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The nature of sedimentation and mixing are examined in abyssal red clay sediments from the North Central Pacific 
using three types of indicators: 23°Th/232Th, organic 14C, and 137Cs and 239'24°pu. 23°Th/232Th analysed revealed that 

the clay sedimentation rate in three box cores collected within a 50 km radius was less than 1.0 r am/10  3 yr. However, 
analyses of the organic carbon in thin layers of sediment revealed that radiocarbon was present much deeper in the 
cores (down to 20 cm) than was expected from the 23°Th/232Th distribution. In addition, both the stratigraphy and 
inventory of radiocarbon was significantly different between box cores. The distributions and inventories of 137Cs and 
239"24°pu were similar to that found for radiocarbon, further illustrating the spatial variability of radionuclides in 
oligotrophic North Pacific red clays. These data suggest that bioturbational processes are important  for transporting 
organic carbon down into the sediment column. 

1. Introduction 

Sedimentation rates determined using the 
23°Th/232Th method were reported by Goldberg 
and Koide [1] for several locations in the Pacific. 
Significant variations were found in these red clay 
sediments (0.4-1.6 m m / 1 0  3 yr), and appeared to 
be a function of distance from the continents. 

Williams et al. [2] reported a study of cores 
from the North Pacific that included long-lived 
(Th) as well as short-lived (14C) radioisotopes and 
other chemical parameters (organic C, 239"24°pu, 
813 C). They observed that radiocarbon was present 
below the mixed layer and concluded that of the 
two feasible mechanisms, bioturbation was more 
important for pumping 14C down into the sedi- 
ments than was diffusion. These data were corrob- 
orated by 239'24°pu measurements in box cores 
collected in the central North Pacific, which 
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showed that mud was actively being moved [3], 
probably by benthic macrofauna [4]. Hessler and 
Jumars [4] conducted an extensive study of the 
benthic macrofauna in the North Pacific. One of 
these cores (BC-33) was studied by Williams et al. 
[2] and the data are included in this report for 
comparison. 

It was not discernible from the data [2] whether 
the 14C present below the mixed layer was truly of 
bomb origin. Thus, detailed stratigraphies of iso- 
topes with known temporal origin and input rate 
to the ocean (i.e. 239'24°pu and 137Cs) must be 

examined in order to define the short-term 
processes taking place within the red clay sedi- 
ments. 

One of the most useful aspects of the present 
study is that several sediment cores from the same 
location are examined. It is concluded here that 
significantly different profiles and inventories for 
even short-term tracers exist from core to core. It 
is of utmost importance that this variability be 
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defined before a broad brush approach  is used for 
predicting the fate of nuclear waste, fossil fuel CO 2 
or other contaminants  introduced to the oceans. 

2. Sampling locations 

The study area was in the extensive abyssal 
plain underlying the mid-Pacific gyre (MPG-1,  
29°N,  156°W), approximately 700 km north of 
Hawaii. The overlying waters are oligotrophic; net 
pr imary productivi ty is low ( -  40 g C m - 2  yr 1), 
in comparison with coastal or equatorial zones 
[5,6]. Sediments were collected at a depth of 6 km 
and consisted mainly of oxic red clays (85% red 
clay and 15% silt). Manganese  nodules were plenti- 
ful on top of the sediment, with a general abun- 
dance of 40-700  nodules m 1 [4]. Bot tom waters 
at this location had a temperature of 1.6°C, salin- 
ity of  34.71%o, oxygen content of 3.7 ml 1 1 and 
phosphate  was 2 . 3 / , M  [4]. 

3. Samples 

The box cores described here were collected 
using a modified U S N E L  (United States Naval  
Electronics Laboratory)  box corer described by 
Hessler and Jumars  [4]. The cores had a surface 
area of  0.25 m 2, and a length of  about  30-40  cm. 

Three box cores were collected from the MPG-1 
locality. Two of the cores (33 and 638) were the 
subject of a previous s tudy [2]. The first core was 
collected by R.R. Hessler on the Seven-Tow cruise 
in July 1970 (BC-33) at 6040 m (30°0.9'N, 
156°12.5'W). Two other box cores were collected 
by G.D. Wilson on cruise I N D O P A C - 1 5  about  
100 km SSE of the first core in June 1977 (box 
core 638 [H-222], 28°34.4'N, 155°30.3 'W at 5780 
m; box core 3 [H-236], 28°35.45'N, 155°30.39'W 
at 5584 m). 

The presence of undisturbed Mn nodules on 
top of two of the cores (33 and 3) assured us that 
the sed imen t /wa te r  interface had been sampled 
with minimal disturbance. Even though core 638 
had no Mn nodules, the top of  the core looked 
relatively similar in appearance to the other cores. 
Subsurface levels of Pu in core 638 were reduced 
in propor t ion to those in eighteen other cores 

(Casso and Livingston, in preparation);  therefore 
we are convinced that minimal loss ( <  1 cm) of  
surface sediment occurred. 

