch i s  u n l i k e l y  t o  

have con t r i bu ted  s i g n i f i c a n t l y  t o  the  t r a c e  metal  l e v e l s  i n  recent  Middle 

Loch sediments. 

Sewage has been discharged d i r e c t l y  i n t o  Middle Loch from the  

r e s i d e n t i a l  area an t h e  Pear l  C i t y  peninsula as l a t e  as 1983 

(M. W. F .  Won, U. S. Navy, personal communication, 1986). Sewage i s  

known t o  conta in  e levated l e v e l s  o f  copper, lead, and z inc (U. S .  Navy 

1973; Table 19 i n  Olsen e t  a l .  1984), and could account f o r  t he  elevated 

l e v e l s  of these metals i n  the  recent  sediments o f  Middle Loch, 

furthermore, i f  the  sewage i n p u t  t a  Middle Loch were grea ter  than the  

i n p u t  t o  West Loch, sewage could a l s o  account f o r  t he  d i f f e rences  i n  

metal l e v e l s  between lochs. Fur ther  study o f  t h e  h i s t o r y  o f  sewage i n p u t  

t o  both lochs as w e l l  as the  composition o f  t h e  sewage i s  requ i red  t o  

con f i rm  t h i s  hypothesis.  

As  p rev ious l y  discussed, we have analyzed a s i n g l e  sample o f  p a i n t  

from an i n a c t i v e  sh ip.  The r e s u l t s  i nd i ca ted  t h a t  such p a i n t  ch ips  are a 

p o t e n t i a l  source o f  lead and zinc contaminat ion.  However, t he  copper 

content  o f  t he  p a i n t  i s  d e f i c i e n t  compared t o  t h e  l e v e l s  found i n  recent  

Middle Loch sediments. Moreover, i f  p a i n t  ch ips were c o n t r i b u t i n g  
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significantly to increased zinc levels in recent Middle Loch s e d i ~ ~ n t ~ ~  

we would expect that the lead levels in these sediments would be much 

higher than in West Loch, since the paint has a 1ead:zine ratio s f  2:1, 

whereas the 1ead:zinc ratio in recent Middle Loch sediments (0.18:l) i s  

not significantly different from that in recent West Loch sediments, 

( 0 . 2 1 : l ) .  

paint sample, it seems that paint chips can not account for the suite o f  

trace metal contamination present in the harbor. 

While firm conclusions cannot be drawn 0111 the basis o f  one 

In compiling the data i n  Table 6, we omitted four anomalous sections 

of Middle Loch cores, as indicated in the footnotes. We believe that t h e  

three sections in core C X  that were omitted (0-4 cm for a l l  metals; 38-40 

cm and 52-54 cm for lead) probably represent material that was deposited 

in some significant, localized mixing event--perhaps during the movement 

of  an anchor chain or rearrangement of mooring s i t e s .  

produce resuspension of  sediments from a contaminated area and s ~ ~ s e ~ ~ ~ ~ ~  

deposit on in an adjacent area. The anomalies in core C A ,  section 

102-106 appear to be of too great a magnitude to be explained by simple 

resuspension and deposition. 

section in the 1930-1950 time period offers the tantalizing possibility 

t h a t  the anomalies represent a signature of the bombing o f  Pearl 

in 1941. With the high sediment accumulation rate ( -2  crn/year) 

indicated for this core, it i s  possible that the resolution o f  a 4-cm 

section i s  sufficient to record such a signature, whereas the lower 

Such events can 

On the other hand, the placement o f  this 
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apparent accumulation ra tes  of o the r  cores may cause the  s ignature t o  be 

l o s t  through homogenization w i t h  sediment having much lower t r a c e  metal 

l eve l s .  

F i n a l l y ,  our  r e s u l t s  must be compared w i t h  those o f  previous 

i nves t i ga to rs .  

(1974) f o r  Middle and West Lochs. With the  except ion o f  n i c k e l ,  our 

r e s u l t s  f o r  recent  sediments a re  h igher  than those i n  Table 7.  

be due, i n  p a r t ,  t o  t h e  d i f f e r e n c e  i n  t h e  preparat ions used. Although i t  

was no t  s p e c i f i c a l l y  described, Evans (1974) apparent ly  used an a c i d  

leach preparat ion.  The t o t a l  d i s s o l u t i o n  procedure we used might be 

expected t o  y i e l d  somewhat h igher  values, s ince any t r a c e  metals bound i n  

minera l  l a t t i c e s  would a l s o  be inc luded i n  our  r e s u l t s .  Another poss ib le  

reason f o r  t he  d i f f e r e n c e  i n  concentrat ions between the  t w o  s tud ies  may 

be t h e  smal l  number o f  samples i n  Evans' (1974) study. The standard 

dev ia t ions  i n  Table 7 are  f requen t l y  q u i t e  high, i n d i c a t i n g  a wide 

v a r i a t i o r i  among samples. This i s  e s p e c i a l l y  t r u e  f o r  t he  n i c k e l  r e s u l t s  

and may be the  major reason f o r  t he  apparent d i f f e r e n c e  i n  n i c k e l  r e s u l t s  

between the  two s tud ies .  Evans (1974, pg 5.0-25) a t t r i b u t e s  the  h igh  

l e v e l  o f  n i c k e l  i n  Middle Loch t o  sewage from the  Pearl C i t y  Sewage 

Treatment P lant ,  which i s  cons is ten t  w i t h  our  conclus ion t h a t  sewage i s  

probably the  major source o f  metal contaminat ion i n  Midd e Loch. I n  

general ,  t he  t rend  noted i n  our  study i s  a l s o  r e f l e c t e d  n Evans' 

study-that i s ,  t he  l e v e l s  o f  copper, lead, and zinc a re  h igher  i n  Middle 

Loch than i n  West Loch. 

