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Abstract 

More than fifty sediment cores from the Nazca plate have now been 

analyzed for sedimentation rates and bulk chemi-cal composition . 

Sedimentation rates determined by direct assessment of unsupported 

ionium (230rh) and microfossil zonation have been augmented by 

gamma-ray spectrometry techniques. The scanning gamma-ray spectro

meter developed for this study possesses the advantages of rapid and 

nondestructive analysis, but the method was found to be susceptible 

to 222Rn and 226Ra disequilibrium effects. 226Ra disequilibria 

apparently does not have an important effect on sedimentation rate 

determinations for sediments accumulating at rates of a few cm/103 

years or greater, or for sediments possessing uniformly high 

adsorption capacities; a 226 Ra diffusion coefficient of 10-9 cm2/sec 

or smaller was calculated for an East Pacific Rise (EPR) core, and is 

. t ·th . k 222R d. ·1 .b . ff t th 1n agreemen w1 previous wor • n 1sequ1 1 ria a ec s e 

determination of the absolute 230rh (226Ra) activity; up to about 

80% of the 222Rn can migrate, but this does not affect the sedimen

tation rate if the cores are scanned as an open system. A comparison 

of sedimentation rates determined by both direct (alpha) and indirect 

(gamma) 230rh spectrometric techniques on six cores shows a general 

agreement between the two methods . 

Regional patterns of metal accumulation were calculated from the 

sedimentation rates, using measured and calculated dry bulk densities 

and bulk chemical cqmposition. The regional pattern of Fe accumu

lation parallels those for Mn and U, whereas those of Cu, biogenic 
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Si, Al, Ti and Th generally display an inverse relationship . 

Multivariate factor analysis was employed to include correlation of 

accumulation rates for Na, K, Mg, Ca, Ba, Ni, Zn and P, and to 

distinguish hydrothennal from detrital, hydrogenous, biogenous and 

diagenetic associations. A 230rh inventory, defined as the ratio of 

the 230rh accumulation rate to the 230rh seawater production rate, 

was employed as an index of sediment loss or enhanced sediment 

accumulation. The 230Th inventory is greatest on the EPR, suggesting 

that some sediment ponding occurs there, and is generally lowest in 

the Bauer Basin, suggesting that sediment has been lost there by 

either coring disturbance, Caco3 dissolution or bottom current 

winnowing. 

The regional pattern of Fe and Mn accumulation indicates that 

their rates of accumulation on the crest of the EPR vary by more 

than an order of magnitude; values near the equator (6°5) correspond 

to normal authigenic accumulation -al"ld ·-exponentially increase toward 

20°5 latitude. The lower Fe and Mn accumulation rates in the 

northern EPR area suggest that either: (1) there is preferential 

loss of the metalliferous component to the north due to increased 

bottom current activity; (2) hydrothermal circulation is more 

intense to the south because of a lack of regional sediment cover or 

more extensive crustal fracturing; or (3) mantle heterogeneity exists 

along the rise crest. Bottom current winnowing is the most 

consistant explanation with the existing data on the distribution of 

conductive heat flow and crustal production along the EPR, and can 

explain both the variation in metal accumulation along the EPR crest 
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and the appearance of a second area of metal enrichment in the Bauer 

Basin. Global budget calculations indicate that roughly 50% or more 

of the Mn produced at ridge crests may be lost to the adjacent 

seafloor by this mechanism, which has implications for the magnitude 

of hydrothermal input to the ocean and the origin of manganese 

nodules . 
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Pref ace 

This study fonns a part of the Nazca Plate Project of the 

International Decade of Ocean Exploration, whose general goals were 

to expand the knowledge of the oceanic crust and its interaction 

with the continents. In particular, this study concerns the 

characterization of the processes of metal accumulation that occur 

at oceanic spreading centers and that are manifested by the 

distribution of metalliferous sediments on the seafloor. 

Much has been learned about the origin of metalliferous 

sediments in the last decade, initially from surface samples and now 

from the direct sampling of deep-ocean submarine hot springs. 

Chapter 1 reviews the current state of knowledge of metallogenesis, 

which is still largely based on indirect evidence. · Many of the 

processes reviewed await direct confinnation by deep drilling. 

Much of the evidence connecting the origin of metalliferous 

sediments to hydrothennal processes is circumstantial. An exception 

has been to compare rates of metal accumulation in these deposits 

to other areas of the seafloor. A major goal of this study has been 

to evaluate the validity of rates of metal accumulation, including 

assessments of sedimentological controls, how representative these 

rates are, and the extent and cause of any variations in metal 

accumulation. To expedite this investigation, a new rapid method of 

radiometrically dating deep-sea cores by 230Th was employed: ganma

ray spectrometry. A secondary goal was therefore the further 

assessment of the validity of this new technique. Chapter 2 
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presents the methodologies of 230rh dating by ganrna spectrometry 

and by its companion technique, alpha spectrometry, and Chapter 3 

presents a comparison of the sedimentation rates determined by each 

method. Chapter 3 then proceeds to evaluate the rates of accumu

lation of metals and other elements on the Nazca plate, East Pacific 

Rise, and the Bauer Basin . 
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Chapter 1 

Metallogenesis on Oceanic Plates: 
The East Pacific Rise and Bauer Basin 

1.1 Introduction 

Metalliferous sediments are pelagic deposits depleted in Al, Ti, 

Cr and Sc and enriched in Fe, Mn, Cu, Ni, Zn and various other 

transition metals relative to average Pacific pelagic red clays. 

The regional association of these metal-enriched sediments to the 

East Pacific Rise (EPR) spreading center (Fig. 1.1), with its 

subaerial and submarine volcanic manifestations, high regional heat 

flow and shallow seismicity led early workers to the conclusion that 

the cause of metal enrichment was hydrothermal deposition in 

association with local volcanism (Bostrom and Peterson, 1966, 1969). 

Various other causes have been proposed, among them authigenic 

precipitation (Bender et~. 1971), ponding of metal-enriched, 

aeolian clay-sized particles (Turekian and Imbrie, 1966), deposition 

under reducing conditions in restricted ridge valleys (Turekian and 

Bertine, 1971), precipitation during diagenetic remobilization, and 

submarine weathering of basaltic debris (Bonatti et~. 1972). 

1 

Enrichment caused by basaltic debris or terrigenous aeolian particles 

has been ruled out by the low aluminum content of these deposits, 

whereas the oxidized nature displayed by their mineralogy and sulfur 

isotope compositions (Dymond et~. 1973) has ruled out reducing 

conditions or diagenetic remobilization as important enrichment 
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mechanisms. These deposits also exhibit rapid iron and manganese 

accumulation rates compared to the average values of pelagic 

sediments, suggesting that authigenic precipitation is of minor 

consequence to the enrichment of those metals {Bostrom, 1970; 

Bender et .!l:_, 1971; Dymond and Veeh, 1975; McMurtry and Burnett, 

1975). 