Each core was sectioned immediately after re- 
covery of the coring apparatus.  For radiocarbon 
and thorium analyses, an inner sub-core with di- 
mensions of 10 20 cm on each side and 30 cm in 
depth was used. The sediment / seawater  slurry 
(equivalent to a 2-mm vertical section) was sucked 
up from the undisturbed center (25 cm × 25 cm 
area) of  core 33 and sieved through a 65-/,m mesh 
stainless-steel screen. The solid upper  3 cm of this 
core was then sectioned into five layers. The upper 
3 cm of cores 638 and 3 were sliced into 1-cm 
sections. The remainder of  each core was sampled 
in 2-cm increments down to 30 cm leaving about  5 
cm of sediment at the bot tom. There were no 
visible macrofauna  present in any of  the samples. 
The samples were then frozen at - 20°C for subse- 
quent  analysis. Elaborate precautions were taken 
to prevent contaminat ion of the samples with 14C 
or dead (14C-free) carbon. For the plutonium and 
cesium analyses, a sub-core of 10 cm × 10 cm was 
taken from each core. These were sectioned into 
1-cm increments to 10 cm, 2-cm increments from 
10 to 20 cm and 4 cm sections thereafter. 

4. Methods 

The 23°Th/232Th ratios were determined at the 
Scripps Institution of  Oceanography on dried sedi- 
ment  samples using standard methods [1]. Percent 
sedimentary organic carbon (SOC) was de- 
termined on dried sediment using a Hewlett- 
Packard C H N  Analyser. Using this methodology,  
no measurable differences were found in SOC 
between acidified and non-acidified sediment sam- 
pies, indicating that the carbonate  content  was 
< 0.03%. Percent carbonate  was independent ly  de- 
termined on core 3 by measuring CO 2 released 
upon  acidification using a Beckman non-dispersive 
infrared CO 2 analyser. 

The thawed sediment samples used for 14C 
activity determinations were acidified to pH 3 - 4  
with distilled 6 N HC1, and all samples were dried 
to constant  weight at 80°C. Thereafter, the sedi- 
ment  samples (100-120 g) were burned in a stream 



of prepurified oxygen at 600°C for 2-3  hours. 
Conventional vacuum line techniques were used to 
obtain CO 2 of high purity necessary for gas-pro- 
portional counting. Each CO 2 sample was aged for 
4 weeks before counting to ensure decay of any 
222Rn (3.8-day half-life). The 14C activity was 
measured at the La Jolla Radiocarbon Laboratory 
using a 200-ml copper gas proportional counter 
filled to a pressure corresponding to 90 cm CO 2 at 
25°C. A minimum of 10,000 counts was accu- 
mulated for each sample, normally over two sep- 
arate counting periods. Two blanks were run; one 
using no sediment and the other using the oxidized 
portion of an original sample. No CO 2 was evolved 
by either procedure. The measurable CO 2 re- 
coveries were 70-90% based on the total SOC 
contents. The N4C and ~13C values and ages 
quoted in Table 2 have been calculated in the 
standard manner [7]. 

Plutonium and cesium determinations on cores 
3 and 638 were performed at the Woods Hole 
Oceanographic Institution using standard proce- 
dures [3]. Core 33 was analyzed for Pu at the 
Scripps Institution of Oceanography [8]. Results 
are reported as disintegrations per minute per kg 
of dry sediment. 

TABLE 1 

23°Th/232Th activity 

study a 

ratios for three cores examined in this 

Core Depth (cm) 230Th / 232 Th 

33 0-  3 27.3_+0.1 
33 9-11 26.0_+1.3 
33 15-17 13.2_+0.4 
33 28-30 4.9 _+ 0.2 

638 0-  1 27.8_+2.2 
638 3-  5 23.0_+1.8 
638 9-11 17.6_+0.7 
638 15-17 10.2_+0.2 
638 23-25 5.6_+0.3 

3 1- 2 32.3+2 
3 4-  5 29.5-+ 1.8 
3 7-  8 20.3_+0.8 
3 9-10 18.9_+0.8 
3 12-13 10.5+_0.4 
3 14-15 8.2-+0.3 
3 19-20 5.9 +_ 0.2 

a Measurements made at the Scripps Institution of Oceanogra- 
phy. 
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5. Isotopic profiles 

