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Distribution of Carbonate in Surface Sediments 
of the Pacific Ocean 

W. H. BERGER, C. G. ADELSECK, JR., AND L. A. MAYER 

Scripps Institution of Oceanography, University of California, La Jolla, California 92037 

The distribution of carbonate on the floor of the Pacific has been remapped on the basis of 1313 
points from 80 references stored in the World Ocean Sediment Data Bank of Scripps Institution of 
Oceanography. Percent distribution maps and carbonate versus depth diagrams generally agree 
with previously published information and reflect the major controlling factors of carbonate sedi- 
mentation (depth, hydrography, fertility, and sedimentary processes). While carbonate distribu- 
tions are of limited use in attempting to construct dissolution profiles, major trends are identifiable. 
In particular, the degree of lowering of the equatorial calcite compensation depth (CCD) together 
with an estimate of the differences in supply rates between the equator and the subtropical gyre 
can be used to estimate dissolution rate increase below the lysocline. There is considerable varia- 
tion in the sharpness of the 'CCD transition,' a concept defined here. This variation is thought to 
reflect both geographic differences in dissolution rate gradients and redeposition processes (carbon- 
ate, deep-sea sediments, calcite, and compensation depth). 

INTRODUCTION 

The distribution of calcium carbonate percentages in 
surficial sediments of the ocean floor is one aspect of the 
CO•. cycle, a major geochemical cycle on the surface of the 
planet, having first-order implications for the geology, 
chemistry, and micropaleontology of the oceans. Distribu- 
tional patterns have been discussed since Murray [Murray 
and Renard, 1891, p. 215] discovered a more or less regu- 
lar decrease of percentages from high values in the 
Shallower regions of the ocean floor to very low values at 
abyssal depths (in the Pacific) [Revelle, 1944; Bramlette, 
1961; Lisitzin and Petelin, 1967; Smith et al., 1968; Lisitzin, 
1970, 1971, 1972, 1974]. Complementing the adjoining 
papers on Atlantic and Indian ocean patterns, we provide 
yet another version of such mapping for the Pacific Ocean. 

Such distributional maps have many uses in conjunc- 
tion with other types of dat a. They constitute a point of 
departure for investigation of virtually all aspects of the 
carbonate cycle in the deep ocean. However, it should be 
noted at the outset that by themselves they are of limited 
value in understanding the carbonate cycle. The param- 
eters needed for such insight include overall input and 
rates of production, dissolution, and accumulation of car- 
bonate. These parameters and their exact relationships to 
the observed carbonate percentages are poorly known, 
although there is no lack of discussion on the subject [Ar- 
rhenius, 1952; Revelle and Fairbridge, 1957; Olausson, 
1960, 1965, 1967, 1971; Hoshino and Higano, 1961; 
Lyakhin, 1968; Heath, 1969; Li et al., 1969; Berger, 1970a, 
b, 1971, 1973a, b,. 1976; Heath and Culberson, 1970; 
Pytkowicz, 1970; Takahashi et al., 1970; Broecker, 1971; 
Valencia, 1973; van Andel et al., 1975]. The problems in 
dealing with distributional data include the occurrence of 
pre-Recent carbonate sediments in many parts of the 
Pacific [Riedel and Funnell, 1964; Hays et al., 1969; Fun- 
nell, 1970, 1971; Broecker and Broecker, 1974; Saito et al., 
1974] and the widespread evidence for redeposition 
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[Parker and Berger, 1971; Moore et al., 1973]. Certain 
reservations therefore apply to the relevance of distribu- 
tional data to the chemical state of the ocean, which re- 
cently has received considerable study in regard to the 
carbonate system [Pytkowicz, 1968; Chave and Suess, 1970; 
Berner and Wilde, 1972; Morse and Berner, 1972; Chave 
and Smith, 1973; Berner, 1974; Broecker, 1974; Edmond, 
1974; Gieskes, 1974; Takahashi, 1975]. Direct comparisons 
of carbonate percentages with measured or calculated 
chemical parameters rest on the assumption that the fac- 
tors influencing the percentages have a constant relation- 
ship to each other or can be separated (i.e., rate of supply, 
rate of dissolution, and rate of dilution) and that the sedi- 
ment in question reflects present in situ conditions rather 
than those of a shallower depth (by redeposition) or of an 
earlier period (erosion or nondeposition). More often than 
not, such assumptions are poorly justified. 

