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INTRODUCTION 

The concentrations of dissolved inorganic phosphate in 
today's deep ocean waters of the world vary in a systematic 
fashion related to the circulation of deep ocean water (Bro­
ecker and Peng, 1982). However, phosphorus records in 
deep-sea sediments are difficult to interpret because of post­
depositional changes. In deep ocean waters, cadmium appears 
to behave similarly to dissolved inorganic phosphate (e.g., 
Boyle et al., 1976; Bruland et al., 1978) and, hence, a historic 
record of cadmium concentrations in the overlying waters 
preserved in oceanic sediments offers one a method of recon­
structing ocean circulation. Hester and Boyle (1982) demon­
strated that a record of cadmium concentrations in overlying 
water is preserved in open-ocean benthic foraminifers. Boyle 
went on to use the cadmium/calcium (Cd/Ca) ratio in benthic 
foraminifers to interpret paleocean circulation (e.g., Boyle 
and Keigwin, 1985/86; Delaney and Boyle, 1987; Boyle, 1988). 
Applications of this technique have so far been confined to 
deep-ocean calcareous sediments, where apparently there are 
no major differences between Cd/Ca ratios in foraminiferal 
species from the same depth. Here, we report the first attempt 
to apply this technique to sediments of the Peruvian shelf, a 
more complex oceanographic and geological environment 
than the deep ocean. 

Contemporary Oceanographic Setting 
Our samples came from Ocean Drilling Program (ODP) Site 

684 at 8°60'S, 79°54'W, on the Peruvian shelf, drilled in a 
water depth of 426 m. The Peruvian shelf is currently an area 
of upwelling having high rates of primary production. Nutri­
ent-rich water upwells from shallow depths (<200 m), but this 
process is subject to significant short-term variability, such as 
El Nino (Barber and Chavez, 1983). This major variability 
affects only the upper 200 m of the water column (Leetma and 
Witte, 1984); thus, in waters deeper than 200 m, longer-term 
changes may dominate the analytical signals. This area is also 
one of horizontal gradients in nutrient concentrations (Tsuch-
iya, 1985) and in the depth and intensity of the oxygen minima, 
associated with organic-rich sediments (Wooster et al., 1965). 
The extent of denitrification, and probably oxygen deficiency, 
may vary with time as a result of changes in upwelling or in the 
water-column ecosystem (Codispoti, 1983). We compiled 
measurements of dissolved inorganic phosphate concentra­
tions in the area of Site 684 using two data sets. The first, 
based on water samples collected in 1960 and 1981-1982 
(Tsuchiya, 1985, and pers, comm., 1988), offshore but within 
200 km of the site studied (Fig. 1), and the second based on 
profiles from the shelf region approximately 1.5° south of Site 
684 (Fig. 2). Detailed sections of water-column profiles, col­
lected from offshore onto the Peruvian shelf in this region, 
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indicate substantial changes in water-column concentrations 
in the upper 150 m, but the changes below are small (Codis­
poti, 1983), although phosphate levels are slightly higher at the 
more southerly shelf stations. 

Sedimentary Environment 
The sediments in Hole 684B consist of 50 m of Quaternary 

and Pliocene siliceous oozes and silts that give clear evidence 
of anoxia. Throughout most of the core, large, thick-walled 
benthic foraminifers are rare, either because they cannot 
survive the low-oxygen conditions or because of post-deposi­
tional decomposition. However, at two horizons in the core, 
numbers of thick-walled benthic foraminifers increase dramat­
ically. The reasons for this change are not obvious, but may 
reflect a change in water quality in the area. Another possi­
bility is an increase in water depth at this site, either from a 
rise in sea level or subsidence on this unstable margin. Species 
of foraminifers are characteristic of particular depth zones, 
and we used this information to estimate the water depth of 
deposition of these horizons. There is, however, insufficient 
information to narrow this down completely, except to indi­
cate it may range from 500 to 1500 m. This suggests at least 
some deepening of the water relative to today's levels. 

Shipboard scientists inferred deposition in the upper mid­
dle bathyal zone (at a depth of between 500 and 1000 m) for the 
interval examined. Sample 112-684B-4H-1, 117-119 cm is 
co-dominated by Uvigerina peregrina (34%) and Bolivina 
spissa (33%); the latter species ranges from 300 to 1200 m off 
South America (Resig, 1981) and characterizes the upper 
bathyal and upper middle bathyal (500-1500 m) zone off 
Southern California (Ingle, 1980) at the present day. A depth 
of more than 500 m is indicated by this combination and is 
consistent with other species in the assemblage. 