An estimate of the sedimentation rate is de- 
termined using the 23°Th/232Th ratios (Table 1) as 
displayed in Fig. 1. As the half-life of 23°Th (75,200 
years) is extremely short compared to that of 232Th 
(14.1 × 10 9 years), the rate of accumulation of 
sediment is calculated from the slope of the ratios 
below the mixed layer. Even though the depth of 
the mixed layer is difficult to determine due to 
limitations in data frequency there appears to be a 
break between 5 and 10 cm for all cores. The 
sedimentation rates calculated from data below 
5 10 cm vary among the cores from 0.75 mm/103  
yr in core 3 to 1.05 mm/103  yr in core 638. 
Considering the amount of scatter in these data, it 
appears that the difference in sedimentation rates 
between cores 33 and 638 is not significant, but 
that core 3 does show a slightly lower sedimenta- 
tion rate than the other two cores. The average of 
these values (0.95 mm/103  yr) is in agreement 
with the average value of 1.0 mm/103  yr found by 
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Fig. 1.23°Th/232Th activity ratios in cores 33, 638 and 3. The 
sedimentation rates, determined from the slope of each set of 
points below the mixed layer (10 cm), are 0.75-1.05 mm/1000 
years. 
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Goldberg and Koide [1] for sediments in the North 
Pacific (19°N, 178°W). However, it is likely that 
bioturbation extends down to depths as great as 20 
cm in this region, according to Bowen et al. [9]. If  
this is the case, then the slope of values between 10 
and 20 cm is artificially steep due to mixing and 
the sedimentation rate calculated above (1 mm/103  
yr) is an overestimate, perhaps by even an order of 
magnitude, of the actual accumulation rate. 
Without additional data from below the 20-cm 
horizon, we can only conclude that bioturbation is 
more intense in the top 5-10 cm of these sedi- 
ments, than it is at depths between 10 and 20 cm. 
As a result, only a maximum estimate for the 
sedimentation rate (~< 1 mm/103  yr) can be 
calculated. 

Results of organic analyses performed on these 
cores are shown in Fig. 2. Percent SOC in dry 
sediment from cores 638 and 3 (Fig. 2A) range 
from 0.3 at the top of the cores to 0.1% below 20 
cm. The abundance of SOC in core 33 appears 
lower (0.2%) in the surface slurry than in the top 3 
cm of sediment. This low value may reflect screen- 
ing out of large ( >  65 ~m diameter) organic par- 
ticles. The SOC profiles from cores 638 and 3 are 
slightly different in that core 638 has slightly lower 
values than core 3 in the mixed layer, and slightly 
higher values than core 3 below this horizon. 

Inorganic carbon in core 3 (Fig. 2) is very low 

ORG. C[%) [NORGI C(%) ORG. N(%) C/N(wt )  

0.1 0,2 0.3 .005 .05 2 4 6 
o ' 'r '% I ' , 

, i /II 0 
o 

r ° 

zo • 

T T/ T 
, . . . . . . . .  I,/'o,,,I 

o BC 33 
-~>- Bc 638 

• BC 3 
I I I I 

Fig. 2. Chemical data on sediment cores (all % dry weight in 
grams): (A) % organic carbon; (B) % inorganic carbon; (C) % 
organic nitrogen, and (D) organic C/organic N ratios (by 
weight). 

and decreases from 0.0085 at the top to 0.002 at 20 
cm. C / N  ratios in cores 3 and 638 are especially 
low (4-5) and decrease with depth (Fig. 2). Muller 
[10] has attributed these low ratios to both the 
unusually high percentage of ammonium nitrogen 
(70%) and to organic N compounds sorbed within 
the clay minerals. 

The radiocarbon data are presented in Fig. 3 
and are listed in Table 2. The error bars represent 
one sigma ( lo)  error from counting statistics. The 
upper 1 cm of sediment in cores 3 and 33 have 
N4C values of -655%o to -635%o, reflecting an 
age of 7500 8500 years B.P. These ages are older 
than those found for inorganic carbon at other 
sediment locations in the world oceans [11,12] 
because these latter studies were performed in 
areas where the sedimentation rates were several 
times higher (and mixing rates were similar) than 
those in the North Pacific. 

The 14C activity in the surface slurry (0-0.2 cm) 
from core 33 was not significantly higher than the 
14C activity found at 0.2-0.4 cm, and just signifi- 
cantly greater than that in the 2.7-3.0 cm section 
(Table 2). This implies rapid mixing a n d / o r  rapid 
utilization in the upper 3 cm of POC reaching the 
seawater /sediment  interface. 

A14C (%0) 

- 1 0 0 0  - 8 0 0  - 6 0 0  - 4 0 0  
"1 I ~ ~ l  I 

5 

I 0 / . / ~ ~ ' -  
" ~  - - - o - - -  BC 33 

1 ' 1 5  :~ - - ~ - - -  BC 638  

I-- / I  • BC 5 
£1_ 
UJ 
C3 

2O 

Radiocarbon in Sedimentary Organic 
Co rbon -  North Pacific 

25 ( 29°N ,156°W ) 

I I I I I 

Fig. 3. A14C measurements of organic carbon in sediment cores 
3.33 and 638. 



TABLE 2 

A14C in permil, radiocarbon ages in years B.P. (Libby half-life 5568 years) and 
Radiocarbon results from core 638 have been corrected slightly (_+la) since they 
backgrounds and standards 
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813C of organic carbon in sediment samples. 
were first reported [14] due to refinements in 

Core Depth Sample No. 613 C N 4 C 14 C age 
(cm) (%~) (%~) (years B.P.) 