Some of the difficulties in the interpretation of the car- 
bonate distribution patterns can be approached by careful 
attention to paleontologic data (for the Pacific) [Belyaeva 
and Saidova, 1965; Saidova, 1965, 1971; Bezrukov, 1969; 
Blair, 1965; Blackman, 1966; Kennett, 1966, 1969; 
Belyaeva, 1968, 1969; Herb, 1968, 1971; Berger, 1970a, 
1971; Parker and Berger, 1971 and references therein; 
Theyer, 1971a, b; Echols and Kennett, 1973; Roth and 
Berger, 1975] as well as by in situ experiments on carbon- 
ate dissolution [Peterson, 1966; Berger, 1967; Ben-Yaakov 
and Kaplan, 1971; Ben' Yaakov et al., 1974]. Others must 
await more information on dissolution during settling of 
particles and immediately after their arrival on the sea 
floor [Adelseck and Berger, 1975] and on rate distributions 
[Broecker and Broecker, 1974; Sliter et al., 1975; Berger, 
1976; van Andel et al., 1975]. 

Mindful of these limitations, we offer the present recon- 
naissance mapping with a minimum of interpretation, 
especially since the major distributional patterns have 
been known for some time [Lisitzin and Petelin, 1967; 
Lisitzin, 1971] and have been discussed quite recently 
[Berger, 1974, 1976; Berger and Winterer, 1974; Lisitzin, 
1974]. 

2617 



2618 BERGER ET AL.: CALCIUM CARBONATE IN PACIFIC SEDIMENTS 

DATA SOURCES AND METHODS OF 

PRESENTATION 

Carbonate data include all available information, begin- 
ning with Murray and Renard [1891] and going up to Tin et 
al. [1973]. Information from 80 references stored in the 
World Ocean Sediment Data Bank of Scripps Institution of 
Oceanography (SIO) has been used (sources available on 
request). Most of these are listed in the earlier compila- 
tions cited. There are 1313 data points. 

The quality of the carbonate determinations varies con- 
siderably. An appreciable proportion of the points are esti- 
mates based on visual examination, as is indicated in the 
appropriate figure captions. While we have not eliminated 
these data, we have not given them much weight in in- 
terpreting the distributions. A contour map of surface 
sediment calcium carbonate content was compiled (Figure 
1) which is in good agreement with Lisitzin and Petelin 
[1967]. Contours based upon inadequate data were drawn 
to follow topographic trends and are indicated by dashed 
lines. Comparison of carbonate percentage classes north 
and south of 10øN latitude (Figure 2) indicates the general 
scarcity of carbonate rich sediments in the North Pacific, 
presumably due to a predominance of sea floor at or below 
the calcite compensation depth (CCD). In the south the 
strong bimodality in the distribution reflects a rather nar- 
row depth zone of transition between high and low carbon- 
ate content. 

The Pacific Ocean was subdivided into 31 areas of une- 

qual extent and unequal data coverage (Figure 3a). The 
areas are thought to be more or less homogeneous with 
respect to productivity, carbonate preservation, and 
topography, as is illustrated in Figures 3b and 3c. Produc- 
tivity patterns are based on zooplankton abundances. The 
calcite compensation level is based mainly on the data 
used in the present paper but is supplemented by informa- 
tion on foraminiferal distributions. Aragonite compensa- 
tion depths indicate that dissolution levels at various 
depths are not necessarily parallel to each other. 