Sample 112-684B-4H-7, 11-12 cm, is dominated (84%) by 
the species, U. peregrina, which ranges from 700 to 1600 m off 
South America (Resig, 1981) and characterizes the upper 
bathyal (150-500 m) zone off Southern California (Ingle, 
1980). Again, a depth of 500 m or more would be consistent 
with this and other species in the sample. 

Both samples contain Nonionella miocenica (1% to 99%), 
which occurs in the inner-shelf (0-50 m) zone off Southern 
California. Its presence in these samples may indicate trans­
port downslope. In the remainder of the sediment, benthic 
foraminifers are rare and dominated by thin-walled species. 
The thinning of shell walls is thought to be an adaptation to a 
low-oxygen environment. We have found that these thin-
walled species are unsuitable for Cd/Ca analysis, as the 
amounts of material are so small after cleaning as to make 
signal/noise ratios unacceptable. 

METHODS 

Sediment samples were sieved and foraminifers selected and identi­
fied, then cleaned, redissolved, and analyzed using the methods de­
scribed by Boyle and Keigwin (1985/86). Cadmium results were cor­
rected for the slight effects of variations in calcium concentrations. Full 
procedural blanks for cadmium were low (<10% of sample values) and 
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Table 1. Cd/Ca ratios in Site 684 foraminifers and inferred DIP* concentration in the 
overlying water. 

Species 
Core, sample, 
interval (cm) Cd/Ca ratio (n) 

Inferred DIP* 
concentration 

(MM) 

Uvigerina peregrina 
Bolivina spissa 
Uvigerina peregrina 

112-684B-4H-1, 117-119 
-4H-1, 117-119 
-4H-7, 11-12 

0.19 ± 0.04 x I 0 - 6 

0.24 x I0 - 6 

0.24 ± 0.04 x I 0 - 6 

2.3 
2.8 
2.8 

*DIP = dissolved inorganic phosphate; n = number of replicate analyses of foraminifers from each 
horizon. Uncertainties listed represent one standard deviation about the mean. 

Concentration (JJM) 
4.0 

Concentration (JJM) 

1.0 2.0 3.0 4.0 

Figure 1. Modern profiles of dissolved inorganic phosphate concen­
trations from offshore in the region of Site 684. Profiles are compiled 
from 10 profiles collected in the area, eight in 1981-1982 and two in 
1960; error bars represent one standard deviation about the mean 
(Tsuchiya, 1985, and pers, comm., 1988). 

manganese/calcium atomic ratios also were low (<10 x I0-6), indicating 
no interference from MnC03 overgrowths (Delaney and Boyle, 1987). 
Thus, these analytical criteria suggest that our analytical procedures are 
satisfactory. However, insufficient samples prevented us from looking at 
possible diagenetic changes in the foraminifers by methods such as 
sequential dissolution of the test (Boyle, 1988), which might perhaps 
reveal effects of post-depositional migration. Although the tests seemed 
well-preserved, such changes could be significant in these reducing 
sediments, where we anticipate high pore-water-dissolved inorganic 
phosphate and cadmium concentrations. 

RESULTS 
Results are presented in Table 1. Also in Table 1, we have 

converted these Cd/Ca ratios to dissolved inorganic phosphate 
concentrations in the overlying waters, using the relationship 
reported by Boyle (1988). Some scatter exists in the relation­
ship reported by Boyle (1988), and this introduces an addi­
tional uncertainty, beyond the analytical uncertainty in the 
Cd/Ca ratio, into our estimates of dissolved inorganic phos­
phorus concentrations in the overlying waters at the time of 
deposition. 

600 
Figure 2. Modern profiles of dissolved inorganic phosphate concen­
tration from the Peru continental shelf (Hafferty et al., 1978). Profiles 
are compiled from three profiles; error bars represent one standard 
deviation about the mean. 

DISCUSSION 

As noted above, results from this environment must be 
interpreted cautiously because of (1) the limited amount of 
analytical information, (2) uncertainties about any diagenetic 
effects in this environment, (3) complications in the conver­
sion of Cd/Ca ratios to estimated environmental concentra­
tions, and (4) uncertainties over the depth and character of the 
depositional environment. A comparison of the inferred dis­
solved inorganic phosphate concentrations with the modern 
water-column profile (Figs. 1 and 2) suggests that our esti­
mated paleo-dissolved inorganic phosphorus concentrations 
of 2.3 and 2.8 fiM (with uncertainties of about 25%) are very 
similar to one another, with no significant differences between 
species, and also similar to modern values of 2.3 to 3.1 /JM in 
the depth range of 100 to 600 m. Within the limited data 
available, one can postulate that when these foraminifer-rich 
horizons were deposited (approximately 3 m.y. ago), the 
chemistry of the overlying water was similar to today's water. 
However, given the rarity of such foraminifer-rich horizons, it 
is possible that they themselves represent unusual water-
column conditions in this area at that time. 
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