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ABSTRACT. Carbon isotope ratios were measured in organic and inorganic carbon of set- 
tling particulate matter collected with a sediment trap at Ocean Station "P" in the Gulf of 
Alaska from March to October, 1983. Dissolved inorganic carbon (DIG) in surface sea water 
collected during two different seasons in 1984 were analyzed using large gas proportional 
counters and revealed a minimum seasonal 14C variation of 14%o. Results show that the &4C 
of calcium carbonate sedimenting to the deep sea is the same as that measured in surface water 
DIG. In contrast, particulate organic carbon (POC) had significantly higher 14C values (by 
25-70%o) than that in surface water DIG. Also, the 8130 of the POC was markedly lower than 
previously reported values from other trap stations and marine particulate matter in general. 
Results from this study suggest that a significant amount of the POC settling to the deep sea at 
this pelagic station is of terrestrial origin, not strictly of marine origin as had previously been 
believed. 

INTROI)UC'1 ION 

It is believed that most of the organic carbon delivered to the deep sea 
originates as detrital remains of plankton living in the euphotic zone, and 
falls quickly through the water column (I)euser & Ross, 1980; Honjo,1980; 
Smith & Baldwin,1984). However, we know little of the relative importance 
of other processes, such as 1) transformation reactions of POC in the water 
column (Wakeham et al, 1984), 2) the in situ production of POC via chemo- 
synthesis at mid-depth levels in the water column (Karl & Knauer,1984), or 
3) contribution of POC from sources other than primary productivity in 
the surface waters (ie, riverine or atmospheric input). 

In order to contribute to an understanding of the major processes 
controlling the flux of particulate carbon in the oceanic water column, we 
measured carbon isotope ratios e4C/12C and 13C/12C) in sediment trap 
material collected from the deep Northeast Pacific Ocean. Due to the large 
difference between the 14C/12C ratio in the DIC in surface (+70 to 85%o, 
Table 1) and deep (- 150 to - 2401oo below 1000m, Bien, Rakestraw & 
Suess, 1965) waters in the Pacific, it is possible to estimate the relative 
source strengths of marine-derived particulate organic carbon which settles 
to the deep sea. These data reveal that 14C levels in POC are higher than in 
the DIC in overlying surface waters. This suggests a non-marine source of 
organic carbon to the deep sea. 

OCEANOGRAPHIC SETTING 

Ocean Station "P" (50°N, 145°W) is located in the Northeast Pacific at 
the convergence of the Dilute Domain from the east and the sub-Arctic 
Current from the west (Favorite, Dodimead & Nasu,1976; Fig 1). The com- 
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TABLE 1 

Radiocarbon (z14C in %o), 
5130 

(%o), organic C/N ratios, salinity (%o), and total 
CO2 (µM) measurements of samples collected at Ocean Station "P" 

WH# Type Colln date 

317 Trap 3/20-10/5/83 POC 
314 Trap 3/20-10/5/83 PIC 10 
323 Trap 3/20-10/5/83 mm POC 
322 Trap 3/20-10/5/83 mm PIC 10 
319 Trap 3/20-10/5/83 1 mm POC 
318 Trap 3/20-10/5/83 1 mm PIC 10 
324 DIC 4/29/84 DIC 4 
325 DIC 4/30/84 DIC 3 
400 DIC 8/25/84 DIC 3 

bined effect of these two water sources results in a distinct, low-salinity sur- 
face layer. At ca 300m depth the sub-Arctic Current system predominates 
(Favorite, Dodimead & Nasu, 1976), the source of which is the Northwest- 
ern Pacific. The deeper layer (500m) is in the Ridge Domain, which is cold, 
saline, nutrient-rich and oxygen-poor water, largely of southern origin. Sea 
surface temperature reaches a maximum of 13-14°C in late August and a 
minimum of 4-6°C in late March. The depth of the mixed layer is 30 to 40m 
from August to October and 100 to 140m from February to April. 