33 surface slurry ~ - 19.7 - 655 _+ 22 8,500 +_ 500 
33 0.2-0.4 a - 19.7 - 635 _+ 23 8,100 _+ 500 
33 2.7-3.0 a 18.7 - 703 _+ 22 9,700 _+ 600 

638 0-3 LJ-4223 - 20.1 - 750 + 17 11,120 + 550 
638 5-7 LJ-4055 - 18.3 - 863 _+ 12 15,960 _+ 700 
638 7-9 LJ-4221 - 20.3 - 872_+ 20 16,540_+ 1890 
638 11-13 LJ-4222 - 21.0 - 936.+ 18 22,120.+ 2000 
638 13-15 LJ-4301 - 21.1 < - 961 > 26,060 
638 19-21 LJ-4054 - 21.3 - 948 .+ 18 23,790 _+ 2870 

3 0-0.5 LJ-5067 - 18.7 - 630_+ 23 7,980 _+ 500 
3 1-2 LJ-4695 - 19.2 - 734_+ 18 10,650 _+ 560 
3 4-5 LJ-5068 - 18.1 - 786 _+ 23 12,390 _+ 900 
3 7-8 LJ-5288 - 17.5 - 826 _+ 13 14,050_+ 630 
3 9-10 LJ-5069 - 18.8 - 829 _+ 12 14,190-+ 550 
3 12-13 LJ-5289 - 19.3 - 979 _+ 10 31,060-+ 3800 
3 14-15 LJ-5290 - 19.0 - 980 + 9 31,350 + 3660 
3 19-20 LJ-4696 - 21.3 < - 958 > 25,520 

a reported by Williams et al. [14]. 

R a d i o c a r b o n  is d e t e c t e d  d o w n  to at least  20 cm 

d e p t h  in box  core  638 and  d o w n  to 15 c m  in box  

co re  3, i m p l y i n g  an  a p p a r e n t  e n r i c h m e n t  of  o rgan ic  

14C in these  s ed imen t s  wi th  respect  to the 

23°Th /232Th  d i s t r ibu t ion .  G i v e n  the m a x i m u m  

e s t i m a t e  for  the s e d i m e n t a t i o n  ra te  of  1 m m / 1 0  3 

yr, the  s ed imen t  b e l o w  10 cm d e p t h  is s u p p o s e d l y  

> 100,000 years  old,  far  b e y o n d  the  d e t e c t i o n  

l imi ts  o f  r a d i o c a r b o n  (35,000 years  us ing  smal l  

c o u n t e r  t echniques) .  T h e  ~14C va lues  be low  10 cm 

shou ld  be  - 1000%o, if  the  m e c h a n i s m s  c o n t r o l l i n g  

the  s e d i m e n t a t i o n  and  m i x i n g  of  P O C  are  the  

s a m e  as those  fo r  red  clay. I n s t ead  the  va lues  

r ange  f r o m  a b o u t  - 9 0 0 % o  to -980%o .  These  d a t a  

sugges t  tha t  the  f lux of  to ta l  o rgan i c  c a r b o n  in to  

the  s ed imen t s  is e n h a n c e d  wi th  respec t  to tha t  for 

c lay  par t ic les .  T h e r e  a p p a r e n t l y  is a m e c h a n i s m  

r e spons ib l e  for  the  in j ec t ion  of  s ign i f i can t  quan t i -  

t ies o f  recen t  o r g a n i c  m a t t e r  i n to  the s e d i m e n t a r y  

c o l u m n  to d e p t h s  b e l o w  10 cm. U s i n g  a mass  

b a l a n c e  equa t ion ,  o n l y  4 or  5% recen t  c a r b o n  (wi th  
A14C va lues  o f  150%o ( p o s t - b o m b )  or  - 5 0 % o  (pre-  

b o m b )  [13], r espec t ive ly )  w o u l d  be  r e q u i r e d  to 

ra ise  the  N 4 C  of  S O C  f r o m  - 1 0 0 0 % o  to the  ob-  

se rved  ave rage  va lue  o f  - 950%o ,  p re sen t  at  d e p t h s  

b e t w e e n  10 a n d  20 cm in the s e d i m e n t  c o l u m n  

( e s t ima t ed  f r o m  Fig.  3). 

O n e  m e c h a n i s m  respons ib le ,  at least  in par t ,  for  

the  t r anspo r t  of  r ecen t  o rgan i c  c a r b o n  be low 10 

c m  d e p t h  is the b u r r o w i n g  of  o rgan i sms ,  whe re  the  

n u m b e r s  and  l eng ths  o f  thei r  excurs ions ,  and  h e n c e  

the  o rgan ic  c a r b o n  flux, decreases  wi th  dep th .  

