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The Oceanic Carbonate System: 
A Reassessment of Biogenic Controls 

Abstract. Fluxes of biogenic carbonates moving out of the euphotic zone and into 
deeper undersaturated waters of the North Pacijic were estimated with free-drifting 
sediment traps. Short-duration (I to 1.5 day) sampling between 100 and 2200 meters 
points to a major involvement in the oceanic carbonate system by a class of 
organisms which had been relegated to a secondary role-aragonitic pteropods. 
Pteropodjluxes through the base of the euphotic zone are almost large enough to 
balance the alkalinity budget for the Pacijic Ocean. Dissolution experiments with 
freshly collected materials shed considerable light on a mystery surrounding these 
labile organisms: although plankton collectionsfr.om net tows almost always contain 
large numbers of pteropods, these organisms are never a major component of 
biogenic materials in long-duration sediment trap collections. Their low abundance 
in long-duration collections results fr.om dissolution subsequent to  collection. Short- 
duration sampling showed signijicant increases in the ratio of calcitic foraminifera to  
aragonitic pteropods in undersaturated waters, indicating the more stable mineral- 
ogic form, calcite, was preserved relative to aragonite. Approximately 90 percent of 
the aragonite jlux is remineralized in the upper 2.2 kilometers oj'the water column. 

The oceans constitute a substantial 
reservoir for anthropogenic C 0 2  ( 1 ) .  The 
behavior of this reservoir, including its 
internal physical and chemical process- 
es, is expected to significantly influence 
the rate of atmospheric C 0 2  buildup and 
thereby the earth's future climate (2, 3). 
In light of this expectation, the marine 
C 0 2  system has been extensively inves- 
tigated. Field and laboratory investiga- 
tions (4-7) have provided a detailed pic- 
ture of the oceanic distributions of total 
C 0 2 ,  dissolved carbonate ions, and the 
saturation state of particulate carbon- 
ates. Nevertheless, important facets of 
the marine C 0 2  system remain poorly 
understood. Little is known about the 
rate of removal of C 0 2  from the surface 
ocean via biogenic particulate carbon- 
ates and about the delivery rates of these 
materials to the undersaturated deep 
ocean. 

For the Pacific Ocean, which consti- 
tutes approximately one-third of the 
earth's total area, there is an extreme 
paucity of carbonate flux data. Published 
data include information obtained at  a 
single station in the central Pacific (8, 9), 
and at  another station in the western 
North Pacific (10). With an unusually 
shallow carbonate saturation horizon 
(11) and an alkalinity anomaly in inter- 
mediate and deep water attributable to 
the dissolution of biogenic carbonates 

(12), particulate carbonates take on spe- 
cial importance in the Pacific Ocean. 

The feature that makes carbonate flux- 
es in the Pacific of special interest also 
complicates the interpretation of flux 
measurements. Dissolution of sediment- 
ing aragonite particulates in the water 
column begins at  relatively shallow 
depths (11) and generally proceeds rapid- 
ly below 100 m (13). As a consequence, 
long-duration sediment-trap deploy- 
ments can seriously underestimate the 
mass fluxes of labile carbonates. In order 
to minimize this problem, our free-drift- 
ing sediment traps were deployed for 
less than 40 hours. This sampling period, 
quite brief compared to the deployment 
times in earlier investigations (8-lo), 
permitted the deployment of numerous 
sediment traps along an extensive sec- 
tion of the western Pacific (Fig. 1). 

The vertical fluxes of particulate mat- 
ter were estimated with free-drifting sed- 
iment traps (cross sectional area, 0.66 
m2) patterned after the cone design of 
Soutar et al. (14). In our system, trapped 
materials are concentrated in a Teflon 
receptacle (2.5 cm in diameter) at the 
bottom of the trap's cone (15). Prior to  
retrieval, the Teflon cup and its contents 
were isolated from further inputs by a 
double-ball valve seal activated by an 
electronic release. 