Corliss {1971) suggested that reaction of seawater with cooling 

basaltic lavas was the enrichment mechanism, while Bostrom -(1973) 

has maintained that deposition from deep-seated magmatic fluids is 

the principle metal enrichment process. Recent laboratory studies 

of basalt-seawater interaction under subseafloor hydrothermal 

conditions (25 - 250°C, 500 bars pressure) (Bischoff and Dickson, 

1975; Seyfried and Bischoff, 1977; Bischoff ·and Seyfried, 1978), the 

direct observations of seawater metal enrichments due to volcanism 

(Zelenov, 1964; Ferguson and Lambert, 1972; Sicks and Fein, 1974; 

Edmond, 1978; Vidal et al., 1978), and studies of uplifted oceanic 

crustal material known as ophiolites (Spooner and Fyfe, 1973; 

Bonatti et ~' 1976b; Coleman, 1977) have now provided ample 

evidence that metalliferous deposits fonn from the leaching of 

heated basaltic mate~ial by seawater. The details of the formation 

process are complex, however. We now recognize that basalt-seawater 

interaction occurs over a broad range of conditions, including 

initial rapid mobilization of residual magmatic fluids, longer-lived 

deep circulation ~nd alteration, and low-temperature circulation 

and alteration (Corliss et al., 1978). We also recognize that 

hydrogenous, biogenous and detrital sources play important roles in 

3 
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the minor element enrichment of these deposits (Bostrom et al., 1974, 

1978; Dymond et al., 1977; Heath and Dymond, 1977). 

This chapter reviews the current evidence of formation of these 

unusual deposits, which includes both subseafloor and oceanographic 

processes as the distribution of surface productivity and bottom 

currents have important implications for the degree of metal 

enrichment observed over a given region of the seafloor. The EPR 

and Bauer Basin areas are emphasized, but the general processes 

reviewed should be applicable to any part of the world rift system. 

Before the discussion of formation processes, it is instructive 

to obtain a general idea of the magnitudes of enrichment and 

depletion these deposits exhibit. Table 1. 1 presents a compilation 

of chemical analyses for the three representative sediment types: 

East Pacific Rise, Bauer Basin and average Pacific pelagic, and 

presents their concentration factors relative to basalt, the 

generally accepted source material for metalliferous sediments1 • 

Figure 1.2 displays these concentration factors for 22 of the 

elements listed. Although more discussion of this figure follows, 

note that the general trend for both the EPR and Bauer Basin is one 

of enrichment or depletion relative to average Pacific sediments, 

and that the average Pacific sediment itself represents abundancies 

for many elements relative to basalt, implying that enrichment 

1. These values should be recognized as semi-quantitative indices 
only, for they have been chosen to represent known endmembers, and 
except for the Pacific pelagic sediments are not regional averages. 
Natural variability and the inevitable problems of compilation 
from various sources should also be kept in mind • 
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TABLE 1. 1 COMPARISON OF EAST PACIFIC RISE AND BAUER BASIN SEDIMENTS TO 
AVERAGE PACIFIC SEDIMENT AND BASALT (CaC03•FREE BASIS) 

Element East Pacific Rise1 Bauer Basin Sediment3 Av~rage Pacific4 Avera!Je Basa it5 
Sediment 2 Pelagic Sediment 

Cone. Factor Cone. Factor Cone. Factor Cone . 

Si 6. 7 0.29 15 0.62 23 0.99 23 

Al 0.32 0. 04 4.4 0.52 9.2 1. 1 8.5 

Fe 28 3.2 19 2.2 6.5 0. 74 8.8 

T1 0.03 0.04 0.52 0.61 0.73 0.87 0.84 

* Mg 3.4 0.91 2.3 0.61 2. 1 0.55 3.8 

* Ca 3.9 0.60 2.3 0.35 2.9 0.45 6.5 
•• Sr 0.08 1.6 0.07 1.4 0.05 

• 6.36 1. 76 2.4 Na 15 1.4 0.60 4.0 

* K 1.8 1.5 1.2 0.97 2.5 2.1 1.2 

Ba 0.42 60 • 0.93 130 0.39 56 0.007 

B 0.08 160 • 0.02 30 0.03 60 0.0005 

* p 1.8 9.6 0.95 5.0 0.19 

Mn 11 70 5.6 37 1.3 8.3 0.15 

Cu 1500 17 1100 12 740 8.5 87 

Ni 680 5.2 • 550 4.2 320 2.5 130 
• • Zn 640 5.4 820 6.9 120 
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TABLE 1.1 continued 

Element East Pacific Rise1 Bauer Basin .Sediment3 Average Pacific4 Average Basalt5 
Sediment 2 Pelagic Sediment 

Cone. Factor Cone. Factor Cone. Factor Cone. 

Pb 300 50 190 ** 32 150 25 6 

93A • As 490 70 13 7 

0.02• * Hg 0.25 13 1.0 0.02 

4.0A 1. lA * Cd 40 11 0.1 

Ag 5.9v 120 1.6v * 32 0.05 

22v 7V • Tl ppm B8 28 0.25 

• Co 97 3.9 230 9.0 160 6.4 25 

• • Cr 320 1. 9 13 0.08 93 0.54 170 

* * Zr 150 o. 71 730 3.5 180 0.86 210 

Mo 28A 28 340A 340 45 45 

• v 950 4.8 200 0.98 450 2.3 200 

• • Sc 3.2 0.10 17 0.55 25 0.81 31 
• • y 130 4.3 1200 41 150 5.0 30 

• • La 140 3.6 290 7.4 140 3.6 39 

u n* 8.9 3.7 2.4 1.5 • 
• • Th 1.3 0.21 5.0 . 0.81 6.1 



• • • • • 

1Average of core GS-7202-35P (Rydell et!!.,_, 1974). 
* Average of core KK71-FFC109 (McMurtry, 1975). 

• 

6Average of RISEPAC 65, 66 and 68 (Bostrom and Peterson, 1969). 
vAvera9e of RISEPAC 65, 66 and 68 (Horowitz, 1970). 

• • 

2concentration factors calculated as ratio of average sediment concentration to that of average basalt cone. 
3Average of core KK72-PC8 (Table Bl; Appendix B). 

* Average of section 1-1, OSOP site 319 (Bostrom et al., 1976). 
** --

Sample A54-14 (Dasch et al., 1971). 
6 RISEPAC 56 (Bostrom and Peterson, 1969). 
vAverage of RISEPAC 52 and 56 (Horowitz, 1970). 
+Estimated from Bostrom and Fisher, 196g. 

4Average of 22 Pacific pelagic sediment cores (Goldberg and Arrhenius, 1958). 
5Average basalt values from sources cited in Goldberg and Arrhenius (1958). 

*Average of geochemica 1 reference standard basalts (Flanagan, 1973) •· 

• 

6High Na values due to sea salt, note that this also has some affect on K values. With exception of core KK71-FFC109 and 
the average Pacific sediment, all sediment samples have been washed to remove sea salts. 

• • 
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Fig. 1.2 Concentration factors for 22 of the elements presented 
in Table 1. l for the representative sediment types: 
East Pacific Rise, Bauer Basin and average Pacific 
pelagic. The factors have been superimposed to allow 
direct comparison. All factors have been calculated as 
the CaC03-free concentration in ratio to the basalt 
concentration (see Table 1. 1). 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• • • • • • • • • • • 

Mo 

100 

10 
I- I-
~ z <t 
V') w 
<t ~ 
a:i - I V') 

~ 0 v; 
z <t a:: 
0 cQ z 

w u UJ 
' UJ I- a:: 1.0 z u. 
w' :E M z _o 
OU Q 
w 0 I-II) u w 
u ~ 

CL. z w 
0 0 
u 

0.1 

Cr 

0 EAST PACIFIC RISE 
Al Ti 

~ BAUER BASIN 

rn AVERAGE PACIFIC SEDIMENT 

0.01 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

10 

mechanisms other than basalt leaching are operating over large areas 

of the seafloor. 