A second  m e c h a n i s m  tha t  cou ld  be  r e spons ib l e  

for  the  p r e sence  o f  m e a s u r a b l e  14C b e l o w  the  

m i x e d  layer  is d i f fus ion  of  b o t t o m  wa te r  D O C  or  

of  r ecen t ly  d e p o s i t e d  P O C  tha t  had  b e e n  solubi -  

l ized by  bac te r i a l  d e c o m p o s i t i o n  a n d  d i f fused  d o w n  

in to  the s e d i m e n t  co lumn .  I f  an  e s t ima te  o f  the 

N 4 C  va lue  for  D O C  in Paci f ic  b o t t o m  wate r s  is 

- 4 0 0 % 0  ( e x t r a p o l a t e d  f r o m  Wi l l i ams  et al. [14]), 

t hen  on ly  8% by  we igh t  D O C  w o u l d  be  r e q u i r e d  to 

ra ise  the N 4 C  of  S O C  f r o m  - 1 0 0 0 % o  to -950%o .  

A n o t h e r  i m p o r t a n t  aspec t  o f  these  r a d i o c a r b o n  

d a t a  is the  a p p a r e n t  va r i ab i l i ty  a m o n g  prof i l es  

(Fig.  3). Box cores  3 and  33 are  40-80%o h igher  in 

N 4 C  than  core  638 in the  m i x e d  layer  a n d  b o x  

co re  3 is 60%o lower  than  638 b e l o w  the  m i x e d  

layer .  These  d i f fe rences  w o u l d  be  r e t a ined  even  if 
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1 cm of sediment had been lost from the top of 
core 638. Integration of the profiles reveals that 
there is 40% more 14C in core 3 than in core 638 in 
the upper 10 cm, with no significant corresponding 
excess of total SOC in core 3. This may indicate 
that the 14C/12C ratio of at least a fraction of the 
organic matter in core 3 is higher than that in core 
638. This could have been achieved had a signifi- 
cantly larger amount of post-bomb particulate 
organic carbon reached the core 3 location. This 
scenario is supported by the stable carbon isotope 
data (Table 2), which show less negative 813C 
values in core 3 than in core 638 in the upper 10 
cm, indicating a more labile source of organic 
carbon in the mixed layer of core 3. However, 
higher 813C values are also found in core 3 below 
11 cm, where the ~4C trend reverses to reveal lower 
N4C values in core 3. This could be explained by 
higher levels of DOC in core 638 than in core 3 
which would cause low 613C values ( - 2 2  to 
-20%0) and measurable quantities of 14C below 
the mixed layer. In any case, the varying A14C 
profiles indicate that there is spatial variability in 
red clay sediments caused by reworking (variable 
benthic or bot tom current activity) and perhaps 
partially by variations of the rates of input of 
DO14C to the sediments. 

The 239'24°pu and 137Cs data tabulated in Table 
3 are shown in Fig. 4. Both 239"24°pu and 137Cs 
were considerably more enriched in core 3 than in 
core 638. An inventory of those bomb-produced 
radioisotopes reveals that there is 6 times as much 
239'24°pu and 4 times as much 137Cs in core 3 than 
in core 638, respectively. A similar trend is present 
in the radiocarbon data; core 3 was enriched by 
1.4 times in ~4C compared to that in core 638 in 
the top 10 cm. This provides further evidence that 
these sediments are heterogeneous over a spatial 
scale of less than 2 kin. 

The apparently lower excess of 14C in core 3 
over core 638 (1.4 times) as compared to the Pu 
and Cs excesses (4-6 times), might be due to 
ambient levels of natural 14C damping the post- 
bomb signal. If indeed there are 4 -6  times more 
bomb 14C in core 3 than in core 638, then about 
80% of the 14C present in core 638 is of pre-bomb 
origin. This scenario is consistent with the ap- 
parently deeper penetration of 14C (19 cm) than 

TABLE 3 

239"240pu and 137Cs activity in sediment cores a 

Core Depth 239'240 Pu 137Cs 

No. (cm) ( d p m / k g  dry wt.) ( d p m / k g  dry wt.) 

33 0 -3  " 1.7+_0.08 
638 0 -3  1.2_+0.16 
638 0-1 2.1_+0.1 63+ 7 
638 1 2 0 .8±0.2  7+  4 
638 2 3 1.3±0.3 7_+ 4 
638 3 4 1 . 0 f 0 . 2  5+  3 
638 4 -5  0.1 -+ 0.1 5±  3 
638 5-6  0.3_+0.1 
638 6 7 0 .8±0.4  - 3 ±  5 
638 8 9 0.1±0.1 3_+ 4 
638 10-12 2±  2 

3 0-1 19.5 ± 1.9 275 ± 9 
3 1-2 10.8± 1.1 37± 6 
3 2-3  7.3+_0.8 18+_ 4 
3 4 -5  1.3-+0.2 19-+11 
3 6-7  0.7_+0.2 9±  4 
3 10-12 0.3_+0.1 1±  3 

All measurements  were made at the Woods Hole Oceano- 
graphic Institution, except for those of core 33 which were 
made at the Scripps Institution of Oceanography. 