The original subdivision was adjusted both to minimize 
the scatter of carbonate versus depth plots and to decrease 
the number of different regions (Figure 3d). The scatter 
diagrams of carbonate versus depth (Figures 4-7) refer to 
the adjusted areas in Figure 3d. Generalizations of the 
scatter diagrams (Figures 8-10) require operational 
definitions for the CCD and for the concept of the thick- 
ness of the transition zone from highly calcareous sedi- 
ments to the CCD. Qualitative models of supply and dis- 
solution rate profiles illustrate the presumed controls on 
the generalized carbonate-depth relationships (Figures 11 
and 12). 

CARBONATE VERSUS DEPTH 

The depth dependence of carbonate percentages, first 
noted by Murray, is evident in all plots with sufficient data 

Fig. 1. A contour map of calcium carbonate percentages in Pacific surface sediments. The bathymetry is after 
Menard [1964]. 
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Fig. 2. The bimodal distribution of carbonate values on the 
Pacific sea floor. Note the low proportion of high carbonate values 
in the North Pacific. 

points. The rather sharp transition from high to low 
values, which led Bramlette [1961] to the concept of com- 
pensation depth, is obvious in several plots but debatable 
in others. Acceptance of the general validity of the CCD 
concept therefore would appear to depend on other infor- 
mation (state of preservation of microfossil assemblages 
and depth distribution of sedimentation rates) and on the 
expectation that the existence of a compensation depth 
follows logically from Peterson's [1966] dissolution rate 
profile [Berger, 1970a; Heath and Culberson, 1970]. In fact, 
the transition should be well defined for almost any kind 
of profile showing increasing dissolution rates with depth, 
including a linear increase [Berger, 1971]. In this view, 
then, the observed scatter represents disturbing in- 
fluences such as redeposition processes, inhomogeneous 
dilution, and sampling of pre-Recent material. 

GENERALIZED CURVES AND CALCITE 

COMPENSATION DEPTH 

We postulate from the foregoing considerations that 
those plots are ideal which show high carbonate values at 
shallow depths and a sudden transition to low values at 
some level (e.g., Figure 4, area 7) and that other plots are 

Fig. 3. (a) Locations of data points. Note that samples from ocean margins are not considered. (b) Topography of 
the calcite compensation depth in kilometers. The boxes indicate aragonite compensation depths (from Berger 
[1974]). The dot pattern indicates areas of high fertility based upon zooplankton abundances in the upper 150 rn 
(simplified from Reid [1962] to indicate major patterns of productivity; compare to Koblentz-Mishke et al. [1970]). 
(c) 'Natural subdivisions' of biogenous sedimentary provinces based on part b and the topography. (d) Final subdivi- 
sions, adjusted from part c to minimize scatter in the carbonate versus depth plots (Figures 7-10). All references to 
areas pertain to this map. 
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Fig. 4. Plots of carbonate versus depth for areas 1-7 in Figure 3d. The dots represent single samples; the 
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Fig. 5. The same as Figure 4 except plots are for areas 8-13 in Figure 3d. 
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Fig. 7. The same as Fi•u'e 4 except plots are for areas 20-25 in Figure 3d. 



2624 BERGER ET AL.: CALCIUM CARBONATE IN PACIFIC SEDIMENTS 

% Ca C O• 
5O 0 100 

1000 I I i i I i [ i i 

2000 - 

3 4 14 23 

E 3000 't - ........ ,,..."; ._ ' _ ...? // 187•./1 /-" ......... ........... :':'::L:.:.-"":': 
• 4000 ...• ................ •.• - •--- _/••.•' 12 • ....... -•-.• ...................... ;•';';';•:::•y_Tl ....... -•••-••• 

• • 20•_40•N 

• •,• 10•N-40ON 
• .... 0 o_20oN 

6000 • ....... •oøs - 10øN 

6ool , , , , , , , , 
Fi•. 8. Generalized carbonate vers• depth cu•es for •lected 

areas. 

truncated versions of such ideal ones (e.•., Fibre 5, area 
13) or else are •st•bed by extraneous factors due • •h 
relief (e.•., Fibre 6, area 1•), or continental infi• (e.•., 
Figure •, area 25). This assumption enables us to •aw 
some •eneralized carbonate versus depth curves (in 
Fi•e 8, all 'fits' are •awn by hand). 