Three permanent features make up the salinity structure at Ocean Sta- 
tion "P". First is the upper zone from 0 to 100m (32.6%o), second is the 
halocline from 100 to 200m where salinity increases by 1%0, and third is the 
lower zone where values gradually rise to 34.4%o by 1000m. Maximum sur- 
face salinity occurs in winter, and minimum values are present during 
August when river runoff from melting snow is greatest. The salinity mini- 
mum occurs about two months later than the peaks of coastal and river 
runoff (Dodimead, Favorite & Hirano,1963). There is evidence of warming 
of the subsurface layers as far west as Station "P" during the El Nino/ 
Southern Oscillation (ENSO) of 1957-58 (Tabata, 1961). 

Horizontal and vertical transport of cold water through the halocline 
at Ocean Station "P" has been studied by several workers (Tully, 1956; 
Dodimead, 1961; Tabata, 1961). The base of the halocline (200m) is the 
limit of downward transfer of water from the surface and below this level 
the transfer of water is undirectionally upward (Tully & Barber, 1960). The 
lower zone water is drawn into the upper zone through the halocline, but 
the fresh water is kept in the halocline and upper zone. Vertical upward 
transport of water at Ocean Station "P" was found to be in the range of 15 
to 20m/yr (Tabata, 1965). 

METHODS 

Surface sea water samples from 3m depth were collected in April 1984 
and in August 1984 at Ocean Station "P" (Table 1). The DIC in sea water 
was extracted aboard ship using a closed gas recirculation method 
described by Linick (1975). Extreme caution was exercised to avoid possi- 
ble shipboard contamination of the samples by tracer levels of 14C or 3H 
that may have been used on the ship during previous cruises. All hoses, 
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Fig 1 B. Map of the sub-Arctic Northeast Pacific Ocean showing the Ocean Station "P" 
sampling site. Locations of the four major sources of fresh water to the area are indicated. 

pumps, and other supplies were brought aboard and stored on clean sur- 
faces on the deck. Shipboard labs were not used. Gloves were worn during 
collection and extraction of the samples. To collect the DIG samples, a hose 
was lowered over the side of the ship. The hose was flushed for a minimum 
of five minutes before filling a 55-gallon polyethylene drum with sea water. 
The extraction was started immediately after collection. 

The absorber solutions for DIG collection (NH3 and SrGl2) were 
returned to the laboratory, the excess ammonium hydroxide solution was 
poured off and the remainder of the liquid was heated and pumped away. 
The strontium carbonate precipitate was then processed according to 
methods outlined by Griffin and Druffel (1985) to produce purified G2H2 
gas. 

A PARFLUX Mark II, single-cup sediment trap (Honjo, Gonnell & 
Sachs, 1980) was deployed at 3800m, 400m above the bottom, at Ocean 
Station "P" from 20 March to 5 October 1983 (199 days). Ga 2gm of solid 
HgG12 was placed in the trap collection cup (-2L volume) prior to deploy- 
ment to minimize bacterial remineralization of trapped organic matter. 

The sediment trap sample was divided into three size fractions, 
<63µm, 63µm to 1 mm, and > 1 mm, using brass sieves. A portion of the 
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sample was poured into a 1 mm sieve and rinsed with distilled water. This 
was repeated until all of the sample had been separated into two size frac- 
tions. The <1 mm sample was then sieved with a 63µm sieve. Each sample 
was filtered through quartz fiber filter paper and rinsed a minimum of two 
times with distilled water, and dried in an oven (40°C) overnight. A known 
amount of material was acidified with 2N HCl under vacuum to convert 
particulate inorganic carbon (PIC) to CO2. The residue was filtered and 
rinsed with distilled water. Each sample, which now contained only the 
organic carbon, was burned in a stream of oxygen to produce CO2. 

Each trap sample was counted as CO2 in a copper gas proportional 
beta counter (volume of 200cc) for 3 6-day periods. DIC samples were 
counted as C2H2 in each of 2 quartz counters (volumes of 0.75 and 1.5L) 
for 3 2-day periods. Each &4C measurement was corrected for isotope 
fractionation to a S13C of -25%o relative to PI)B-l, and for decay since the 
time of collection to AD 1950. The '3C/12C ratio for each sample was mea- 
sured using a VG Micromass 602 E mass spectrometer. 