for the other bomb nuclides (10-12 cm). The 14C 
at levels below 10 cm may be natural or post-bomb 
D O 1 4 C  that diffused or natural p o t 4 c  that was 
advected (or was solubilized by bacterial oxidation 
and then diffused) down through the sediment 
column. To estimate the possible diffusion of 
b o m b - l a b e l l e d  D O I 4 C  into the sediments we use 
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Fig. 4. 239'240pu and ]3VCs (disintegrations per m inu t e /kg  dry 
weight) measured in sediment from cores 33, 3 and 638. Unless 
otherwise noted, uncertainties are less than the size of the 
plotted symbols. 
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the Crank [15] estimation for the diffusion of a 
front, i.e., X =  2 DvIDE, where X is the distance 
diffused in time t. If one assumes that bomb 
DO14C is released at the sediment/water interface 
and diffuses w i t h D = 4 × 1 0  -7 cm 2 s 1 for - 1 0  
years, the penetration would be about 20 cm or 
that observed for 14C. The problem with the diffu- 
sion hypothesis is that the carbon content of DOC 
in the pore waters is much lower than that in the 
bulk sediment. 

In addition to the above data (Fig. 4), Bowen et 
al. [9] published similar results from 17 other cores 
taken in the MPG-1 area during the time period 
1974-1979. They showed that inventories of 
239'24°pu varied by a factor of 10 and that of 137 Cs 

by a factor of 7. Cores 3 and 638 were on the high 
and low end, respectively, of these trends. Like- 
wise, the concentrations of 239'24°pu and 137Cs in 

the uppermost centimeter of these cores varied by 
as much as factors of 20 and 25, respectively. 
Bowen et al. [9] pointed out that there was neither 
a correlation of nuclide concentration with the 
year the core was collected, with the sampling 
device used, nor with the position of the sediment 
'either on topographic highs or lows of the abyssal 
plain. They also revealed that the depth of bomb 
fallout nuclide penetration in these cores varied 
over a wide range (5-19 cm) for such a restricted 
and oligotrophic region, and that this penetration 
was not merely a function of the nuclide inven- 
tory. Thus, tracers that had been in the ocean for a 
period of < 20 years had penetrated down to 19 
cm at some locations. Assuming the primary mix- 
ing mechanism for penetration of these tracers was 
bioturbation, then we must assume that longer 
term tracers, i.e., Th and lac,  have also been 
mixed down to at least this depth. Thus, we can 
conclude that the mixing depth, at least on a 
long-term basis (>  100 years), is at least 19 cm in 
the sediment column in the North Central Pacific. 

6. Comparison of various tracers 

Profiles are presented for three different types 
of isotopic tracers in abyssal red clay sediments 
(Fig. 5). The first, represented by the thorium 
isotope ratios, is exclusively from natural sources 
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Fig. 5. Activities of three isotopes measured in cores 3 and 638: 
(1) 23°Th/232Th; (2) (N4C/1000+I)100; and (3) 239'240pu 
(dpm/kg dry wt.). 

and its input is assumed to have remained con- 
stant during a period of several of its half-lives. 
Such radiotracers are a good measure of sedimen- 
tation rate if the appropriate half-lives are long 
enough for the tracer to remain detectable below 
the mixed layer. Shorter-lived species, such as 210 Pb 
are good indicators for mixing rate in the upper- 
most layers of the sediment. 

The second type of tracer is purely of bomb 
origin. No natural source exists for isotopes such 
as 239 + 240 Pu or 137Cs. Instead, thermonuclear bomb 

testing introduced these tracers to the stratosphere 
and then to the surface water during the course of 
a few years. These tracers were carried to the deep 
sea via particulate matter and were distributed 
into the sediment by particle mixing and, possibly, 
by mobilization into pore waters. Thus, sediment 
horizons containing Pu or Cs contain material that 
has been in the surface waters within the past 25 
years. In low sedimentation areas, such as MPG-1, 
from purely mixing considerations one would not 
expect to find these tracers in measurable con- 
centrations below horizons impacted by mixing 
processes active over time scales comparable to the 
period between their initial arrival at the sediment 
interface and sampling. 

The third type of tracer measured in our cores 
has both natural and bomb origins. Radiocarbon 
in the SOC fraction of the red clay sediments 
originates from natural and post-bomb pO14C car- 
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ried to the sediments via particulate matter. The 
half-life of 14C is only 5730 years, short in com- 
parison to the sedimentation rate ( <  1 mm/103  
yr). We have estimated that as much as 80% of the 
organic 14C in our cores is from natural sources. 
Bomb 14C is also present in these cores, and like 
Pu and 13VCs, is probably virtually all in the upper 
10 cm of the sediment column. Radiocarbon ex- 
hibits a steep gradient in the mixed layer, similar 
but not as great as that for Pu (Fig. 5). Had there 
been only natural 14C present in the upper 10 cm, 
a lower gradient, such as that for Th, would have 
been expected. Thus, in several thousands of years, 
the activity gradients for 14C and Pu in the upper 
10-20 cm of these red clay sediments will become 
less than at present due mainly to bioturbation 
and possibly by remobilization in the dissolved 
form. 