The meanin• of such cu•es in terms of dissolution 
effects cannot be assessed in the absence of supplemen- 
ta• information. For illustration, in the analysis of the 
•eneralized carbonate versus depth curve of area 4 in 
terms of a dissolution profile (Fibre 9), the initial amount 
of insoluble mate•al (R 0) is c•tical to the reset. If one 
chooses the three samples near 1500 m to represent an un- 
dissolved and •st•bed con•tion (R 0 = 6•), the •s- 
solution cu•e shows a rapid increase from this depth level 
to 2000 m. After little chan•e from 2000 m to about 3500 
m, dissolution a•ain rapidly increases until it is complete. 
If, on the other hand, one ass•es that the samples above 
2000 m are not represen•tive of the ori•nal supply • 
•eater depths (•nno•n• can concentrate the coarse 
carbonate particles), the dissolution cu•e looks quite 
different (R 0 = 15•). 

The ran•e of depth levels of the carbonate decrease 
spans more than I kin, usually between 4- and 5-kin 
depth. Interestingly, both remarkably shallow and 
remarkably deep transitions are seen in the equato•al 
re.on, the shallow ones in the east and the deep ones in 
the central and western parts. The •po•raphy of the •h 
to low carbona• transition in the eastern central Pacific 

appears • be rather complex (Fi•e 8, areas 12, 13, and 
14). Both deepwa•r properties and fertility •stHbutions 
would seem to be important in the production of these pat- 
terns, since both factors i•uence the chemical environ- 
ment near the segment-water interface, which is pri- 
marily responsible for the dissolution of the carbona•. 

In order to map the CCD, an operational definition has 
to be a•eed upon. Choosin• some arbitra• low value, for 
example, 10•, as an in•cator of comparable compensa- 
tion levels in different re.ohs works well in pela•c areas 
[Lisi•zin, 19•0] but appears •desirable elsewhere became 

of large regional differences in the dilution effect. The one 
truly comparable value is zero, which is, however, difficult 
to define in terms of actual measurement. As a criterion 

for the CCD we have adopted the first occurrence (with in- 
creasing depth) of sediment with less than 1% carbonate 
and supported at adjoiningly greater depths by other data 
points with values of less than 3% calcium carbonate 
(Figure 10a). Very low percentage values are not very 
susceptible to dilution effects: as the carbonate content 
approaches zero, any differences due to dilution approach 
zero also. 

In general, agreement with the CCD contour map 
(Figure 3b) is good, which is hardly surprising, since that 
map is largely based on the same data, although additional 
foraminiferal data and somewhat more interpretation 
were used in making the contour map. Where the transi- 
tion from high carbonate values to noncalcareous sedi- 
ment is narrow, the definition of the CCD is highly 
reproducible. Elsewhere there is more room for disagree- 
ment. In areas that have low productivity and moderate 
relief and are distant from the continents the CCD is 

typically near 4200 ñ 200 m. Presumably, this level 
largely reflects an increase in dissolution rate (lysocline) 
at a somewhat shallower depth. In the equatorial zone of 
high productivity the CCD is depressed to a depth near 
4900 m, except in the eastern part, where it shallows. 

The depth difference between normal and depressed 
CCD is a rough indication of the solution rate increase 
below the lysocline (Figure 11). If we assume that 
equatorial supply rates of calcite are higher than subtropi- 
cal ones by a factor of x, dissolution rates should increase 
by the same factor x over the depth difference between 
normal and depressed CCD, other things being equal. For 
example, for a supply rate ratio of 4 [Adelseck and Berger, 
1975] and for subtropical supply rate of 0.5-1 cm/1000 yr, 
1.5-3 cm/1000 yr have to be destroyed in the depth inter- 
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= 6•, if the insolubles are assumed to be 6• of the •1 s•- 
merits, and Ro = 15•, if in•lubles are 15•. For the basis of 
assumptions see text. 
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Fig. 10. (a) CCD levels in meters for various areas based on carbonate versus depth plots (Figures 7-10). (b) 
Thickness of the transition zone in meters between high carbonate values and the CCD. For the operational defini- 
tions see text. The question marks are for insufficient data. 