The total particle flux was determined 
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gravimetrically . Immediately after re- 
covery, particulate materials from the 
respective traps were filtered onto tared 
(47 mm in diameter) Nuclepore mem- 
branes and then briefly rinsed with dis- 
tilled-deionized water. The filters were 
stored in a vacuum desiccator with silica 
gel until they could be weighed on a 
microbalance in a shore-based clean fa- 
cility. Pteropods and foraminifera were 
identified microscopically, removed 
from the samples, and transferred to 
tared Nuclepore membranes with a small 
nylon brush. To  minimize sample con- 
tamination, the microscopic examination 
and transfers were made in a vertical- 
flow clean bench. After desiccation un- 
der vacuum, the biogenic materials were 
weighed on a microbalance housed in a 
clean room. 

Pteropod fluxes are shown in Fig. 2 as  
a function of depth for the seven stations 
on our transect. Because of the influence 
of saturation state on dissolution rate 
(16), aragonite saturation horizons are 
included in Fig. 2. The physical variables 
used to define the C 0 2  system, pH, 
alkalinity, total C 0 2 ,  temperature, salini- 
ty, and saturation state are discussed 
elsewhere (11). 

N o  visibly motile pteropods were in- 
cluded in our mass flux determinations. 
Moreover, poison, which would have 
killed any pteropods entering the collec- 
tion cup, was not used. Furthermore, 
large, rapid swimmers such as Cuvierina 
columnella, which could have swum into 
our traps, were excluded from our flux 
measurements. Thus the only pteropods 
included in our flux estimates (Fig. 2) are 
small, abundant species such as Lima- 
cina Dulimoides, L. inflata, L. helicinu, 
and the juveniles of these and other 
species. Because of the exclusion of sub- 
stantial large pteropod masses, we re- 
gard our aragonite fluxes as conserva- 
tive, lower-bound estimates. The aver- 
age pteropod contributions to  mass flux 
along our transect as a function of depth 
are as  follows: 100 m, 24 t 8 percent; 
400 m, 8 -)- 5 percent; 900 m, 5 t 5 per- 
cent; 2200 m, 6 t 4 percent. Substantia! 
differences in pteropod species composi- 
tion noted on our north-south transect 
were consistent with earlier reports for 
the Pacific (17). 

Major variations in the standing crops 
of organisms such as  pteropods are ex- 
pected over short distance scales, based 
on biological studies in the open Pacific 
(18). The data points from the 400-m 
horizon (Fig. 2) were derived from sepa- 
rate free-drifting sediment traps that 
were separated by about 1 nautical mile 
and deployed for the same period of 
time. The pteropod fluxes varied by as  

Fig. 1 .  Sediment trap stations for the North Pacific cruise of RIV Disco~serer in May through 
June of 1982. 

much as a factor of 15 and as  little as 1.1 
(Fig. 2), providing evidence of patchi- 
ness. When, however, the pteropod flux- 
es are converted to  a percentage of the 
total mass flux in each trap, in all but one 
case (station 8) the proportion of ptero- 
pods in these samples is remarkably sim- 
ilar. 

One of the major questions confront- 
ing geochemists studying the ocean's 
carbonate system is the dissolution pat- 
terns of biogenic carbonates. It has been 
assumed that for the calcitic foraminifera 
dissolution occurs principally after these 
organisms have settled to the sediment- 
water interface (19, 20). Although it has 
been suggested (20, 21) that pteropods 
also dissolve at the sediment-water inter- 
face, our data (Figs. 2 and 3) indicate 
that only a very small portion (about 10 
percent) of the aragonite leaving the eu- 
photic zone (upper 100 m) of the North 
Pacific settles deeper than 2200 m. The 
average flux of aragonite noted on this 
transect at 100 m was 30 mg m-2 day- '  
compared to 0.9 mg m-2 day-'  a t  2200 
m. The average loss in the upper 2.2 km 
of the North Pacific was in excess of 90 
percent (X = 93 t 8). These results are 
supported by dissolution experiments 
carried out on the same cruise (131, 
which suggest that the smaller adult 
pteropods and juveniles which dominate 
our flux estimates are dissolved in the 
water column. In contrast, most of the 
CaC03 in large, rapidly settling species 
such as  Cuvierina columnella is mobi- 
lized after reaching the bottom. 