7. Mixing processes 

Hessler and Jumars [4] presented a comprehen- 
sive description of the benthic communities in red 
clay sediments from the CLIMAX II location 
(MPG-1), where core 33 was collected. They found 
that the benthic community consisted of 55% 
polychaetes and the rest was made up of tanaids, 
bivalves, isopods and other deposit feeders. The 
typical individual was < 0.5 cm long and con- 
ducted an ambulatory mode of life. In the ten 
cores analyzed, no tube-dwellers were found, but 
investigations were not made for burrow-like 
structures. 

The chemical and radioisotopic data presented 
here clearly show that sediment profiles display 
heterogeneity from location to location, even within 
a 2 km radius (as was the case with cores 3 and 
638). Variability of 14C, 239'24°pu, 137Cs, 13C and 

total organic carbon depth distributions within the 
sediments can be explained by three mechanisms. 
The first involves variation in the activity of ben- 
thic organisms. This requires that the organisms 
traverse down at least to the bot tom of the 10-12 
cm horizon in order to explain the presence of 
bomb-produced Pu and Cs down this far. The 
macrofaunal and meiofaunal benthic community,  
however, is concentrated in the upper 2 cm of the 

sediment (R.R. Hessler, personal communication). 
This leaves the larger burrowing organisms as the 
probable culprits. Their burrow-like structures have 
been observed in red clay sediments to depths of 
1.5 m in the South Pacific by Thomson and Wil- 
son [16] and to 2.1 m in turbidite and red clay 
sediments in the northeast Atlantic [17]. The abun- 
dance of burrows at our study site is not likely to 
be as high as in areas where overlying waters are 
more productive, such as the eastern equatorial 
Pacific studied by Berger et al. [18], the Cascadia 
Plain Slope-Basin described by Carey [19] ot the 
Walvis Ridge area studied by Thomson and Wil- 
son [16]. Thomson and Wilson [16] and Weaver 
and Schultheiss [17] observed these structures by 
separating two halves of the core barrel or box 
core sediment on deck; fresh fracture surfaces 
were exposed at intervals by portions of sediment 
tearing away. The authors explain that these fea- 
tures would not have been observed using most 
conventional coring devices, including the USNEL 
box corer, unless the sediments were "fractured".  
Recent habitation (within the past few hundred 
years) by burrowing organisms at or near our 
coring sites would provide the transport mecha-" 
nism necessary to pump down organic- (and 14C-) 
rich particles or seawater laden with DOC to well 
past 10 cm. 

Smith and Baldwin [20] have shown that 
scavenging amphipods efficiently utilize large epi- 
sodic falls of organic matter (i.e., fish) in the 
food-limited environment of the deep North 
Atlantic and western North Pacific Oceans. These 
falls constitute a second mechanism that can con- 
tribute to maintaining the heterogeneity of the 
sediments with respect to inventory and depth of 
bomb radionuclide distribution. Patchiness [21] or 
seasonal variability [22] of the primary productiv- 
ity (and thus the particle flux) in the overlying 
waters can probably be ruled out as a cause of the 
variat ion in inventories of bomb-p roduced  
nuclides. As the time scale of most plankton 
blooms is of the order of a few weeks and that of 
seasonal variations is one year, one would expect 
patchiness in the sediments to have smoothed out 
over a 25-30 year period. 

An additional mechanism that could be re- 
sponsible for the observed heterogeneity in surfi- 



cial organic part iculates involves sporadic local 

instances of  high-energy bo t tom currents [9]. Cur- 

rents measured 1.6 m above bo t tom in the locat ion 

where box cores were collected averaged 2 cm s -  
( < 0 .5-5  cm s l range) (C. Ingram, personal com- 

municat ion).  Should faster currents occur very in- 

frequently and at a period when the part icle flux 

has an especially high concentra t ion  of bomb-pro-  

duced radionuclides,  this would be most effective 

in fixing a min imum inventory to a given locat ion 

that had been swept by the current.  

8. Conclusions 

F r o m  the distr ibutions of various chemical  and 

radioisotopic  parameters  in red clay sediments 

f rom the central  Nor th  Pacific, it appears that the 

major  mixing mechanism is burrowing by large 

organisms (i.e. worms) to depths of  at least 10-12  

cm (>/19 cm on longer t ime scales). The  presence 

of 14C between 10 and 20 cm depth is most likely 

the result of  p re -bomb pOa4C that has been mixed 

down into the sediment column by bioturbat ional  

processes. Spatial var ia t ion of the inventories and 

the depths of penetra t ion of b o m b  products  is a 

p rominen t  feature in red clay sediments and may 

be due to intensif icat ion of worm burrowing activ- 

ities in areas which have received enhanced recent 

episodic falls of food material  or redistr ibut ion of 

incoming sedimentary material  by high-energy 

bo t tom currents. 

Acknowledgements 

Our thanks go to S. Griffin,  M. Stenhouse, W. 
Rampone ,  R. Baldwin and K. Rober tson  for their 

technical  expertise. Enl ightening discussions with 

K. Cochran,  K. Smith, R. Hessler, V. Bowen, W. 

Moore,  F. Sayles, and K. Turekian were invaluable 

for our interpretat ion.  This work was supported by 

the Nat iona l  Science Founda t ion  grant No.  