1.2 Subseafloor Formation Processes 

It is increasingly evident that the convective cooling of hot 

basaltic intrusives and extrusives by seawater, first postulated by 

heat flow studies (Lister, 1972; Williams et al., 1974; Wolery and 

Sleep, 1976), drives seawater circulation in the crust and that this 

subsequently heated seawater ~ust in some way interact with the 

basalt at depth. Recent advances in deep-sea technology have now 

made possible the detection of warm submarine springs emanating from 

spreading centers. Figure 1.3 is modified from Crane and Normark 

(1977), and displays bottom temperature anomalies on three parallel 

profiles across the EPR at 21°N latitude. These hot water plumes 

are correlated with fracture zones running parallel to the axis of 

spreading (Fig. 1.3). Similar hot water plumes have been measured 

on the Galapagos rift zone (Weiss et al., 1977), and 3He anomalies 

were detected in those plumes that indicate release from basalt by 

hydrothermal circulation {Lupton et al., 1977). Direct hot spring 

sampling by the submersible ALVIN on the Galapagos rift zone has 

revealed temperatures as high as 15°C above the ambient temperature 

(2°C), and increases with water temperature of the amounts of He, 

H2s, Si02, Ba, Mn, Li, Ca and K, with accompanying decreases in the 

amounts of Mg, Cu, Ni and Cd (Edmond, 1978) . 

Questions as to the distribution, extent, and types of alteration 
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Fig. 1.3 Vertical thennal structure of near-bottom water in three 
parallel profiles (composited) across the East Pacific 
Rise at 21°N. Isotherm intervals of 0.01°C. Main 
anomalies (arrows) appear to correlate to fault scarps 
and fissures (after Crane and Nonnark, 1977). 
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and metal deposition at depth on oceanic spreading centers can best 

be answered by deep drilling. Because we currently have no such 

data, the next best alternatives for these answers come from studies 

of dredge samples from areas of vertical faulting and from uplifted 

sections of ocean crust known as ophiolites. Figure 1.4, a highly 

schematic cross section of the topmost 10 km of ocean crust beneath 

a spreading center, is based largely on data from ophiolites. The 

section shows approximately 1.5 km of pillow basalts overlying 

0.5 km of sheeted dikes, which in turn overlies approximately 3 km 

of massive gabbro, 2 km of layered gabbro (cumulates), and a small 

layer of cumulate ultramafics (dunite) that overly the upper mantle 

material (hartzbergite) (Coleman, 1977). The radiating fault 

orientation from the underlying magma chamber is adopted from 

Rea (1976), and the non-linear temperature distribution is roughly 

based on a 150°C/km thermal gradient (Coleman, 1977). Three major , 

types of alteration zones have been recognized; these correspond to 

the co1T1T1on metamorphic facies, zeolite, greenschist, and amphibolite, 

and occupy the general progressive temperature ranges with depth of 

5 - 100°C, 100 - 300°C, 300 - 500°C, respectively. Ophiolite studies 

(Spooner and Fyfe, 1973) indicate that subseafloor alteration and 

sulfide deposition is fault controlled and occurs largely in the 

pillow basalts and to a lesser extent in the sheeted dikes. These 

zones are corroborated by the work of Bonatti et al. (1976b) and by 

Coleman (1977), and are schematically represented in Figure 1.4 . 

Fault control at depth is also indicated by the surface plume 

distributions (Fig. 1.3) (Crane and Nonnark, 1977; Weiss et~' 1977) . 
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Fig. 1.4 Highly schematic section of the top seven kilometers 
beneath a spreading center. The figure is based on 
data from ophiolites. Note logarithmic depth scale. 
Convective cooling of basaltic intrusives (dikes) and 
extrusives (pillows) drives seawater circulation, basalt 
alteration and sulfide emplacement, which are fault 
controlled (shaded areas). Isothenns indicate general 
regions of zeolite, greenschist and amphibolite facies 
metamorphism at approximately 5 - 100, 100 - 300 and 
300 - 500°C, respectively. Metalliferous sediments are 
precipitated near discharge zones on seafloor. 
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Hart (1973) proposed a model of chemical exchange in the oceanic 

layer 2 (pillow basalts and dikes) based on dredged metabasalts and 

sonic velocity measurements. His model suggests that most of the 

stream input of K, Mg and Na can be extracted from seawater while 

Si02, Ca, Fe and Mn are added to the ocean from basalt leaching in 

amounts comparable to stream input. The general reaction sequence 

involves: (1) Fe, Mn and possible other transition metal release 

when mafic minerals (olivine, pyroxene) are transformed to actinolite, 

with accompanying Ca release and Na uptake when plagioclase is 

altered to albite (amphibolite facies metamorphism); (2) Fe, Mn and 

possible other transition metal uptake along with Mg during mafic 

mineral and/or glass alteration to chlorite (greenschist facies 

metamorphism); and (3) K uptake with Ca and transition metal release 

during basalt and/or glass alteration to K-rich smectite (zeolite 

facies metamorphism) (Hart, 1973). Silica is released and 

increasing amounts of water are added in the above sequence . 

Laboratory studies of basalt-seawater interaction at 200°C and 

500 bars indicate that the alteration product is a Mg-rich smectite, 

and that the removal of Mg from seawater also extracts OH. Mg 

removal thus provides a mechanism for increased basalt leaching and 

alteration by lowering the pH (Bischoff and Dickson, 1975; Seyfried 

and Bischoff, 1977). These studies indicate that greenschist facies 

metamorphism is a more important regime for metals release than 

suggested by Hart (1973), although the absence of chlorite formation 

in these experiments is noteworthy. The Mg-smectite found may be 

metastable with respect to chlorite (H. D. Holland, pers. comm., 
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1978). Seyfried and Bischoff (1977) have emphasized the role of 

seawater/basalt ratio in leaching and maintaining metals in solution. 

Rock-dominated systems allow a gradual reprecipitation of metals 

into the alteration phase, whereas seawater-dominated systems (50:1 

water/rock ratio and greater) keep metals in solution by inhibiting 

the complete removal of Mg and thus maintaining a low pH (Seyfried 

and Bischoff, 1977; Bischoff and Seyfried, 1978) . 

Ophiolite studies indicate that the sulfides found in the pillow 

basalts and dikes are predominately pyrite (>95%) with significant 

amounts of chalcopyrite, sphalerite, and marcasite, and only minor 

amounts of pyrrhotite, galena, Au and Ag (Coleman, 1977). The 

existence of subseafl oor sulfides 1 ed Spooner and Fyfe (1973) to 

propose that seawater is reduced by oxidative interaction with 

basalt during descent, which can be represented by the following 

general reaction: 

Fayalite Hematite 

Fayalite Magnetite Pyrite 

where fayalite represents the mafic mineral component of basalt. 

Seawater sulphate is considered to be quantitatively the most 

important oxidizing agent (Eq. 2). Sulphate also interacts with 

dissolved Ca to produce anhydrite. Laboratory basalt-seawater 

(1) 
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interactions precipitate significant amounts of anhydrite regardless 

of the water/rock ratio {Bischoff and Seyfried, 1978). Anhydrite 

is found in the hydrothermally altered basalts of Reykjanes, Iceland 

(Tomasson and Kristmannsdottir, 1972), and in its hydrated fonn 

(gypsum) as a conmen gangue mineral accompanying quartz, chlorite 

and various other sulphates in ophiolite massive sulfide deposits 

{Coleman, 1977) . 