Table 7 presents the  sur face sediment r e s u l t s  o f  Evans 

This may 
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Table 7. Results o f  previous sur face sediment studya 

Trace metal concentrat ions (ug/s> 

Middle Loch West Loch 

E 1 emen t Upperb M i  dd 1 ec Lowed Uppere 

Chromi urn 170 2 29 150 k 84 140 3- 31, 120 _t 39 

Copper 120 +. 7 5  120 5 38 87 _+ 15 72  t 25 

Me r c  u r y  0.92 _t 0.9 0.41 2 0.2 0 . 3 6  k 0.2 Q.31 2 0.1 

N icke l  220 _t 110 470 ,+. 410 190 210 200 _+ 120 

Lead 42 5 39 26 2 1 3  20 8 20 _6 7 

Zinc 210 If: 110 190 5 45 160 2 34 160 _t 43 

No. o f  samples 6 5 6 18 

a Data from Table 3.1-3 i n  Evans (1974). 

"Upper" r e f e r s  t o  t h e  area o f  Middle Loch genera l l y  above t h e  Naval 
I n a c t i v e  Ships Maintenance F a c i l i t y  (NISWF) docks. 

"Middle" r e f e r s  t o  t h e  area around the  NISMF docks, which i s  labeled 
"'STP'' i n  Table 3 ,1 -3  i n  Evans (1974). 

"Lower" r e f e r s  to t h e  area from t he  NISMF docks t o  t h e  mouth o f  
Middle Loch. 

@ "Upper" r e f e r s  t o  area o f  West Loch t h a t  inc ludes Laulaunl i i  
Island. 
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4. SUMMARY AND COHCLUSIONS 

The f o l l o w i n g  conclusions can be drawn from t h i s  study: 

1. Recent Middle Loch sediments con ta in  h igher  l e v e l s  o f  copper, 

lead, and z inc than do h i s t o r i c a l  sediments o f  Middle Loch o r  recent  West 

Loch sediments. The contaminat ion by copper, lead, and zinc began i n  the  

o l d e r  (1930-1950) sediments p r i o r  t o  the  onset o f  I n a c t i v e  F l e e t  

operat ions.  

2. Ne i the r  atmospheric i npu ts  nor  i npu ts  f rom o the r  lochs a re  l i k e l y  

t o  exp la in  the  d i f f e rences  i n  t r a c e  metal l e v e l s  between Middle Loch and 

West Loch. 

3 .  Both sewage and p a i n t  ch ips have the  p o t e n t i a l  t o  cause the  

e levated l e v e l s  o f  ead and zinc found i n  Mliddle Loch. However, p a i n t  

ch ips do not appear to be B potentla1 source o f  t h e  copper contaminat ion.  

4. The t r a c e  metal s ignature  i n  both o l d e r  and recent  Middle Loch 

sediments ( i .e. ,  h igh  l e v e l  o f  copper and low 1ead:zinc r a t i o )  i s  s i m i l a r  

t o  t h a t  i n  o l d e r  and recent  West Loch sediments. This s t r o n g l y  suggests 

t h a t  t h e  same source o f  contaminat ion i s  a f f e c t i n g  both lochs. 

5. The sediment i n p u t  from Waiawa Stream ( t h e  major f reshwater 

source f o r  Middle Loch) i s  approximately 3 tans/day ( f i g .  3 i n  Fan 
9 1976).  This i s  equ iva len t  t o  10 g/y. The lead l e v e l  i n  Waiawa 

Stream i s  22 vg/g ( f i g .  3,1-10 i n  Evans 1974).  Since the  mean l e v e l  o f  
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lead i n  recent  Middle Loch sediments i s  49 wg/g (Table 5 ) .  some source 

I s  i nc reas ing  the  lead l e v e l  o f  Waiawa Stream sediments by 27 pgbg. 

This i s  equal t o  an annual i n p u t  o f  2.7 x 10 9, o r  60 l bs ,  o f  lead. 4 

I f  p a i n t  

o f  t h i s  

i n p u t  t o  

on i n a c t  

w i t h  a lead conten t  o f  17000 11.914 (sec. 3.2) were the  source 

ead, then 7.6 x 10 g ( o r  1.7 tons)  o f  p a i n t  would have t o  be 

Middle Loch each year. Weathering and preserva t ion  a c t i v i t i e s  

ve vessels a re  u n l i k e l y  t o  generate anyth ing approaching t h i s  

6 

mass o f  p a i n t  ch ips ( C O R  J. E. Vroom, U. S. Navy, personal communication, 

1986). On the  o the r  hand, some sewage conta ins approximately 375 pg/g 
7 of lead (Olsen e t  a l .  1984). Hence, approximately 7.2 x 10 g ( o r  19 

tons)  o f  sewage i n p u t  t o  Middle Loch each year would account f o r  the  lead 

increase. This amounts t o  o n l y  about 430 lbs/day ( d r y  weight ) ,  which 

seems q u i t e  poss ib le .  

Fu r the r  study could be conducted t o  v e r i f y  these conclusions. 

S p e c i f i c a l l y ,  addltlonal samples o f  palnt f rom the  e x t e r i o r  o f  { n a c t i v e  

vessels could be analyzed f o r  copper lead and z inc  composition. Also, 

the  t r a c e  metal  content  and discharge h i s t o r y  o f  sewage inpu ts  t o  both 

Middle Loch and West Loch cou ld  be determined. It may be poss ib le ,  i f  

these a d d i t i o n a l  s tud ies  a re  n o t  conclusive,  t o  analyze se lected samples 

f o r  g r a i n  s i z e  t o  determine i f  the  lead i s  associated w i t h  p a i n t  ch ips  0 8 "  

w i t h  sediment p a r t i c l e s .  