OCE79-17652 and by the Depar tmen t  of Energy 

grant  numbers  D E - A T O 3 - 8 2 E R  60031 and DE-  

AC02-81EV-10694, and Sandia Laborator ies  con- 

tract No. 37-3164. 

213 

References 

1 E.D. Goldberg and M. Koide, Geochronological studies of 
deep sea sediments by the ionium/thorium method, Geo- 
chim. Cosmochim. Acta 26, 417-450, 1962. 

2 P.M. Williams, M.J. Stenhouse, E.M. Druffel and M. Koide, 
Organic ~4C activity in an abyssal marine sediment, Nature 
276, 198-701, 1978. 

3 V.T. Bowen, H.D. Livingston and J.C. Burke, Distributions 
of transuranium nuclides in sediment and biota of the 
North Atlantic Ocean, in: Transuranium Nuclides in the 
Environment, IAEA Symp. Proc., pp. 107-120, 1976. 

4 R.R. Hessler and P.A. Jumars, Abyssal community analysis 
from replicate box cores in the central North Pacific, Deep- 
Sea Res. 21, 185-209, 1974. 

5 O.I . Koblents-Mishke, Primary production in the Pacific 
(in Russian), Okeanologia 5, 325-337, 1965; English trans- 
lation: Oceanology 5, 104 116, 1965. 

6 R.W. Eppley, E.H. Renger, E.L. Venrich and M.M. Mullin, 
A study of plankton dynamics and nutrient cycling in the 
central gyre of the North Pacific Ocean, Limnol. Oceanogr. 
18, 534-552, 1973. 

7 W.S. Broecker and E.A. Olson, Lamont Radiocarbon Mea- 
surements, VIII, Radiocarbon 3, 176 204, 1961. 

8 M. Koide, J.J. Griffin and E.D. Goldberg, Records of 
plutonium fallout in marine and terrestrial samples, J. Geo- 
phys. Res. 80, 4153-4162, 1975. 

9 V.T. Bowen, H.D. Livingston, J.C. Burke and D.L. 
Schneider, Bioturbation and the distribution of fallout ra- 
dionuclides in Pacific Ocean Sediments, IAEA-TECDOC- 
265, 144-149, 1982. 

10 P.J. Muller, C/N ratios in Pacific deep-sea sediments: 
effect of inorganic ammonium and organic nitrogen com- 
pounds sorbed by clays, Geochim. Cosmochim. Acta 41, 
765-776, 1977. 

11 Y. Nozaki, J.K. Cochran, K.K. Turekian and G. Keller, 
Radiocarbon and 21°pb distributions in submersible-taken 
deep-sea cores from Project FAMOUS, Earth Planet. Sci. 
Len. 34, 167-173, 1977. 

12 T.-H. Peng, W.S. Broecker and W.H. Berger, Rates of 
benthic mixing in deep-sea sediments as determined by 
radioactive tracers, Quat. Res. 11, 141-149, 1979. 

13 E.M. Druffel, Bomb-produced radiocarbon in surface waters 
of the world's oceans as seen in annual coral rings, Trans. 
Am. Geophys. Union, EOS 62, 82, 1981. 

14 P.M. Williams, H. Oeschger and H. Kinney, Natural radio- 
carbon activity of dissolved organic carbon in the North 
Pacific Ocean, Nature 224, 256-258, 1969. 

15 J. Crank, The Mathematics of Diffusion, Clarendon Press, 
Oxford, 1975. 

16 .1. Thomson and T.R.S. Wilson, Burrow-like structure at 
depth in a Cape Basin red clay area, Deep-Sea Res. 27A, 
197-202, 1980. 

17 P.P.E. Weaver and P.J. Schultheiss, Vertical open burrows 
in deep-sea sediments 2 meters in length, Nature 301, 
329-331, 1983. 

18 W.H. Berger, A.A. Ekdale and P.P. Bryant, Selective pres- 



214 

ervation of burrows in deep-sea carbonates, Mar. Geol. 32, 
205-230, 1979. 

19 A.G. Carey, A comparison of benthic infaunal abundance 
on two abyssal plains in the northeast Pacific Ocean, Deep- 
Sea Res. 28A, 467-479, 1981. 

20 K.L. Smith and R.J. Baldwin, Scavenging deep-sea amphi- 
pods: effects of food odor on oxygen consumption and a 

proposed metabolic strategy, Mar. Biol. 68, 287-298, 1982. 
21 J.H. Steele, Some comments  on plankton patches, in: Spa- 

tial Patterns in Plankton Communities,  J.H. Steele, ed., pp. 
1-20, Plenum, New York, N.Y., 1978. 

22 P.A. Tyler, A. Grant,  S.L. Pain and J.D. Gage, Is annual  
reproduction in deep-sea echinoderms a response to varia- 
bility in their environment?, Nature 300, 747-750, 1982. 