Transport of metals in sulfide-bearing solutions is most likely 

by chloride complexing {White, 1968; Corliss, 1971; Shanks and 

Bischoff, 1977). Shanks and Bischoff (1977) have thermodynamically 

modeled the precipitation of sulfides from such solutions as a 

temperature dependent process of metal-chloride complex dissociation 

and metal sulfide saturation. Upon solution ascent and cooling to 

approximately 150°C, chalcopyrite becomes oversaturated; galena, 

sphalerite and iron monosulfide become oversaturated at approximately 

100°C. The model predicts that pyrite will be supersaturated at all 

temperatures up to 250°C and employs the magnetite-hematite buffer 

to control low oxygen fugacites as follows: 

(3) 

Magnetite Hematite 

{Shanks and Bischoff, 1977). Although calculated for the hypersaline 

brines of the Red Sea geothennal system, the model agrees well with 

the general scheme of sulphide emplacement detennined from ophiolite 

studies . 
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Spooner and Fyfe (1973) have suggested that subseafloor 

geothennal systems are characterized by a greater freedom of 

discharge than terrestial analogues because of replacement of the 

air/water-rock boundary condition by the much lower gravitational 

constraint of a water/water-rock boundary condition. Subseafloor 

systems may therefore approximate single pass circulation as opposed 

to the recirculation of terrestial systems {Spooner and Fyfe, 1973) . 

The following su11111ary sequence of subseafloor basalt-seawater 

interaction is based on single-pass circulation, a much simpler 

system to model. Initially cold {2°C), slightly alkaline and 

oxidizing seawater descends along penneable fault zones in response 

to the convective cooling regime set up by a shallow intrusion/ 

extrusion of hot (1200°C) basaltic material. After shallow entry, 

much of the water ascends along similar channels to the seafloor 

but some continues down along the deepest circulation paths to 

participate in amphibolite facies metamorphism. The descending 

seawater reacts progressively to the higher temperature regimes to 

produce smectite, chlorite and actinolite alteration facies while 

precipitating quartz and anhydrite. Fe is oxidized and the seawater 

becomes progressively reducing. It also becomes acidic due to Mg 

remova.l and the probable additions of magmatic co2, H2s and HCl. 

Metals are probably leached under all temperature conditions, but 

appreciable amounts are transported only under high water/rock 

conditions and after seawater has interacted enough to become 
\ 

reducing and acidic. Upon ascent, the high temperature (>300°C), 

metal-chloride solutions begin to cool, and pyrite, chalcopyrite, 



• 

• 

• 

• 

• 

• 

• 

• 

• 

20 

spalerite, galena and various other sulfides begin to precipitate • 

Mixing with other cooler, shallow-cycling seawater helps to maintain 

some metals in solution by increasing the water/rock ratio while 

contributing to the cooling of deeper circulating waters. Eventually, 

the cooled hydrothermal solution discharges to the seafloor where 

oxidizing, alkaline conditions precipitate most of the remaining 

metals as hydrated metal oxides. These compounds correspond to the 

metal-rich ochres of ophiolites (Bonatti et al., 1976b; Coleman, 

1977), and to the metalliferous sediments found on active spreading 

centers and as basal sediment sequences in areas of older ocean 

crust (von der Berch and Rex, 1970; Dymond et .!!.:__, 1973). It is 

reasonable to expect that exposure to the marine environment affects 

the chemistry and distribution of these hydrated metal oxides • 

1.3 Metalliferous Sediment Chemistry: Oceanographic Formation 

Processes 

The bulk of the sediment found on ridge crests is composed of 

biogenic calcium carbonate; with the non-biogenic fraction of 

metalliferous sediments generally constituting less than 20% by 

weight. Highly concentrated metalliferous sediment may occur due to 

carbonate dissolution below the carbonate compensation depth (CCD) 

and in some areas of extremely rapid metal accumulation on the ridge 

crests (Chapter 3). The following discussion is primarily concerned 

with the chemistry of this non-biogenic material . 

The elemental compositions presented in Table 1.1 show that Fe 
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is the most abundant element by weight in the non-carbonate fraction 

of metalliferous sediments, followed by Mn and Si. Microscopic 

examination indicates that most of the Si is biogenic. Table 1.1 

and Figure 1.2 indicate that among the major elements, Al and Ti are 

generally depleted relative to average Pacific sediments and basalt. 

Bostrom (1973) used the evidence of Al depletion to argue that 

basalt-seawater interaction or submarine weathering could not produce 

metalliferous sediments because seawater should also transport and 

precipitate Al. Separation of Fe from Al can occur, however, as 

shown in laboratory basalt-seawater experiments (Bischoff and 

Dickson, 1975; Seyfried and Bischoff, 1977) and in soil formation 

studies (Walker, 1964). To illustrate this process, a plot of 

norma1ized2 Fe, Al and Ti concentrations are presented in Figure 1.5 

for EPR and Bauer Basin deposits, EPR and Hawaiian basalts, soils 

formed on basalt in Hawaii and some ferruginous formations in Hawaii. 

Most of the soils plotted show no evidence of Al fractionation from 

Fe and resemble their basalt parent, whereas the ferruginous 

formations become enriched in Fe and, in some cases, Ti relative to 

Al. Walker (1964) suggested that these formations originate under 

conditions of high rainfall and good drainage where, mainly because 

of the decomposition of organic matter, soil pH reached 4.4 and 

conditions were reducing. Fe, Al and Ti were mobilized as colloids, 

2. Normalization to a three-component system exhibits trends that 
are free of the dilution effects of any other component in the 
sample . 
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Fig. 1.5 Al-Ti-Fe diagram constructed by nonnalizing 
concentrations in weight percent. An intense subaerial 
basalt weathering analogue for the East Pacific Rise 
sediment is indicated when basalts, soils and high-Fe 
formations (arrow) are plotted. The Bauer Basin 
sediment represents an admixture of the high-Fe EPR 
sediment and low-Ti ash. Hawaiian basalt data from 
Macdonald et al. (1972); soil data from R. C. Jones 
(pers. co~,-r9"78); EPR basalt data from C. D. Fein 
{pers. conn., 1978); high-Fe formation data from 
Walker (1964); basal Fe-Ti rich data from Jenkyns 
and Hardy (1976). 
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but because of colloidal instability, Al was precipitated at depth . 

Fe and Ti rose to the surface and were deposited as oxides (Walker, 

1964). Besides demonstrating the separation of Fe and Al under 

intense weathering conditions, the leaching .sequence is somewhat 

analogous to the subseafloor formation process presented above. 
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Some aspects of this weathering analog are the rapid formation times 

and low temperatures (25°C) involved. Walker (1964) estimated a 

10 year formation period for these ferruginous deposits. Wilkniss 

et al. (1971) have experimentally shown that leaching of basalt 

(Kilauea pumice) by both distilled water and seawater can easily 

remove F~ relative to Mn over several hours at 25°C. The water/rock 

ratio was approximately 100:1 during those experiments • 

An inspection of the minor and trace element abundancies relative 

to basalt for the average Pacific sediment (Fig. 1.2) suggests that 

processes other than hydrothermal leaching are contributing 

significant chemical fluxes to all pelagic sediments. Ba, B, Mn, Cu, 

Ni, Pb, Co, Mo, V, Y and La are all enriched relative to basalt in 

average Pacific sediments. The major source for most of the 

elements in seawater and average pelagic deposits is continental 

weathering. Input can be categorized as dissolved (hydrogenous) 

and solid (detrital). Some of this dissolved input is cycled 

through the marine biosphere, either directly in response to 

metabolic needs or indirectly, due to such mechanisms as surface 

adsorption (Goldberg, 1965). Ba has been shown to accumulate in 

pelagic deposits as a function of the rate of organic productivity 

in the equatorial euphotic zone (Goldberg and Arrheniuss 1958), and 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

25 

the same type of relationship has been demonstrated for Cu and Ni 

(Burnett, 1971; Greenslate et al., 1973). The high concentration of 

B in pelagic sediments corresponds to its high seawater concentration 

and results in hydrogenous incorporation into authigenic phases 

(Goldberg and Arrhenius, 1958). Goldberg and Arrhenius (1958) 

suggested a similar mode of incorporation for V, Sc, Y and the 

rare-earth elements, along with concentration into ferromanganese 

oxide phases, al though there is some discrepancy with Sc (Fig. l. 2). 