Table 8 compares t h e  lead l e v e l s  i n  Middle Loch w i t h  those i n  o ther  

es tuar ine  areas around the  Uni ted States.  The l e v e l  o f  lead i n  recent  

Middle Loch sediments i s  lower than t h a t  i n  some o f  t he  contaminated 

es tuar ies  
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Table 8. Comparison o f  lead l e v e l s  i n  var ious es tua r ine  sediments 

Locat ion Lead l e v e l  (pg/g) 

Recent Middle Loch sediments 

West Loch sediments 

Buzzards Bay, Mass, ( su r face  sediments)a 

Buzzards Bay, Mass. (deep sediments)a 

Hudson Estuary, New York Harbor 

Hudson Estuary (background sediments) 

Long I s l a n d  Sound, Conn. (surface sediments)c 

Long I s l a n d  Sound, Conn. (deep sediments)c 

Puget Sound, E l l i o t  Bay, Wash. 

Puget Sound, Duwamish River, Wash. 

Savannah River, Ga. 

b 

b 

d 

d 

e 

49 19 

35 2 3 

110 

18 6 

390 

25 

59 

- < l o  
82 5 16 

31 6 

38 - 60 

From Table 10 i n  Summerhayes e t  a l .  1977. 

From Table 7 i n  Olsen e t  a l .  1984. 

From t o p  12  cm of Table 2 i n  Thompson e t  a t .  1975. 

From Table 5.4 i n  Cur l  1982. 

a 

e From data f o r  Savannah R ive r  and Wilmington R ive r  i n  Table I V  i n  
Goldberg e t  a l .  1979. 
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No at tempt  was made i n  t h i s  study t o  assess the  environmental f a t e  

and e f f e c t s  o f  t h e  e levated l e v e l s  o f  copper, lead and zinc found i n  

Pear l  Harbor sediments. Que t o  the  access c o n t r o l  provided by Navy 

ownership and the  n a t u r a l  i s o l a t i o n  between lochs, Pear l  Harbor would be 

an i d e a l  l o c a t i o n  t o  t e s t  f o r  the  b i o l o g i c a l  e f f e c t s  o f  d i f f e r e n t  l e v e l s  

o f  sediment-bound t r a c e  metals.  
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APPENDIX  A 
R A D I O I S Q T O P €  LEVELS IN PEARL HARBOR SEDIMENTS 
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Table  A-1. Radioisotope concentrations i n  Wlddle Loch v ibracore  C A  

Radioisotope cancent ra t  ions (pCi /g)a  

Depth (cm) 137cs 40K 

0 -2 
2 -4 
4 -6 
6 -8 
8-1 0 
10-12 
12-14 
14-16 

18 -20 
20-22 
22 -24 
24 -26 
26 -28 
28 -30 
30 -32 
32-34 
34-36 
36 -38 
38 -40 
40 -4 2 
42 -44 
44 -46 
46-48 
48-50 
50-52 
52 -54 
54-56 
56-58 
58 -60 
60 -62 
62 -64 
64 -66 
66-68 
68-70 
70-74 

16-18 

Recent (1950 - 1985) 

0.24 _+ 0.03 1.15 0.25 
0.26 j- 0.05 1.77 0.22 
0.26 _+ 0.03 1.41 t 0.19 

0.31 5 0.04 0.62 k 0.15 
0.23 _+ 0.84 0.87 _e 0.16 

0.22 j- 0.04 0.60 0.15 
0.22 _t Q.03 0.66 t 0.11 
0.16 k 0.02 0.85 0.14 
0.16 0.03 0.46 0.16 
0.22 t 0.04 0.59 5 0.10 
0.21 t 0.03 0.66 t 0.10 

0.18 t 0.03 0.50 & 0.14 
0.15 _+ 0.02 0.44 t 0.11 
0.12 t 0.02 0.24 _e 0.09 
0.15 T. 0.02 0.39 $ 0.11 
0.22 t 0.02 0.29 _e 0.10 
0.19 t 0.02 NA 
0.14 -+ 0.02 0.19 _t 0.09 
0.15 b 0.03 0.30 t 0.13 
0.22 _+ 0.02 NA 
0.29 _+ 0.03 0.54 _” 0.10 
0.26 0.02 0.52 _t 0.12 

0.23 _e 0.03 0.70 f 0.20 

0.26 t 0.04 0.97 j- 0.21 
0.18 0.03 0.99 _e 0.17 

0.17 t 0.04 0.85 _t 0.17 

0.16 _f 0.02 0.23 k 0.10 

0.25 0.03 0.37 j- 0.13 

0.15 _+. 0.03 0.53 j- 0.17 
0.09  _e 0.03 0 .45  t 0.13 
0.11 0.02 0.39 _e 0.08 
0.09 _t 0.02 0 . 4 5  _t 0.12 
0.06 5 0.02 0.36 f: 0.12 
0.04 _t 0.01 0.29 t 0.10 
0.05 _t 0.02 NA 
0.07 t 0.07 0 - 3 3  _e 0.10 

5.3 _G 0.40 
5.0 _e Q.60 
6.3 _t 0.50 
5.6 0.70 
5.0 _t 0.40 
5.0 0.50 
5.5 0,50 
5 . 9  _+ 0.50 
5.1 0.50 
4 .5  _e 0.50 
4.9 _t 0.30 
3.7 _t. 0.40 
4.3 0.40 

4.8 5 0.30 
5.2 t 0.40 
4.5 t 0.30 
3.8 t 0.30 
4.0 _t 0.30 

3.6 -e 0.30 
4.5  & 0.30 
4,5 0.40 
4.1 t 0.38 
3.3 9 0.40 
3.3 _t 0.30 

3.3 >- 0,40 
3.6 0.40 
4.5 _t 0.40 
3.9 _+ 0.30 
4.3 0.30 
4.3 6.40 
4.3 & 0.30 
4.1 0.30 
3 .6  ,t 0.20 

3.5 t (3.40 

3.7 L 0.30 

3.3 5 0.40 
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Table A-1 Radioisotope concentrat ions i n  
Middle Loch v ibracore CA ( c o n ' t )  

-. . 