In marked contrast to  most earlier 
work, Berner (20, 22) underscored the 
importance of aragonitic pteropods to  
the oceanic C 0 2  system. Our observed 
pteropodlforaminifera (PIF) flux ratios 
are, however, even larger than Berner's 
estimates (PIF = 1). We detected a PIF 
ratio at 100 m of < 1 at only one location 

(50"N). Furthermore, the ratios from the 
warm-water sphere in the North Pacific 
suggest that an average mass ratio for 
these classes of organisms is probably in 
excess of 511. The ratio is still considera- 
bly less than estimates (18) of relative PI 
F standing crops, 1011. Although these 
mass ratios are far greater than earlier 
estimates (20, 22, 23), they are similar to  
those noted on a transect between 42" 
and 10"N along 155"W in the central 
Pacific in June 1981 (24). In addition, 
large fluxes of pteropods were noted on a 
transect of the equator (between 10"N 
and 6"s) along 150°W in January and 
February 1982 (15). Thus the data from 
seven stations in the western Pacific, six 
stations in the central Pacific, and four 
stations on an equatorial transect all 
show large masses of pteropods fluxing 
through the upper reaches of the Pacific. 

Because of the marked difference in 
saturation state for aragonite and calcite 
in the North Pacific, it is possible to  
predict that with increasing depth there 
should be a marked decrease in the 
pteropod flux relative to  the foraminifera 
flux. For the three stations where data 
are complete (stations 5, 8, and 121, the 
trends for the field data are in qualitative 
agreement with the prediction. At 21°N 
the PIF ratio at  2200 m is reduced to 31 
percent of its value at 100 m, at  30°N to 
10 percent, and at 35"N to 18 percent. In 
all cases, the more labile pteropods are 
being recycled considerably faster than 
the more stable foraminifera. 

In addition to  the systematic variation 
with depth, consistent latitudinal varia- 
tions (about 40-fold) in the PIF mass ratio 
were noted at the base of the euphotic 
zone (100 m). The PIF ratio was highest 
in the southern areas, =2011 at  21" and 
30"N, decreased to 1.1 in the Kuroshio 
Extension, and reached a minimum val- 
ue of 0.5 at our northernmost station 
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Fig. 2 (left). Depth distributions of pteropod fluxes (in 
1 t r 1 1  I I I I ~ I ~ I I , '  milligrams per square meter per day) from the western 

12 18 2 4 30 3 6 4 2 48 54 North Pacific. Aragonite saturation state is shown for 100 
L a t i t u d e  (ON) percent saturation (-), 80 percent saturation (------), and 

60 percent saturation (-.--). Calculated fluxes do not 
include small ( 5 1 0  percent) contributions from pteropod fragments. Fig. 3 (right). Depth distribution for the mass flux ratio of aragonitic 
pteropods to calcitic foraminifera for the western North Pacific. 

(Fig. 3). Our absolute flux rates show 
that foraminifera were more abundant in 
the northern areas whereas pteropods 
dominated in the southern areas. Sea- 
sonal variations may alter this latitudinal 
trend, but our results indicate that net 
tows or sediment-trap collections made 
in one area of the North Pacific cannot 
be used for making basinwide estimates 
of the relative abundance of these orga- 
nisms. 

Few carbonate flux data are available 
for comparison with our work. In the 
investigation of Betzer et a / .  (15), mass 
fluxes were not partitioned into calcitic 
and aragonitic contributions. The total 
calcium fluxes reported by Tsunogai et 
a / .  (10) provide an upper-bound estimate 
for carbonate fluxes but no estimate of 
the relative importance of calcite and 
aragonite. Only the reports of Honjo (8) 
and Berner and Honjo (23) provide data 
for direct comparison with our results. In 
these investigations contributions of cal- 
citic foraminifera were found to substan- 
tially dominate the total carbonate mass 
flux. The great difference between our 
results and earlier work (8, 23), in which 
aragonite is a relatively minor compo- 
nent of the total flux, is attributable to  
differences in collection procedures. In 
undersaturated water labile phases will 
dissolve continuously, and in the Pacific 
Ocean earlier collections made at l j O N ,  
153"W (8, 9) and 48"N, 176"E (10) were 
carried out for extended periods in un- 
dersaturated water. In the course of long 
collection times, 31 and 62 days (8-10) 
in undersaturated water, substantial 
aragonite dissolution should occur sub- 
sequent to sample collection. As an ex- 
ample, for 2000-m depths along our tran- 
sect, model calculations based on ship- 
board dissolution analyses (13) predict 