Ni, Pb, Co and Mo covary with Mn, and are thought to hydrogenously 

incorporate into Mn-oxide phases (ibid)~ Bertine and Turekian (1973) 

found that Mo concentrates both in ferromanganese oxides and in 

reducing sediments, and concluded that Mo supply by continental 

weathering is more than adequate to balance deep-sea deposition. 

Horowitz (1970) reached a similar conclusion for the related 

elements Pb, Ag, Sn, Tl and Zn, and calculated that hydrothermal 

activity on mid-oceanic ridges contribute not more than 10% of these 

metals to the oceans. 

Using organic production calculations and average zooplankton 

compositions, Oldnall (1975) estimated rates of biogenic metal 

accumulation in the Bauer Basin that compared to sediment accumu

lation rates for Cu, Zn and Pb, whereas Fe, Mn and Ni needed 

additional sources such as local volcanism. Compositional 

comparisons also indicate that organisms could account for a 

considerable fraction of the Sr, Ba, Cu, Ni and Zn in metalliferous 

sediments (Bostrom et al., 1974, 1978; Oldnall, 1975), although 

isotopic evidence suggests that most of the Pb derives from basalt 
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(Bender et al., 1971; Dasch et al., 1971). Similar production 

calculations (Appendix C) and compositional comparisons · between 

northern equatorial plankton species, sediment and Mn nodules have 

suggested that the source of Cu, Ni and possibly Co is the plankton 

pool (Boylan et al., 1978). Living marine plankton concentrate 

metals from surface waters by adsorption, with subsequent 

incorporation into the exoskeleton in some cases, and by assimilation 

into the soft tissue through filter feeding and ingestion (Oldnall, 

1975) . . Addi ti ona 1 meta 1 concentration may occur by adsorption onto 

fecal wastes of zooplankton and the exoskeletons of dead organisms 

as they sink through the water column (Krinsley, 1960; Goldberg, 

1965). Hurd (1973) estimated that between 90 and 99% of the biogenic 

opal produced in surface waters dissolves before preservation in the 

sediments, and Li et al. (1969) calculated that only 15% of the 

Caco3 produced in the oceans accumulates in the sediment. A critical 

assumption of these biogenic metal accumulation calculations is that 

after metal assimilation, transport is rapid enough to preserve the 

particles until deposition on the seafloor. Bacon and Edmond (1972) 

supported this assumption through the use of a one-dimensional 

advection-diffusion model of dissolved Ba at a station in the 

southwest Pacific. They found a correlation between dissolved Ba 

and Si and calculated that there was little or no input of Ba due 

to decomposition of organisms in the water column. Chan et al. 

(1977) found correlations of dissolved Ba to both Si and alkalinity 

in Atlantic stations, and although they could not identify the 

carrier as opal, carbonate or barite, they concluded that Ba is 
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incorporated in a slowly-dissolving phase that is dominated by the 

biogeochemical cycle. Direct support for the rapid transport 

assumption has been provided by Bishop et al. (1977), who have 
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shown that 99% of the vertical mass flux through the upper 400 m is 

carried by large (>53µm} fecal matter and pellets. The transit time 

for the fecal material through a 4000 m water column is estimated at 

about 10 - 15 days (Spencer et ~' 1978). Oldnall (1975) estimated 

that 34% of the suspended mass concentration reached the seafloor. 

Whereas this value is about eight times that measured by Bishop et~ 

(1977), the concentration of metals during the well-known recycling 

in the upper 400 m (Bishop et ~' 1977) may more than offset 

Oldnall's larger assumed value . 

1.4 Subseafloor Versus Oceanographic Fonnation Processes: The 

Origin of the Bauer Basin Metalliferous Sediments 

Figure 1.6 presents the surface sediment distribution of Fe, Mn, 

Ni and Cu in ratio to Al on the northern Nazca plate. These metals 

have been nonnalized to Al in order to eliminate the dilution 

effects of biogenic carbonate and silica. This technique, proposed 

by Piper (1973), assumes a constant Al flux, which is not strictly 

held here, as the carbonate-free Al concentration systematically 

increases by about a factor of 2 from the EPR crest to the coast of 

Peru. This trend probably reflects an increased aeolian flux of 

Andean ash from the South American continent (McMurtry, 1975; 

Rosato et al., 1975). However, the size of the metal anomalies 
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observed indicates that this variable Al flux may be of minor 

consequence. Two major areas of metal enrichment occur separated 

by a metal-to-Al low. These areas correspond to the southern EPR 

(south of about 13°$ latitude), where metal-to-Al enrichments reach 

as high as 30:1, and to the Bauer Basin, both areas being separated 

by the eastern flank of the EPR (Fig. 1. 6). 

Two major hypotheses have been presented to explain these 

separate areas of metal enrichment. These are: (1) that the Bauer 

Basin represents an additional source area of metallogenesis 

(Anderson and Halunen, 1974; McMurtry and Burnett, 1975); and (2) 

that the Basin represents a catchment area for metal-rich sediments 

transported from the adjacent EPR (Dymond and Veeh, 1975; Dymond 

et al., 1977; Heath and Dymond, 1977). Figure 1. 1 surrmarizes the 

paleomagnetic history of plate motions in the northern Nazca plate 

region. The Bauer Basins · located between the EPR and a fossil 

spreading center, the Galapagos Rise, was formed approximately 
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6 m. y. b. p. when this former spreading center jumped 900 km to the 

west (Anderson and Sclater, 1972). Anderson and Halunen (1974) 

studied the heat flow distribution in this area and found both high 

and bimodally distributed heat flow, characteristic of modern active 

spreading centers, occurring on the Galapagos Rise and in the Bauer 

Basin. They concluded that hydrothermal circulation was reinitiated 

in 6 to 15 m. y. old crust by the ridge jump thermal event. Support 

for this hypothesis was given by transition metal-to-Al anomalies 

and rapid metal accumulation rates in the Bauer Basin (McMurtry and 

Burnett, 1975). Although those rates were shown to be overestimated 



• 

• 

• 

• 

• 

• • 

• 

• 

• 

• 

by the use of assumed bulk densities (Dymond and Veeh, 1975; Lyle 

and Dymond, 1976), they still represent 2 to 3 times the normal 

authigenic rate for iron and manganese. 
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Dymond et !J..:_ (1973) found the Bauer Basin sediments to be the 

most chemically and mineralogically extreme of metalliferous 

sediments, a condition they attributed to seawater transport 

processes. However, the lack of metal enrichment on the east flank 

of the EPR (Fig. 1.6) presents a problem to transport by simple 

lateral migration between these two areas. Heath and Dymond (1977) 

have employed a bottom current model based on horizontal temperature 

gradients (Lonsdale, 1976) to explain how this area can be bypassed 

by bottom current flow through fracture zones crossing the EPR near 

6°S. These workers have also proposed that upon transport into the 

Bauer Basin, hydrothermal iron hydroxides continuously react with 

biologically deposited silica to produce an abundant iron-rich 

smectite characteristic to this area. 