Radioisotope concentrat ions (pCi/g) 

Depth (cm) 137cs Excess 21 OPbb 40K 

Older (1930 - 1950) 

14 -78 
78-82 
82 -86 
86 -90 
90 -94 
94 -98 
98 -1 02 
102 -1 06 
106-1 10 
11 0-1 14 

ND 
ND 

0.02 2 0.02c 
0.03 _+. 0.02c 
0.04 -_+ 0.02c 
0.01 0 . O l C  

ND 
0.05 _+ 0.02 

ND 
NA 

0.28 2 0.12 
MD 

0.21 5 0.13 
0.03 5 0.11c 
0.10 0.l lC 

0.32 k 0.13 
0.21 & 0.10 
0.32 k 0.13 
0.20 5 0.08 

ND 

4.5 _t 0.50 
5.4 t 0.40 
5.6 k 0.40 
5.4 0.30 
5.3 _+ 0.30 

4.3 5 0.40 
3.1 & 0.40 
1.9 _t 0.40 

4.3 5 0.20 

MA 

H i s t o r i c a l  ( p r i o r  t o  1930) 

11 4-1 18 
11 8-1 22 
126-130 
138-1 42 

NA 0.09 + 8.06C NA 
NA ND NA 
NA 0.10 _+ 0.09c NA 
NA 0.08 0.08c NA 

a NA = n o t  analyzed; ND = n o t  detected. (See Table 4 f o r  d e t e c t i o n  
l i m i t s . )  

Excess 2l0Pb means the  concentrat ion above t h a t  accounted f o r  by t h e  
uranium i n  t h e  sediment. 

C These concentrat ions a re  so low compared t o  e r r o r  bands t h a t  
they are, i n  e f f e c t ,  considered no t  detected. 
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Table 8-2. Radioisotope concentration in Middle Loch vibracore CI 
Recent (1950 - 1985) 

Rad ioi sotope concentrations (pCi /g)a 

Depth (cm) 137cs Excess 21°Pbb 

0-4 
4 -8 
8-1 2 
12-16 
16-20 
20 -24 
24 -28 
28 -32 
32 -36 
36 -40 
40 -44 
44 -48 
48-52 
52-56 
56 -60 
60 -64 
64 -68 

72-1s 

80-84 
84 -88 
88-92 
92-96 
96-1 00 
1 00 -1 04 
1 04 -1 08 
108-112 
1 12-1 16 
116-1 20 
120-1 24 
124-1 28 
128-1 32 
148-1 52 
196 -200 
21 6-224 

6a -72 

76 -a0 

0.14 i 0.02 
0.18 0.01 
0.16 2 0.01 
0.17 5 0.01 
Q.18 5 0.01 
0.14 5 0.01 
0.15 1: 0.02 

0.25 5 0.02 
0.24 f: 0.01 
0.24 f: 0.01 
0.26 2 0.01 
0.26 2 0.01 
0.28 2 0.02 
0.16 5 0.01 
0.17 & 0.02 

0.20 2 0.03 
0.38 ,+ 0.02 
0.34 0.02 
0.32 2 0.02 
0.21 _4: 0.02 
0.28 2 0.03 
0.21 0.02 
0.21 0.01 
0.18 5 0.02 
0.19 5 0.03 
0.21 k 0.02 
0.20 5 0.02 
0.27 2 0.02 
0.23 2 0.02 
0.29 2 0.02 
0.38 t 0.02 
0.37 2 0.02 
0.30 5 0.02 
0.27 5 0.02 

0.22 5 0.01 

0.22 f: 0.02 

1.65 5 0.76 
NA 

0.87 t 0.11 
NA 
NA 

1.27 _+ 0.13 
NA 
NA 

NA 
NA 
MA 

NA 
NA 
MA 

1.87 2 0.16 
NA 

0.81 ,+ 0.09 
0.93 _t_ 0.71 

1.33 t 0.12 

1.01 5 0.11 

1.20 ,+ 0.12 

NA 
NA 

NA 
0.98 2 0.10 

NA 
NA 

0.39 t 0.09 
NA 
NA 

1.36 0.13 
NA 

2.10 5 0.14 
1.74 2 0.12 

NA 
NA 

1.6 5 0.23 
1.9 _+ 0.18 
2.0 fr 0.18 
1.8 L 0.19 
1.9 0.20 
1.4 4 0.19 
1.7 fr 0.18 
1.7 0.10 
1.5 5 0.17 
1.9 0.18 
2.0 _t. 0.14 
1.6 5 0.11 
1.8 ,+ 0.17 
1.6 5 0.18 
1.0 ,t 0.18 
1.0 ,+ 0.18 
1.2 2 0.16 
1.7 0.36 
2.0 t 0.29 
1.9 0.18 
1.5 0.28 
2.1 5 0.26 
1.9 5 0.29 
2.3 & 0.27 
2.0 2 0.18 
1.8 5 0.25 
1.4 2 0.23 
2.3 fr 0.30 
1.5 _+ 0.22 