RESULTS 

Inorganic carbon flux was calculated from the CO2 yield of the acidifi- 
cation procedure and organic carbon flux from C:H:N analyses. We calcu- 
lated an average carbonate flux of 2.2gC/m2/yr, organic carbon flux of 
3.2gC/m2/yr, and a total mass flux of 64gC/m2/yr. These results are ca 
20% lower than those obtained from separate trap experiments at Station 
"P" during the same time period (Honjo, 1984). The flux was much higher 

RADIOCARBON IN SEDIMENT 
TRAP MATERIAL 

250 
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Fig 2. 14C measurements of sediment trap material collected at 3800m at Ocean Station 
"P" (March 20 to Oct 5, 1083). Individual analyses were performed on three size fractions 
(<63p, 63p - 1 mm, >1 mm), on both the inorganic and organic carbon. The range of a14C 
values in surface ocean water DIG, collected during April and Aug 1984, is also shown. 
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during the ENSO event of 1982-83 than during other years (Honjo, 1984; 
Wong, ms). 

14G measurements of DIG in sea water and of POG and PIG in trap 
material are listed in Table 1 and plotted in Figure 2. Q14G results of two 
seawater DIG samples taken on consecutive days in April 1984 were identi- 
cal (70 ± 4%o and 69 ± 3%o). During August 1984, the Z 4G of a single DIG 
sample was 84 ± 3%o. These limited data suggest that the seasonal 14G varia- 
tion at this location is at least 14%o, probably the result of changes in the 
depth of the mixed layer. Broecker and Peng (1980) reported a seasonal 
variation of 35%o in GEOSEGS &4G data in the surface waters of the sub- 
tropical North Atlantic gyre. The Q14G values were highest during the sum- 
mer when the depth of the mixed layer was only 50m, and the bomb 14G 

entering the surface ocean from the atmosphere was concentrated into a 
small volume. During winter, the mixed layer was deeper (150 to 200m), 
causing &4G values to drop an estimated 35%o. 

The &4G in all three size fractions of PIG in the sediment trap material 
(range 67 to 70%o) are statistically the same as in DIG in surface seawater 
(Table 1). This indicates that biogenic calcium carbonate in particles set- 
tling to the deep sea have formed recently in the euphotic zone. However, 
all three of the organic carbon samples are significantly higher in 14G activ- 
ity (range 108 to 143%o) than the DIG or PIG samples. 

The b13G values from the three organic carbon samples range from 
- 25.0%o (<63µm fraction) to -24.5%o (> 1 mm fraction) (Table 1). These 
values are depleted in 513G by ca 2-4%o with respect to typical marine 
organic carbon (Williams & Gordon, 1970; Sackett et al, 1965; Rau, 
Sweeney & Kaplan, 1982). 

DISCUSSION 

Our b13G results (-24.5 to - 25.0%o) indicate that the POG collected 
at Ocean Station "P" is significantly depleted in 13G relative to sediment 
trap samples collected at depth from the Sargasso Sea (-20.7 to - 21.4%o) 
and the equatorial Atlantic (-21. 1%o) (Deuser & Ross, 1980; Honjo, 
1980). Even plankton 513G values that have been found to decrease with 
increasing latitude (Rau, Sweeney & Kaplan, 1982) are not as low as our 
data from Ocean Station "P". This depletion may be the result of several 
factors. First, if there had been an unusually high concentration of marine 
lipids (>50%) the b13G values of which average -26 to - 29%o (Sackett et al, 
1965,1974; Degens et al, 1968), then the b' 3G would be low. However, in a 
study of sediment trap material from several temperate and tropical loca- 
tions, Wakeham et al (1984) report that only 1 to 10% of the total POG flux 
to the deep sea is lipid carbon. McAllister, Parsons & Strickland (1960) 
measured only small amounts of lipid (5 to 10%) in POG filtered from water 
in the upper 1000m at Ocean Station "P". These data indicate that lipid 
contents of POG falling to the deep sea at Ocean Station "P" could not 
account for the 13G depletion that we observe in the trap material. 