val between the subtropical and the equatorial CCD 
(Figure 11). This would correspond to a dissolution rate 
gradient of 2.1-4.3 cm/1000 yr/km depth increase. 
However, other things are not equal, and additional fac- 
tors also must be considered. One of these is dissolution 

during settling, indicated by an inflection in the supply 
rate at depth (Figure 11). Others are geographic varia- 
tions in resistance to the skeletal material delivered in 
carbon dioxide content of interstitial waters and in 

benthic activity. 
The sharpness of the transition from high to low values 

of carbonate varies for the different regions. To assess this 
effect, we define a lowermost level of highly calcareous 
sediment (top of transition) by noting the last occurrence 

Rate of Supply of Carbonate 
O 
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• O' SOUTHERN 
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25 
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Rate of Dissolution 

Fig. 11. Simple conceptual model of the equatorial CCD 
depression. The dissolution rate curve is based on Peterson [1966]. 
Decrease in supply rate at depth due to dissolution during settling 
is not quantitative. 

of high percentages (going down) supported by high values 
in the adjacent points above. High percentages are those 
present near depths of 3 km (or, if not available, greater 
than 60%). The base of the transition zone is the CCD, as 
was defined previously. 

The difficulties in devising and applying this kind of 
definition will be appreciated when attempts are made to 
check our transition zone values (Figure 10b) with the 
original scatter plots (Figures 4-7). Nevertheless, trends 
can be recognized. The transition from high to low carbon- 
ate values takes place within a few hundred meters in the 
equatorial regions and in the South Pacific but takes up 
some 1000 m in the North Pacific. Several factors may be 
responsible for this striking difference. The initial percen- 
tage of carbonate seems to have relatively little effect on 
the thickness of the transition zone (Figure 12a). It ap- 
pears to be necessary to postulate that dissolution of car- 
bonate at relatively shallow depths is much greater in the 
North Pacific than elsewhere but that dissolution rates at 

RATE (cm/ko} 

o .•o ioo 

co C05 (percent) 

Fig. 12. Two models illustrating the concept of 'thickness of 
transition' in a carbonate versus depth plot. The solid lines indi- 
cate dissolution rate profiles; the dotted lines, supply rate profiles; 
and the broken lines, carbonate versus depth curves resulting 
from the (assumed) rate profiles for various values of R 0 (insolu- 
ble fraction). (a) The dissolution rate profile of Peterson [1966], 
narrow transition zone. (b) The hypothetical two-stage dissolu- 
tion rate increase, necessary and sufficient for a considerable 
widening of the transition zone if supply and dissolution are the 
only controlling factors. 
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great depths remain comparable (Figure 12b). This sug- 
gestion is supported by the topography of the aragonite 
compensation depth (Figure 3b). An important difficulty 
in this type of interpretation is well illustrated in area 13 
of Figure 5, whose plot suggests a very sharp transition. In 
fact, the scatter merely indicates that carbonate values of 
a wide range coexist in a narrow depth band. This could be 
due to a strong depth gradient, or equally likely to a strong 
latitudinal gradient, in combination with redeposition and 
pre-Recent outcrops. There is some doubt therefore that 
depth averages of scatter plots in the equatorial zone 
[Bramlette, 1961; Heath and Culberson, 1970] can be in- 
terpreted in a straightforward fashion. 

In conclusion, the time-honored practice of plotting car- 
bonate percentages versus depth leads to some useful 
general concepts such as the geographic variability of the 
CCD and the variation in the sharpness of the CCD transi- 
tion. Such mapping opens the way for asking pertinent 
questions about the processes of supply, dilution, dissolu- 
tion, and redeposition, which control the distributions. 
However, to answer these questions, it is necessary to map 
the rates of accumulation as well as the states of preserva- 
tion of the calcareous components. 
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