1.3 ,t. 0.24 
1.8 $ 0.29 
1.3 _+. 0.18 

2.3 5 0.19 
2.2 5 0.18 

1.7 f: 0.21 

2.1 k 0.19 

a NA = not analyzed 

b Excess 210Pb means the concentration above that accounted for by the 
uranium in the sediment. 
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Table A-3. Radioisotope concentrat ions i n  Middle Lach v ibracore C X  

Radioisotope concentrat ions ( pCi/g)a 

Depth (cm) 

Recent (1  950-1 985) 

0-4 
4 -6 
6-8 
8-1 0 
10-12 
12-14 
14-16 
16-1 8 
18-20 
20 -22 
22 -24 
24 -26 
26 -28 
28 -30 
30-32 
32-34 
34-36 
36 -38 
38 -40 
40 -4 2 
42 -44 
44 -46 
46-48 
48 -50 
50-52 
52 -54 
54-56 
56-58 
58 -60 
60 -62 
62 -64 
64 -66 
66 -68 
68 -70 
70-72 

0.22 5 0.02 
0.19 _+. 0.04 
0.17 5 0.04 
0.22 f: 0.06 
0.17 2 0.05 
0.19 5 0.04 
0.21 2 0.05 
0.34 5 0.05 
0.17 2 0.05 
0.16 2 0.05 
0.20 0.05 
0.17 5 0.05 
0.20 0.05 
0.24 _+. 0.04 
0.25 5 0.04 
0.31 2 0.03 
0.41 2 0.04 
0.26 i 0.04 
0.20 _+. 0.03 
0.25 2 0.03 

0.17 2 0.03 
0.38 L". 0.03 
0.30 k 0.04 

0.27 5 0.04 
0.24 f 0.03 
0.29 2 0.03 
0.36 5 0.03 
0.34 +- 0.03 
0.27 2 0.03 
0.22 k 0.03 
0.21 _t 0.04 
0.15 0.03 
0.16 5 0.03 

0.20 5 0.03 

0.20 2 0.03 

- -  

1.46 5 0.13 
1.50 t 0.19 
1.74 L 0.20 
1 -14  f: 0.22 
0.86 +. 0.20 
1.34 i 0.19 
1.35 & 0.23 
1.04 t 0.22 
0.88 5 0.20 
0.97 0.20 
1-05 0.21 
1.00 i 0.21 
0.92 2 0.19 
1.11 0.19 
0.85 _t 0.17 
1.14 _+. 0.24 
1.09 5 0.16 
0.69 _t 0.14 
0.84 2 0.16 
0.53 2 0.16 
0.41 0.11 

NA 
0.70 5 0.13 

NA 
NA 

1.16 5 0.16 
NA 
NA 
NA 

0.41 2 0.09 
NA 
NA 

NA 
0.58 2 0.15 

0.82 2 0.16 

5 .8  & 0.30 
7.0 5 0.60 
7.5 0.60 
5.5 2 0.70 
5.6 f. 0.60 
4.4 0.60 
5.1 t 0.70 
7.2 k 0.70 
6.1 2 0.70 
5.6 t 0.70 
7.0 1 0 . 7 0  
5.1 _+. 0.60 
5.0 k 0.50 
5.7 0.50 
4.6 0.60 
5.1) L 0.30 
5.0 _+ 0.50 
5.1 0.50 
6.2 2 0.50 
5.5 i 0.40 
4.7 0.40 
3.5 L 0.40 
5.2 0.50 
4 . 8  0.50 
4 . 9  5 0.40 
5.6 5 0.50 
4.4 0.40 
5.Q 0.40 
5.2 0.40 
4.4 _t 0.40 
4.3 0.40 
4.8 2 0.40 
5.1 +- 0.60 
5.2 5 0.40 
2.6 2 0.50 
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Table A-3. Radioisotope concentrat ions i n  
Middle Loch v ib racore  CX ( c o n ' t )  

Radioi  sstope concentrat ions ( pCi  /g)a 

Depth (cm) 137cs Excess z10Pbb 4% 

Older (1930 - 1950) 

72-74 
74-76 
76-78 
78 -80 
80-84 
84 -88 

0.02 2 0.02c 
0.04 _t 0.02c 
0.03 5 O.0lc 
0.01 f: 0.02c 

ND 
0.06 k 0.02 

NA 3.9 5 0.40 

0.51 2 0.13 4.3 2 0.20 
NA 4.0 0.40 

4.4 2 0.40 
NA 3 . 3  5 0.30 

3.9 & 0.30 

8.53 2 0.15 

0.45 2 0.10 

88-92 
92-96 
96 -1 00 
100-1 04 
271 -275 

H i s t o r i c a l  ( p r i o r  t o  1930) 

NA ND NA 
NA 0.10 2 0.88c NA 
ND 0.05 r.t: 0.08c 3 .8  5 0.30 
NO NA 2.7 5 0.30 
NO NA 3.7 5 0-30 

a NA = not analyzed; WD = n o t  detected (See Table 4 i n  t e x t  for detec t ion  
1 i m i  t s  . 

b Excess 21oPb means t h e  concentrat ion above t h a t  accounted f o r  by t h e  

C These concentrat ions a r e  so low i n  comparison t o  t h e  e r r o r  bands t h a t  

uranium i n  t h e  sediments. 

they are, i n  e f f e c t ,  n o t  detected. 
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Table A-4. Radioisotope concentrat ions i n  Hdddle Loch g r a v i t y  core GD 

Radioisotope concentrat lons ( pCi/g)a 

Depth (cm) 137cs 

Recent (1950-1985) 

0-2 
2-5 
5-1 0 
10-1 5 
15-20 
20-25 
25-30 
30-35 
35-40 
40-45 

0.22 2 0.08 
0.27 2 0.04 
0.28 5 0.04 
0.22 2 0.03 
0.25 0.03 
0.24 5 0.03 
0.23 5 0.03 
0.26 2 0.03 
0.17 8.04 
0.08 5 0.03 