Thus, metallogenesis in fracture zones crossing the EPR may 

explain the isolation of the extensive deposits in the Bauer Basin . 

There is increasing evidence that deep crustal fractures provide 

channels for hydrothermal circulation. Hydrothermal Fe-sulfide and 

Fe-hydroxide concretions have been recovered in dredge samples of 

the Romanche Trench (Bonatti et !J..:_, 1976a) and in the Marie Celeste 

Fracture Zone (McArthur and Elderfield, 1977). However, similar 

reasoning can also find support for a localized origin. Rea (1978) 

has recently shown that the Bauer Basin has undergone a complex 

tectonic evolution over the past 8 m. y., involving a series of 
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ridge jumps with associated. transform faults. The Bauer Scarp, 

which marks the boundary between crust produced by the EPR and the 

Galapagos Rise (Erlandson, 1975) could also be a locus of incipient 

melting (Rea, 1978) and hydrothermal circulation . 

1.5 Summary 
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In the absence of direct data from drilling, the observations of 

metalliferous sediments, associated hot springs, and ophiolites, and 

the laboratory studies of basalt-seawater interaction have combined 

to provide a qualitative view of subseafloor alteration, basalt 

leaching, and metals transport and deposition, initially as sulfides 

and finally as surficial hydroxides. Laboratory studies of basalt 

leaching have demonstrated the release of substantial amounts of 

iron and manganese over a broad range of tempe·ra tu res as long as a 

high water/rock ratio is maintained. In addition, the weathering 

analog presented here suggests that neither the temperature or time 

of formation has to be great. 

Upon deposition at the seafloor, the iron and manganese hydroxides 

adsorb a variety of minor elements from seawater, and adsorb the 

diagenetically mobilized metals brought down by descending biogenic 

debris. Detrital material, although important as a source of Fe, 

Mn and other metals elsewhere on the seafloor (Turekian and Imbrie, 

1966; Windom, 1970), does not make a significant contribution here, 

as can be seen from Figure 1.2. Possible exceptions to this 

generalization are detrital fluxes that are cycled through the 
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biosphere and the contributions from local basaltic ash or hylo

clastite. These metal-enriched hydroxide deposits may subsequently 

be transported about by bottom currents, as suggested for the origin 

of the Bauer Basin deposits. While the question of a localized 

versus transported origin for the Fe and Mn in these deposits 

remains open, the various trace metal enrichments in the Bauer Basin 

can be ascribed to a combination of hydrogenous, biogenous and 

hydrothermal influences . 
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Chapter 2 

Deep-Sea Sediment Accumulation Rates by 230Th: 
Direct and Indirect Assessment Techniques 

2. 1 Introduction 

The importance of dating deep-sea sediments to derive a time 

frame for geologic events is demonstrated by studies of paleo-
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oceanography and paleoclimatology. Dating of these materials can 

also derive rates of geologic processes, and can thereby lead to a 

quantification of the science. An example can be seen in the 

comparative study of the occurance of a particular component in the 

sediment over some region. Deriving the rate of accumulation of this 

component allows comparison on an absolute basis. This eliminates 

the effects of dilution by other components without resort to 

nonnalization techniques that require the often erroneous assumption 

that the normalizing agent is homogenously distributed. 

Every dating· technique applied to deep-sea sediments has its 

advantages and its limitations. If the time period of interest is 

confined to the Quaternary, the dating of sediments by paleomagnetic 

stratigraphy becomes limited to those old enough to display the 

700,000 year Brunhes-.Matuyama reversal boundary. This method, like 

paleontologic and oxygen isotopic stratigraphy, can also be limited 

by lithology and geographic factors. Such factors have little 

control over radiometric techniques based on uranium and thorium 

series disequilibrium. The advantages of stratigraphic methods 
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over radiometric techniques are their relatively rapid and 

inexpensive application. However, all stratigraphic methods are 

indirect techniques as they are ultimately based on an absolute 

calibration by radiometric dating. Because of its directness, 

uranium and thorium series dating is potentially more precise, 
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although its application is limited by the half-lives of the 

radionuclides employed and by the availability of suitably preserved 

deposits. 

Of all the potential applications of uranium and thorium series 

dating, probably the most widely used application has been the 

ionium, or 230rh method of dating deep-sea sediments. Direct 

assessment of ionium (230rh) in deep-sea sediments has proven to be 

a reliable method of dating for the time period of Recent to 300,000 

years b. p., yielding results in agreement with paleomagnetic, 

paleontologic, oxygen isotopic and other radiometric techniques 

(Rosholt et al., 1961; Dymond, 1969; Ku et al., 1968, 1972). The 

most conmonly used technique is based on the decay of excess 230rh 

with depth in the sediment, calculated as the difference between the 

measured activities of 230rh and 234u. Direct assessment of these 

nuclides by alpha spectrometry can be achieved with a precision of 

approximately 2% (Ku, 1976). Because these procedures are laborious 

and time-consuming, this leads to a limited data coverage over a 

given study period, either in the number of data points per core or 

in the number of cores dated. In addition, most sedimentation rate 

determinations show anomalous fluctuations in the down-core 230rh 

distribution that limit the precision of the sedimentation rate to 
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20% (Ku, 1976). These fluctuations have been attributed to 

variations in the sedimentation rate, the flux of 230Th, or reworking 

by either bottom currents or organisms (Cochran and Osmond, 1974). 

These limitations have made simpler and more rapid techniques 

desirable, especially in regard to regional studies of sediment 

accumulation (Cochran, 1973). 

Ganma-ray spectrometry has been shown to be a relatively rapid 

and reliable alternative technique to direct 230Th measurement by 

alpha spectrometry (Osmond and Pollard, 1967; Yokoyama et~, 1968; 

Scott et!!.:._, 1972; Cochran, 1973; Cochran and Osmond, 1974, 1976) . 

The method is approximately 3 times faster than alpha spectrometry 

with about one eigth of the work load, while the sedimentation rates 

obtained are comparable to those based on alpha spectrometry 

(Cochran and Osmond, 1974). Ganma spectrometry measures the 

activity of the natural ganma-ray emitters in the 238u decay series, 
214Bi or 214Pb, and is based on the assumption that 230Th and its 

daughter nuclides in the series are in secular equilibrium. An 

additional assumption is that the 234u activity is uniformly 

distributed down the core . 

Rapid techniques . such as ganma spectrometry have a large 

potential for expanding the scope of future oceanographic studies. 

Cochran and Osmond (1974) have described improvements in the 

technique that make it both nondestructive and faster by directly 

scanning the length of a core. They have also estimated the 

reliability of the method by comparison with alpha spectrometry on 

four cores. This study presents an additional comparative analysis 
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of 230Th assessment by alpha and ganrna spectrometry. This chapter 

presents the theory, assumptions and methods of each technique, and 

presents further refinements to the scanning ganrna spectrometry 

technique. A detailed assessment of the additional assumptions 
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required in garrma spectrometry is presented along with suggestions 

of the applicability of each method for a given set of circumstances . 

2.2 Direct 230Th Assessment: Theory and Assumptions 

The 230Th method is based on radioactive disequilibrium in the 

uranium series, which results in the enrichment in deep-sea sediments 

of 230Th over its parent nuclide, 234u. This enrichment process is 

due to the comparatively insoluble nature of Th in seawater, U being 

quite soluble due to its formation of stable anionic complexes, such 

as uo2 (C03)3
4- (Ku, 1976). When 234u decays to 230Th, the high 

ionic potential of the Th4+ ion fonned results in particulate 

adsorption and/or hydrolysate precipitation (Krishnaswami et al., 

1976; Ku, 1976). 230Th decays with a half-life of 75,200 years, 

allowing age detenninations in deep-sea sediments for periods of up 

to 300,000 years, or for several meters, depending on the bulk 

sedimentation rate. 