dissolution losses of at least 4 percent 
per day and as  much as 14 percent per 
day. In addition, substantial losses of 
organic matter occur in sediment traps 
over short time scales (25). As a result, 
seawater in contact with trapped materi- 
als may become acidified (25) and under- 
saturated. In view of the large proportion 
of organic material associated with the 
large particle flux in shallow and inter- 
mediate waters (261, organic transforma- 
tions may be an important means of 
dissolving aragonite phases during col- 
lection. 

An interesting comparison can be 
made between our data and the alkalinity 
balance of the Pacific Ocean. The CO21 
alkalinity model of Fiadeiro (12) indicat- 
ed an average alkalinity input to interme- 
diate and deep waters of the Pacific 
Ocean equivalent to a carbonate flux of 
3.5 mg m-2 day- ' .  Recent calculations 
based on dissolved calcium concentra- 
tions in the western north Pacific suggest 
a carbonate dissolution flux of 63 mg 
m-2 day-' (27). Our determinations of 
aragonite fluxes through the base of the 
euphotic zone (100 m) average 30 t 11 
mg m-2 day-' .  Apparently a portion of 
the substantial mass of large pteropods, 
excluded in our mass flux calculations, 
contributes to  the carbonate dissolution 
flux of the North Pacific. Foraminifera1 
fluxes noted in this study and earlier 
work in the Pacific (9) fall far short of 
providing the necessary alkalinity flux to  
balance the model. However, a t  all five 
stations (Fig. 2) where traps were de- 
ployed at 100 and 400 m there were 
marked reductions in aragonite fluxes in 
supersaturated water. Although we are 
unable to  resolve the processes that con- 
tribute to this unusual feature of our 
data, a variety of physical, chemical, and 

biological processes can be proposed as 
possible explanations. Freshly exposed 
(1 to 3 days old) aragonite surfaces are 
significantly more soluble than aged 
aragonite surfaces (30 to 70 days old) (16, 
28). If shells falling through the oceanic 
water column react as nonequilibrium 
phases (that is, are characterized by a 
greater apparent solubility product), 
then the aragonite saturation horizons in 
the North Pacific would be displaced 
toward the surface. In addition, die1 mi- 
grations are an integral and well-defined 
characteristic of the oceanic biosphere 
(29). The possible relevance of this pro- 
cess to the C 0 2  system arises from the 
possibility that organisms that feed on 
pteropods during evening and predawn 
hours might move deeper in the water 
column before defecating shells or alka- 
line fluids, or both. If, prior to defeca- 
tion, some of these organisms and their 
carbonate baggage moved below the 400- 
m horizon, this would decrease the car- 
bonate flux measured at 400 m and deliv- 
er alkalinity in the form of shells or fluids 
to intermediate depths. Additional labo- 
ratory and field work will be required to 
assess the relative importance of such 
physical-chemical and biological influ- 
ences on the ocean's C 0 2  system. 
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Activation of the c-myb Locus by Viral Insertional 
Mutagenesis in Plasmacytoid Lymphosarcomas 

Abstract. Rearrangement in the c-myb locus of' each of four intiepentiently de- 
rived BALBIc plasmacytoid lymphosarcoinc~ (ABPL's) is due to the insertion of ri 

defective Moloney m~irine leukemia vir~rs (M-MuLV) into t~ 1.5-kilobase-pair stretch 
of cellular DNA a t  the 5' enti of' the 1)-myb-related sequences. This retroviral 
insertion is associated with nbnormal trunscription of myb sequences and probcrhly 
represents a step in the neoplastic trclnsj'ormation oj'ABPL cells. 