1.03 2 0.18 
0.95 5 0.16 
1.26 2 0.18 
0.89 5 0.13 
0.83 2 0.12 
0.92 5 0.16 
0.72 2 0.13 
0.55 2 0.13 
0.65 2 0.15 
0.22 fi 0.13 

6.8 5 0.90 
4.6 0.50 
4.1 2 0.50 
3.1 5 0.30 
2.1 0-30 
3.9 0.40 
3 -0  2 0.40 
4.9 i 0.40 
3.9 5 0.50 
4.6 5 0.50 

Older (1930-1950) 

45-50 0.03 fi 0.02c 0.16 f. 0.11 4.0 2 0.40 
50-55 0.01 + 0.03c 0.10 2 0.llC 3.1 0.40 
5 5 -60 NB 0.22 2 0.09 3.8 2 0.40 
60-63 0.05 1: O.0!ic 0.14 2 O . l O c  3.2 2 0.50 

a ND = n o t  detected (See Table 4 i n  t e x t  f o r  de tec t i on  l i m i t s . )  

Excess *l0Pb means the  concent ra t ion  above t h a t  accounted f o r  by 
t h e  uranlurn i n  t h e  sediments. 

C These concentrat ions a r e  so low compared t o  t h e  e r r o r  bands 
t h a t  they are, i n  e f f e c t ,  n o t  detected. 
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Table A-5. Radioisotope concentrat ions i n  Middle Loch g r a v i t y  core GE 

R a d i o i  sotope concentrat ions ( pCi/g)a 

Depth (cm) 137cs Excess OPbb 40K 

0-2 
2-5 
5-1 0 

Recent (lSSO-~SSS) 

0.12 5 0.06 2.79 2 0.16 8.7 2 0.80 
0.15 2 0.02 0.81 5 0.14 6 . 0  2 0.31 
0.13  5 0.03 0.67 0.13 5 . 3  k 0.40 

Older (1930-1950) 

10-1 5 
15-20 

0.03 2 0.0lc 0.60 t 0.09 
0.03 5 0.OZc 0.38 0.10 

3 .7  & 0.30 
2 . 9  2 0.40 

H i s t o r i c a l  ( p r i o r  t o  1930) 

20-25 
2 5 -30 
30-35 

NO ND 2.7 _t 0.20 

NO 0.01 5 0.63gc 3.6 2 0.20 
0.03 2 O . O l c  0.01 2 0.Odc 2.2 2 0.20 

a ND = n o t  detected (See Table 4 i n  t e x t  f o r  d e t e c t i o n  l i m i t s . )  

Excess 2l0Pb means t h e  concentrat ion above t h a t  accounted f o r  by 
t h e  uranium i n  t h e  sediments. 

C These concentrat ions are so low compared t o  t h e  e r r o r  bands 
t h a t  they are, i n  e f f e c t ,  n o t  detected. 
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Table A-6. Radioisotope Concentrations in Middle Loch gravity core GG 
Recent (1950-1985) 

Radioisotope concentrations (pCi/g) 
- 

Depth (cm) 13763s Excess 2 1 0 ~ ~  40k 

0-5 
5-1 8 
10-1 5 
15-20 
20-25 
25-30 
30-35 
35-40 
40-45 
45-50 
50-55 
55 -60 

0.18 2 0.04 
0.24 5 0.04 
0.13 fr 0.05 

0.15 2 0.04 
0.11 fr 0.04 
0.12 fr 0.03 
0.18 0.05 
0.19 k 0.04 
0.13 2 0.04 
0.14 2 0.04 
0.08 5 0.02 

0.29 2 0.06 

0.86 2 0.15 
1.00 2 0.17 
0.91 2 0.14 

0.80 2 0.10 
0-78 5 0.18 
0.72 5 0.16 
0.60 _f: 0.13 
0.73 % 0.13 
0.44 2 0.19 
0.43 r: 0.14 
0.11 0.14 

0.91 2 0.19 

4.9 -I” 0.60 
4.5 2 0.60 
2.9 5 0.70 
5.2 2 0.70 
5.0 0.60 
4.5 0.50 
3.6 t 0.50 
3.8 2 0.50 
6.0 5 0.60 
4.8 0.60 
6.6 2 0,50 
3.2 0.30 

a Excess 210Pb means the concentration above that accounted for by 
the uranium in the sediments. 
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Table A-7. Radioisotope concentrations in Middle Loch gravity tore GH 

Radioi sotope concent rat ions ( pCi /g ) a 

Depth (cm) 137th Excess z10Pbb 4QK 

Recent (1 950-1 985 1 

0-2 0.16 2 0.04 1.31 5 0.20 2.9 2 0.50 
2 -5 0.23 2 0.06 1.04 0.11 1.3 2 0.60 
5-1 0 0.18 5 0.03 0.97 5 0.15 4.7 & 0.50 
10-1 5 0.18 t 0.04 0.85 f 0.15 3.0 0.70 
15-20 0.06 5 0.02 0.37 5 0.10 2 .4  5 0.30 

01 der ( 1 930-1 9 50) 

20-25 0.02 2 0.01c 0.15 2 0.08 2.6 2 0.20 
25-30 ND 0.15 2 0.09 3.0 5 0.30 
30-35 0.01 5 0.0lC 0.07 5 0.07C 4.0 2 0.30 
35-40 0.01 2 0.01c 0.17 5 0.09 3.1 0.20 

Historical ( p r i o r  t o  1930) 

40-45 ND 
45 -50 0.04 5 0.01c 

ND 
NlB 

3.1 2 0.30 
3.4 0.38 

a ND = not detected (See Table 4 in text for detection limits.) 

b Excess 21oPb means the concentration above that accounted for by 
the uranium in the sediments. 