Several methods have been employed to obtain sedimentation rates 

from the generally observed exponential decrease in 230Th activity 

with depth in deep-sea cores. The two most widely used methods are 

based on unsupported or excess 230Th, defined as the activity 

difference between total 230Th and 234u-supported 230Th in the 
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sediment (Ku et al., 1968), and on the 230rh;232rh activity ratio 

(Goldberg and Koide, 1962), which can be corrected for any authigenic 

U present in the sediment by calculating excess 230rh;232rh 

(Goldberg and Bruland, 1974). Both methods can detennine the age, t, 

at a given level in the core from the exponential law of radioactive 

decay: 

(4) 

where A = the activity or activity ratio at some depth, x, A
0 

= the 

initial, or surface activity or activity ratio and A= the decay 

constant of 230rh. Since the sedimentation rate, S = x/t, 

substitution of this relation and logarithmic transformation of 

equation (4) yields: 

lnA = -(A/S)x + lnA . 0 (5) 

A plot of lnA versus x should give a linear relationship whose slope 

can be assessed for the sedimentation rate, provided the following 

assumptions are valid. 

First, all methods assume that no post-depositional migration of 

Th can occur. Further, for the excess 230rh method, it is assumed 

that both the supply of 230rh and the sedimentation rate are unifonn. 

A linear plot serves to validate these assumptions (Ku et~, 1968; 

Ku, 1976). For the 230rh;232Th method, neither the 230rh supply or 

the sedimentation rate need be unifonn as long as the seawater 
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230Th;232Th ratio remains constant and both Th isotopes are supplied 

in the same chemical fonn (Goldberg and Bruland, 1976). The 
230Th;232Th method further assumes that there are no lithogenous 

contributions of these two Th isotopes (ibid). This has been 

criticized because of the detrital nature of most 232Th (Ku, 1976). 

In practice, both methods yield similar results, which is probably 

the effect of nonnalization to a constant distribution of 232Th . 

Normalization to other sediment components, such as Fe, Mn and K, 

has been attempted based on known or suspected correlations to Th 

(Baranov and Kuzmina, 1958; Kraemer, 1971; Scott et !l.:._, 1972) • 

Nonnalization has the advantage of correcting not only for varying 

sedimentation rate, but for variations in such physical properties 

as porosity. The major disadvantage of nonnalization lies in the 

probability that these components have different geochemical 

pathways, leading to additional scatter in the data • 

2.3 Direct Assessment Procedures 

Uranium and thorium concentrations and the activities of their 

isotopes were measured by alpha particle spectrometry. Uranium and 

thorium were separated and purified by methods similar to those 

described by Ku (1965, 1966), Burnett (1974, 1977) and McMurtry 

(1975). Samples were dried and powdered prior to addition of 

concentrated HCl, HN03 and HC104. The solution was evaporated to 

near dryness and was brought up again after the addition of 232u and 
234Th tracers. This treatment ensured both the complete oxidation 
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of uranium and equilibrium between the tracers and the uranium and 

thorium in the sample. After the final evaporation, the samples 

were dissolved in 8 N HCl. If any insoluble residue remained, it 

was separated by filtration through 0.8 µm filter paper. This 
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residue was discarded from samples of cores KK71-FFC109, KK71-FFC115, 

KK71-FFC132 and KK71-GC07 (McMurtry, 1975), which were dated by the 

leaching method of Goldberg and Koide (1962), but was recombined 

after dissolution in HF for all other samples. After dissolution 

was complete, separation proceeded by a series of hydroxide 

precipitations, ion exchanges and solvent extractions. The purified 

uranium and thorium were ultimately electroplated onto stainless 

steel counting discs for pulse height analysis. 

The counting system consisted of four Ortec surface-barrier 

detectors, each with its own bias supply, preamplifier and amplifier/ 

discriminator. These systems were routed to a 1024-channel Nuclear 

Data model 2200 pulse-height analyzer, with each detector assigned 

256 channels of analyzer memory. The accumulation of events was 

monitored on an oscilloscope until teletype readout. 

The corrunercial 232u tracer used for chemical yield determinations 

was diluted and purified by anion exchange prior to alpha spectro

metry calibration against a gravimetric uranium standard (National 

Bureau of Standards reference material no. 950a, 99.94% u3o8). The 

standard was ignited in a platinum crucible at l000°C for fifteen 

minutes to ensure u3o8 stoichiometry. The 234Th tracer was 

prepared by "milking" a uranium solution by cation exchange, a 

procedure similar to that described by Goldberg and Koide (1962). 
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Thorium yields were determined by measurement of the 234Th beta 

activity in a Nuclear Chicago gas-flow counting system. 

Spectra were integrated by desk computer, placing envelopes of 

approximately forty channels width around each peak so that the 

starting and finishing number of counts were about the same, ie. a 

gaussian distribution was assumed. Some corrections were necessary 

for spillage of 232u counts into the 234u peak area. Background 
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was measured for each detector and for the tracers used. Corrections 

were applied to a few samples and were found to be negligible. 

Alpha spectrometric data are listed in Table Al5 of Appendix A . 

2.4 Indirect 230Th Assessment by Gamma Spectrometry: Theory and 

Assumptions 

In nature, all elements with atomic number greater than bismuth 

(83) are radioactive, and occupy successive positions in decay 

schemes. There are three principal natural decay series. These are 

classified according to the parent nuclide: 238u, 235u, and 232Th. 

The two natural decay series of interest to this study, 238u and 
232Th, are presented in Figure 2.1. The 235u series is not 

considered to be as important here due to the low isotopic abundance 

of 235u (0.7205%) (Friedlander et al., 1964). The 238u series 

contains eight alpha particle and six beta particle emissions. The 
232Th series contains six alpha particle and four beta particle 

emissions. Both series end at a stable isotope of lead (Fig. 2.1) . 

In addition to alpha and beta particle emission, nuclides also 
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Fig. 2.1 The 238u and 232Th decay series (modified after 
Friedlander et~, 1964). 
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emit nuclear electromagnetic radiation called ga1T1T1a rays. Gamma-ray 

emission is one way a nucleus can give off the energy excess it can 

have as a result of radioactive decay (Adams and Gasparini, 1970). 

Most of the nuclides in the natural series emit ga1T1T1a radiation . 

Another important natural garrma~ray emitter is 4°K, t 112 = 1.27 x 109 

years. Potassium has been shown to consist of a constant 0.012% 

abundance of 4°K, which undergoes branched decay by beta emission 

(89%) to 40ca, and electron capture (11%) followed by a prompt 

1.46 MeV gall1Tla emission to 40Ar (ibid). 

At energies exceeding approximately 1 fJeV, the most important 

gamma emitting nuclides in the 238u and 232rh series are 214Bi and 
208r1, respectively (Fig. 2.1). Measurement of 232rh, 238u, or 
230rh activit,es by ga1T1T1a spectrometry requires the assumption that 

all the intennediate nuclides i-n the series are in a state of 

secular equilibrium. Secular equilibrium can be defined as a 

limiting case of radioactive equilibrium where the parent nuclide 

activity does not decrease measurably during many daughter half-lives, 

due to the much smaller decay constant (or larger half-life, 

t 112 = ln 2/A) of the parent nuclide (Friedlander et al., 1964). 