Second, if there had been a significant contribution of chemosyntheti- 
cally-derived POG (-30 to -32%o at hydrothermal vents, Rau, Sweeney & 
Kaplan, 1982; Williams et al, 1981) produced at depth in the water column 
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(Karl & Knauer,1984), then the b13C of the POC would be low. However, if 
this were the case, the 14C would also be depleted with respect to the surface 
values, not enriched as our results show (Fig 2). 

Thus, it is difficult to invoke a marine source of organic carbon, given 
our low b13C results. Instead, it is conceivable that a significant amount of 
carbon is of terrestrial origin, which has values of -25 to - 270/oo. 

There are three possible explanations for the high &4C values. First, it 
is possible that the POC reflects slightly higher a14C values (by 50%o) that 
were present in the surface ocean at Ocean Station "P" 10 to 15 years ear- 
lier (Fig 3). This is unlikely, however, as this would suggest that the trans- 
port rate of large, organic-rich particles to the deep sea is a decade or more, 
much longer than other estimates (for a summary, see Honjo, 1984). Even 
if the transport time was this long, the integrated &4C value of the particu- 
late matter in the water column would not be as high as that range reported 
here for the POC. 

Second, contamination by tracer levels of 14C is unlikely, as extensive 
precautions were taken to avoid all contact with surfaces aboard ship and at 
all land-based locations. Besides, if the sample had been contaminated, we 
would expect a wider range in &4C values than the ones we obtained. The 
sample could reflect tracer levels of 14C (24 millicuries) that were dumped 
into the surface ocean after productivity measurements were made aboard 
the R/V Thompson in June 1983 (N Welchmeyer, pers commun, April 
1985). As all of the dump sites were located several kilometers northeast of 
the sediment trap location, and the sediment trap was upstream of surface 
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Fig 3. 14G time history in the surface waters of the Northeast Pacific Ocean. Data (.) were 
obtained from analyses of DIG in surface sea water (Linick, 1975). Radiocarbon measure- 
ments made in banded corals from the Hawaiian Islands (Druffel, 1986) were used to con- 
struct the curve. 
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water movement with respect to the dump sites, we are reasonably certain 
that the trap was free of contaminated particulate carbon that had been 
fixed at the surface near the dump sites. Besides, if the trap material were 
contaminated, we would expect both PIG and PUG to contain similar 14C 

levels, and this was not observed. 
It is thus difficult to explain the 14C data strictly in terms of marine 

sources of PUG. This brings us to our third and most likely explanation, ie, 
there may be a significant amount of terrestrially-derived carbon falling to 
the deep sea at Ocean Station "P". As 14C levels in living terrestrial carbon 
reservoirs have always exceeded those in marine carbon reservoirs during 
post-bomb times (Cain & Suess, 1976; Druffel & Suess, 1983), this would 
explain the high Q14C results. 

Our Q14C values in POC ranged from 108 to 143%o, higher by 25 to 
700/oo than Q14C in the surface water DIG. If terrestrial carbon is indeed the 
source of 14C-enriched POC, then a mass balance calculation reveals that 
30 ± 15% of the organic carbon present in our trap is of terrestrial oriin 
(where the L14C of this end-member is 27%o, Hedges et al, 1986). The fi 3C 
signature of organic matter produced on land is lower than that produced 
in the ocean, which fits the trend of our trap b13C values. If we consider that 
Y3C in the trap PUG is higher by ca 2.50/o than marine-derived PUG at this 
latitude (average of - 22 ± 2%o; Ran, Sweeney & Kaplan, 1982; McCon- 
naughey & McRoy,1979), and if we assume that terrestrial PUG is - 26.0 ± 
1 %o, then a terrestrial carbon contribution of ca 50 ± 30% of the total flux 
to the deep sea is suggested. The higher b13C and lower &4C values for the 
PUG in the > lmm size fraction suggest that a higher percentage of 
marine-derived organic carbon was present in the large sinking particles, 
which consisted primarily of pteropods and fecal pellets. Also, the organic 
C/N ratios measured in the trap material (6.8 to 7.1) can be obtained from 
a mixture of 17% terrestrial material (C/N = 15) and 83% marine plankton 
(C/N = 5.5). The relative percentage of terrestrial carbon in the total PUG 
flux at the surface is likely to be less, however, as Gagosian, Nigrelli & Volk- 
man (1983) have shown that sterols of terrestrial origin are more resistant 
to degradative processes in the marine environment than is marine-derived 
material. 