Three types of B lymphocytic tumors 
arise in BALBIc mice after they receive 
intraperitoneal injections of pristane and 
Abelson virus. On the basis of their 
morphology and association with Abel- 
son virus these tumors are termed lym- 
phosarcomas (ABLS's), plasmacytomas 
(ABPC's), and plasmacytoid lymphosar- 
comas (ABPL's) ( I ) .  The Abelson virus 
used in the tumor induction contained 
two retroviral elements: the replication- 
defective, transforming Abelson murine 
leukemia virus (A-MuLV) and the trans- 
missible helper Moloney murine leuke- 
mia virus (M-MuLV). Both viral ele- 
ments have the same 5' and 3' ends of 
the viral genome, including two long 
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terminal repeats (LTR's).  The central 
portion of the M-MuLV gene has been 
replaced by the transforming v-ah1 se- 
quence In A-MuLV (2). All ABLS's and 
ABPC's contain integrated A-MuLV 
proviral genomes and synthesize abun- 
dant v-clb/ RNA, while ABPL's do not 
(I).  Instead, each of the ABPL's has 
undergone a DNA rearrangement in one 
of the c-inyb loci, resulting in the synthe- 
sis of abnormal messenger RNA tran- 
scripts (1). Because c-myb is the cellular 
homolog of viral myb (v-myb) of avian 
myeloblastosis virus (AMV) and because 
the v-myb sequence is thought to be 
essential for the oncogenic properties of 
AMV in certain target cells (31, the dis- 

ruption of the c-my b locus and transcrip- 
tion of an altered form of c-myb in 
ABPL's could result in the induction, 
progression, or maintenance of these tu- 
mors. 

In elucidating the mechanism by 
which the c-myb locus is rearranged in 
the ABPL's, the c-myb locus of four 
ABPL's was first examined at the DNA 
level. Normal BALBIc liver and ABPL 
DNA's were digested with Eco  RI and 
analyzed by the method of Southern (4) 
(Fig. 1). The DNA's were first probed 
(Fig. 1A) with the avian v-myb sequence 
isolated as a 1.3-kilobase-pair (kbp) Kpn 
I-Xba I fragment from a chicken AMV 
proviral clone (5, 6). In addition to the 
4.2-, 2.0-, 1.7-, and 1.5-kbp inyh hybrid- 
izing bands in normal BALBlc liver 
DNA, each of the four ABPL's con- 
tained a larger band of varying size. In 
experiments to determine which part of 
the c-fnyb locus was altered, a 0.5-kbp 
Kpn I-Eco R1 fragment which repre- 
sents the 5' half of the v-myb was isolat- 
ed from a chicken AMV provirus clone 
( A 1  l A-1-1) (6). When this was used as  a 
probe, only the 4.2-kbp band and the 
rearranged inyb bands showed hybrid- 
ization (Fig. IB). This indicates that the 
4.2-kbp Eco RI fragment contained the 
portion of c-inyh homologous with the 5' 
v-inyb region and that this fragment was 
altered in the ABPL's, giving rise t o  the 
larger Eco RI fragments. Furthermore, 
when the DNA's were probed with a 0.8- 
kbp Eco RI-Xba I fragment which rep- 
resents the 3' half of the v-myb se- 
quence, only the smaller bands but not 
the 4.2-kbp or the rearranged Eco RI 
fragments showed hybridization (data 
not shown). Hence, the rearrangement 
had occurred at the 5' end of the c-myh 
locus in each of these four ABPL's. 
Presumably, it is this rearrangement in 
the c-myb locus in ABPL's that results in 
the synthesis of the larger myb RNA 
transcripts that have been described (1). 

To  study the altered myb locus in 
ABPL's, we cloned these sequences 
from Eco RI-digested genomic DNA's 
from four of the ABPL's with the use of 
Agt WES . AB vectors (7). The recombi- 
nant A clones were selected by hybrid- 
ization with v-myb. Unrearranged c-myb 
sequences were also obtained by screen- 
ing a bacteriophage library of BALBic 
mouse DNA (partial Eco RI* digest). 
The Eco RI insert from each of these 
clones was subcloned in pBR322 and 
used in all subsequent studies. 

For elucidation of the molecular na- 
ture of the DNA rearrangement, the 7.5- 
kbp Eco RI insert from ABPL2 was hy- 
bridized to the corresponding 4.2-kbp 
Eco RI fragment of the normal c-inyb 