C These concentrations are so low compared to the error bands 
that they are,  in effect, not detected. 
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Table A-8. Radioisotope concentrations i n  West Loch vibracere WL-2 

Radioisotope concentrations (pCi/g)a 

Depth (cm) 137cs Excess z10Pbb 4% 

Recent ( 1950-1 985) 

0-2 
2 -4 
4 -6 
6 -8 
8-1 0 
10-1 2 
12-1 4 
14-16 
16-1 8 
18-20 
20-22 
22-24 
24-26 
26-28 
28-30 
30-32 
32-34 
34-36 

38-40 
40-44 

35-38 

0.28 5 0.04 
0.20 5 0.03 
0.19 _+ 0.03 
0.20 5 0.03 
0.23 0.03 
0.11 2 0.03 
0.22 0.02 
0.57 & 0.03 
0.13 f: 0.02 
0.15 & 8.03 
0.20 5 0.03 
0.16 5 0.03 
0.23 _f: 0.02 

0.18 0.02 
0.26 5 0.03 
0.21 5 0.03 

0.04 2 0.02c 
0.06 2 0.02 

0.21 2 0.02 
0.20 5 0.02 

0.09 t 0-02 

0.43 5 0.10 
0.57 2 0.14 
0.63 5 0.13 
0.52 5 0.12 
0.71 5 0.13 
0.54 5 0.09 
0.46 2 0.10 
0.39 2 0.10 
0.31 5 0.10 
0.48 5 0.12 
0.39 2 0.10 
0.20 5 0.10 
0.46 5 0.11 
0.36 2 0.13 
0.30 2 0.11 
0.17 5 0,13 
0.39 0.13 
0.24 t 0.08 
0.23 5 0.12 

0.26 2 0.12 
0.21 5 0.12 

4.0 5 0.64 
4.0 t 0.63 
3.7 2 0.54 
5.6 0.51 
2.6 2 0.52 

3.8 5 0.44 
5.8 k 0.49 
3.5 5 0.48 
3.6 0.41 
5.2 0.49 
4.4 5 Q,52 
3.3 2 0.42 
4.2 5 0.59 
5.0 5 0.42 
4.3 2 0.45 
3.0 f. 0.61 
5.1 2 0.58 
4.5  5 0.48 
6.6 0.61 
4.4 2 0.43 

3.7 5 0.49 

Older (1 930-1950) 

44 -48 ND 0.22 2 0.08 5.6 5 0.48 
48-52 0.01 If. 0.02c 0.06 0.1zC 3.9 2 0.44 

56-60 0.01 2 0.02c 0.24 5 0.11 4.0 5 0.33 
52 -56 NA 0.10 2 6.10C NA 

a NA = not analyzed; NO = not detected (See Table 4 i n  text f o r  detection 
l imits . )  

Excess 2lOPb means the concentration above t h a t  accounted f o r  by 
uranium i n  the sediments. 

These concentrations are so low compared t o  the e r ro r  bands 
tha t  t h e y  are ,  i n  e f f ec t ,  not detected. 
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Table B-1. Trace metal levels i n  Middle Loch vlbracore 68 

~ ~ 

Trace metal levels (vg/g) 

Depth (cm) Cr CU Hg Ni Pb Zn 

Recent (1950-1985) 

0-4 
8-1 0 
20-22 
30-32 
32-34 
38-40 
44-46 
48-50 
52-54 

66-68 
70-74 

58-60 

21 0 
21 0 
21 0 
220 
280 
300 
250 
220 
200 
270 
320 
31 0 

220 
2 30 
21 0 
210 
170 
200 
200 
200 
230 
290 
31 0 
170 

0.22 
0.28 
0.29 
0.31 
0.26 
0.26 
0.24 
0.23 
0.47 
0.55 
1.7 
0.29 

150 
150 
160 
110 
220 
220 
220 
160 
150 
250 
260 
220 

58 
70 
88 
39 
47 
45 
35 
45 
42 
46 
79 
14 

280 
290 
320 
21 0 
200 
240 
240 
27 0 
280 
290 
290 
190 

Older (1930-1950) 

74-78 300 250 0,83 360 33 300 
78-82 280 230 0-36 400 23 320 
86-90 290 220 0.83 400 40 330 
94-98 290 250 0.57 370 42 320 
102-1 06 1500 1000 0.21 150 3700 5900 
106-110 280 2 50 0.29 140 98 520 

Historical (prior to 1930) 

122-1 26 340 3 60 0.19 21 0 10 160 
146-1 50 340 150 0.07 200 4 160 
166-1 70 330 160 0.18 21 0 5 160 
202-206 270 120 0.16 170 2 120 
222-226 390 150 0.02 270 3 160 
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Table 8-2. Trace metal levels  i n  Middle Loch vibracore CX 
__ 

Trace metal levels (pg /g )  

Depth (cm) Cr CU Wga N i  Pb 2il 

Recent (1950-1985) 

0 -4 
8-1 0 
10-12 
20-22 
30-32 
32 -34 
38-40 
44-46 
48-50 
52-54 
58-68 
66-68 
70-72 

230 
170 
190 
170 
220 
2 30 
240 
250 
250 
220 
230 
220 
230 

5400 
2 30 
220 
200 
180 
170 
180 
170 
200 
19Q 
160 
2 50 
2 30 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

170 
120 
130 
130 
170 
180 
190 
160 
170 
170 
160 
140 
150 

285 
77 

123 
67 
56 
66 

368 
46 
51 

468 
27 
62 
69 

91 0 
480 
450 
380 
290 
250 
270 
200 
400 
51 0 
180 
260 
250 

Older (1930-1950) 