There are two mechanisms that could be responsible for transport of 
terrestrial carbon to the deep sea: atmospheric deposition and river runoff. 
Zafiriou et al (1985) reported that the total organic carbon flux from the 
atmosphere to the ocean near Enewetak atoll (12°N, 163°E) was 600mgC/ 
m2/yr and was due mainly to rainwater scavenging. When compared with 
our flux into the sediment trap (5.4gC/m2/yr), an atmospheric contribu- 
tion of this magnitude would be small (-13%), but not negligible. Moore 
and Heath (1982) reported wind-blown quartz concentrations of ca 10% (g 
dw) in the sediment underlying our collection site in the Northeast Pacific 
Ocean, which indicates substantial atmospheric input of particulate matter 
to the ocean. It is not likely, however, that atmospheric processes constitute 
the major source of terrestrially-derived organic carbon to the Ocean Sta- 
tion "P" site. 

Instead, we propose that the primary source of terrestrial carbon to 
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the Ocean Station "P" site is via riverine input. This source may be particu- 
larly important during the 1982-83 ENSO event, as Royer (1985) observed 
warmer, fresher coastal waters in the Northeast Pacific during this period, 
which could indicate an increase in the flow of the Alaska Coastal Current. 
It is possible that rivers discharge small, neutrally buoyant particles con- 
taining bomb 14C that fall to the deep sea and are degraded before deposi- 
tion to the surface sediments. Degradation of this material is necessary as 
Hedges & Mann (1979) have reported an absence of lignin in marine sedi- 
ments from this area. 

During a study of the primary productivity at Ocean Station "P' in the 
summer of 1959, McAllister, Parsons and Strickland (1959) collected par- 
ticulate organic material from 0 to I OOOm in the water column. They found 
that approximately one-half of the POC was carbohydrate carbon. Upon 
microscopic examination, they revealed that "a considerable portion [of 
the POC] was composed of fibrous material of irregular dimensions which 
had the appearance and gave a positive stain for cellulose." They concluded 
that most of the carbohydrate in the samples was cellulose fiber of terres- 
trial origin; this constituted about one-third of the POC by weight. 

The most important conclusion from our study is that it appears that a 
significant amount of terrestrially-derived POC, which has been observed 
in the surface waters (McAllister, Parsons & Strickland, 1959), may actually 
be delivered to the deep sea. However, we do not know whether it has been 
altered by chemical or biological processes as carbon isotopes cannot deter- 
mine this. 

Studies are ongoing to characterize the source of terrestrial carbon in 
the trap material. Using the optical brightner calcofluor as an indicator for 
cellulose, abundant cellulose spheres (10-20µm in diameter) were found 
associated with dinoflagellates and dinoflagellate debris, with a background 
of tiny pieces of uncharacterized material. Little evidence of fibrous cellu- 
lose was detected, however. Upon acetolysis of the trap material, we found 
small (3 to 10µm) unidentified brown particles that were abundant (-10%). 
Also found within this sample were Alnus (alder) and Salix (willow) pollen 
grains; alder is common in British Columbia. It is likely that pollen grains, 
which have been observed in other deep-sea sediment traps (Hinja, Sie- 
burth & Heath, 1979), are supplied to the Alaskan gyre circulation via flu- 
vial transport, and thus, are responsible at least in part for the high 14C 

1 and low b 3C values found in our POC samples. 
In summary, our studies show that POC falling to the deep sea in the 

northeast sub-Arctic Pacific region is depleted in '3C and enriched in 14C in 
such a manner that suggests a source of carbon that is terrestrially-derived, 
probably from the numerous surrounding rivers during the late summer. 

C levels are not depleted in the trap POC, as would have been expected 
had there been significant transport of sediment from the shelf or chemo- 
synthetic production of POC at depth in the water column. 
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