76-78 
78-80 

230 270 N A  140 54 190 
240 2 50 NA 150 4’1 190 

Historical  ( p r i o r  t o  1930) 

88-92 270 130 NA 170 7 90 
96-1 00 280 130 NA 160 4 86 
108-112 300 140 NA 170 7 99 
120-1 24 260 120 NA 160 2 63 
148-1 52 2 50 98 NA 130 2 60 
168-1 72  2 60 106 NA 160 2 59 
188-1 92 260 100 NA 150 1 56 

a NA = not analyzed 
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Table 8-3. Trace metal levels  i n  Niddle  Loch g r a v i t y  core GO 
-~ 

Trace metal levels  (pg/g) 

Depth (cm) Cr CU Hg N i  Pb Zn 

Recent (1 950-1 985) 

0-5 
5-1 0 
10-1 5 
1 5-20 
20-25 
25-30 
30-35 
35 -40 
40-45 

2 50 
2 30 
240 
250 
250 
260 
2 60 
240 
21 0 

150 0.29 
140 0.32 
140 0.26 
150 0.53 
140 0 , 3 3  
140 0.30 
130 0.34 
130 0.313 
110 0.54 

110 
170 
170 
170 
160 
170 
150 
150 
1 30 

32 
34 
36 
43 
35 
31 
27 
37 
35 

240 
220 
230 
260 
260 
220 
21 0 
230 
200 

~ ~- 

Older (1 930-f950) 

45 -50 230 130 0.34 150 28 200 
50-55 250 130 0.43 140 21 200 
5 5 -60 240 120 0.39 140 28 200 
60 -6 3 2 50 120 0.42 140 22 190 
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Table 8-4. Trace metal levels in Hdddle Loch gravity core GE 
.~ ~ _ _ ~  

Trace metal levels (pg/g) 
-_ ~ 

Depth (cm) C?- CU Hg Ni Pb Zn 

Recent (1950-1985) 

0-5 240 140 0.37 150 39 2 50 
5-10 220 130 0.35 140 30 250 

Older (1930-1950) 

10-1 5 280 110 0.19 140 9 150 
15-20 280 100 0.21 170 10 170 

Historical (prior to 1930) 

20-25 31 0 120 0.19 190 4 150 
25-30 300 110 0.09 170 3 140 
30 -35 280 100 0.08 170 2 150 
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Table B-5. Trace metal levels i n  Middle Loch gravity core GG 
Recent ( 1950-1 985) 

Trace metal levels (vg/g) 

Depth (cm) Cr CU Hg Ni Pb Zn 

0-5 
5-1 0 
10-1 5 
15-20 
20-25 
2 5 -30 
30-35 
35-40 
40-45 
45-50 
50-55 
55-60 

220 
220 
2 30 
220 
200 
200 
230 
2 50 
240 
230 
240 
240 

160 
7 50 
160 
160 
150 
150 
200 
21 0 
200 
180 
190 
180 

0.35 150 
0.33 1501 
0.31 1601 
0.40 160 
0.36 150 
0.38 160 
0.39 190 
0.30 2 30 
0.26 200 
0.41 180 
0.48 180 
0.70 160 

51 280 
43 250 
46 260 
46 270 
46 270 
45 280 
88 290 
63 31 0 
43 340 
32 260 
44 270 
56 240 
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Table 8-6. Trace metal levels i n  Widdle Loch gravity core GH 

Trace metal levels (pg/g) 

Depth (cm) Cr cu Hg E o i  Pb Zn 

Recent (1 950-1 985) 

0-5 230 170 0.48 160 38 290 
5-1 0 230 16Q 0.53 150 58 260 
10-15 240 180 0.56 160 48 300 
1 5-20 180 120 0.33 110 28 230 

Older (1930-1950) 

20-25 180 120 0.37 100 48 220 
25-30 200 110 0.66 110 22 21 0 
30-35 250 120 0.60 150 22 200 

Hlstorical (prlor to 1930) 

35-40 2 50 100 0.37 150 10 170 
40-45 270 110 0.37 160 10 130 
45-50 270 100 0.16 170 14 130 
50-55 260 100 0.16 16Q 3 120 
5 5 -58 270 110 0.17 180 5 170 
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Table 8-7. Trace metal l e v e l s  i n  M i d d l e  Loch gravity core WL-2 

Trace metal levels (vg/g)a 

Depth (cm) C r  cu Hg N i  Ph Zn 

Recent (1 950-1 905) 

0 -2 
2 -4 
4 -6 
6 -8 
0-1 0 
10-12 
12-14 
14-15 

18-20 
20-22 
22-24 
24-26 
28-30 
30-32 
32-34 
36-38 
38-40 
40-44 

16-1~1 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA . 
NA 
NA 
NA 
NA 

125 
122 
114 
110 
107 
115 
105 
100 
106 
97 
106 
101 
99 
99 
102 
105 
104 
108 
104 

NA 
WA 
NA 
NA 
NA 
#A 
NA 
NA 
MA 
MA 
NA 
#A 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
#A 
NA 
NA 
NA 
NA 
NA 
EBA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

38 
37 
36 
37 
38 
35 
34 
34 
38 
35 
36 
37 
34 
36 
34 
37 
30 
25 
19 

157 
172 
163 
160 
161 
161 
166 
167 
164 
166 
174 
164 
170 
175 
167 
174 
167 
172 
180 

Older ( 1938-1 950) 

44-48 NA 105 NA NA 23 175 
48-52 NA 86 NA NA 18 147 
52-56 NA 90 NA NA 20 160 
56-68 NA 83 NA NA 20 150 

a NA = no t  analyzed. 
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