Given the decay series: 

with Al << A2 ... An' then after a time t >> A2 ... An in a closed 

system: 
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where N = the number of atoms of nuclide A and the activity or 

disintegrations per unit time, from the general equation for 

radioactive decay, equals ~N. 
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(6) 

Because of the relatively short half-lives of all the decay 

products in the 232Th ser.ies, secular equilibrium is established 

quickly in a closed system (a maximum of 45 years due mostly to 
228 Ra, t 112 = 6.7 years). The presence of long-lived nuclides, such 

as 234u, 230rh and 226Ra, prolongs the establishment of secular 

equilibrium in the 238u series. 234u reaches equilibrium with 238u 

in a closed system after about 106 years, and 230rh reaches 

equilibrium with 234u-238u after about 4 x 105 years. 226 Ra reaches 

equilibrium with 230rh after about 104 years (Adams and Gasparini, 

1970). Because of these long periods, large deviations from 

equilibrium have been found in nature for 234u, 230rh and 226Ra. 

Some examples are the enrichment in seawater of 234u over 238u 

expressed by the 234u;238u activity ratio of 1.14 (Koide and 

Goldberg, 1965), the enrichment in sediments (and concurrent 

depletion in seawater) of 230rh, previously discussed and the post

depositional migration of 226Ra in sediments (Kroll, 1955; Goldberg 

and Koide, 1963; Koczy, 1963). The mobility of 222Rn, the gaseous 

member of the 238u series, can also be a source of disequilibrium, 

despite its moderately short half-life of 3.8 days. As the 

remaining long-lived nuclides in this series occur after 214Bi 

(Fig. 2.1), only disequilibrium with respect to 226Ra and 222 Rn need 
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• be considered in 230Th assessment by ga1T111a spectrometry. An 

evaluation of the effects of these two nuclides is presented below 

in sections 2.6 and 2.7. 
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2.5 Gamma Spectrometry: Detection Equipment and Calibration 

The scanning ga1T111a spectrometer system developed for this study 

is schematically represented in Figure 2.2. Signals from the 

detector were stored in 512 channels of a 1024-channel pulse height 

analyzer. The core material was sequentially counted by moving the 

archive core half, intact in its plastic liner and 0-tube, ben~ath 

the detector on a length-calibrated Al tray. Background radiation 

was reduced by surrounding the · detector with low activity lead 

shielding, leaving two openings for the passage of the core half. 

The energy spectrums were stored in the multichannel analyzer 

memory and monitored on an oscilloscope until digital printout on a 

teletype. Spectrums could also be graphed on a chart recorder. 

Counting times varied depending on sample activity and were monitored 

against a background spectrum stored in the adjacent 512 channels 

of multichannel analyzer memory. 

Energy spectrums for the three standards used in this study are 

presented in Figure 2.3. Simultaneous determination of U, Th and K 

in a sample involves choosing a "window" around a peak that is 

characteristic of each gamma emitting component, and correcting 

for the contributions of the remaining components to that window. 

The 4°K spectrum (Fig. 2.3c) represents the case of a single galTllla 
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emitter, consisting of a photopeak at the characteristic decay 

energy and a lower energy distribution due to the Compton effect 

(Adams and Gasparini, 1970). The 238u and 232Th series spectrums 

(Figs. 2.3a and b) represent the more complicated situation when 

more than one ganJT1a decay energy is present, as in most natural 

samples. In order to avoid as much as possible the complications 

arising from the contributions of higher energy emitters to the 

photopeaks of lower energy emitters, high energy windows were chosen 

around the 1.76 MeV 214Bi photopeak for the 238u series and the 

2.61 MeV 208Tl photopeak for the 232Th series. These windows and 

that for the 1.46 MeV 4°K photopeak are indicated in a typical deep

sea sediment gaRITla spectrum in Figure 2.4. This spectrum represents 

a composite of the standard spectra in Figure 2.3. 

Calibration of the gamma spectrometer system involved obtaining 

analyzed U, Th and K standards, with U and Th in secular equilibrium. 

In order to eliminate the effects of varying geometry, it was also 

necessary to cast the standards into the form of a core half. The 

U and Th standards were obtained from the U. S. Atomic Energy 

Commission (now Department of Energy) New Brunswick Laboratory, 

New Brunswick, New Jersey. The U standard was prepared from counting 

standard no. 42-3, 1.07 ± 0.003% U at the 95% confidence level. The 

standard, certified to be in equilibrium by measurement of the Ra/U 

ratio, was prepared from mixing weighed quantities of a pitchblende 

ore with dunite. The standard cast was prepared by mixing weighed 

quantities of the counting standard with reagent grade Caso4 · l/2H20 

in a ball mill. Splits of the powder mix were sealed in vials and 
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Fig. 2.3 Garmia-ray energy spectrums for the standards used in 
this study. These spectrums represent the three 
components of most natural gamma-ray spectrums. 
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Fig. 2.4 A typical ganma-ray energy spectrum of a deep-sea 
sediment, displaying the high-energy windows for the 
232Th series, the 238u series and 40K (w-1, w-2 and 
w-3, respectively) and the background. 
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counted in a well-type ga1T111a spectrometer system to assure 

homogeneity prior to casting. Casts were made by mixing the powder 

with distilled water and pouring the mixture into plastic core liner 

halves. The Th standard was similarly prepared from NBL no. 7-A, a 

monazite sand containing 8.52% Th and 0.099% U. The K standard was 

prepared by sealing reagent grade KCl powder into a plastic core 

liner half. The U and Th standard casts contained 100 ppm U and 

91 ppm Th with l ppm U, respectively. The K cast contained 52.45% K. 

A further check for homogeneity was made by scanning the cast length 

(Fig. 2.5). Activities near the center of the cast were generally 

within the counting error, whereas those near the ends showed 

diminished activities due to an edge effect. This effect is due to 

the extended range of ganvna radiation. It was accounted for during 

analysis by keeping at least one detector width (ca. 8 cm) away from 

the ends of the core sections. A blank caso4 cast was used for 

background determinations (Fig. 2.4) • 

Absolute calibration involves calculation of the intrinsic 

detector efficiency, the geometry, and the branching ratios for 
214si, 208Tl and 4°K decay. Evaluation of the above standards under 

the same counting conditions as the samples eliminates these 

calculations. Instead, the concentration or activity of a sample 

can be evaluated in terms of the standard concentrations or 

activities by solution of a set of three simultaneous equations of 

form: 
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normalized to the weights of U-4 and Th-7, respectively. 
Line width represents the counting error (±lo) . 
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A1 = F1c1 + F2C2 + F3C3 (7) 

A2 = F4Cl + F5C2 + F6C3 (8) 

A3 = F7C1 + FaC2 + F9C3 (9) 

where A1 = the specific activity or (sample activity - background 

activity)/sample weight, in window l in units of cpm/g; A2 = the 

specific activity in window 2; A3 = the specific activity in window 

3; c1 = the U content in ppm or dpm/g; c2 = the Th content in ppm 

or dpm/g; c3 = the K content in %; and the F's are the calibration 

factors determined from solution of equations 7, 8, and 9 for each 

standard. Note that the calibration factors account for the 

contributions of the other two components to the specific activity 

in each component's window. Further details of this spectrum 

stripping technique can be found elsewhere (Adams and Gasparini, 1970; 

Rybach, 1971; Fankhauser, 1976). 

Actual operation had to account for instrument drift, which can 

affect window positions as well as window width. Instrument drift 

was monitored between each sample counting period with solid-state 
137cs (0.662 MeV) and 60co (1.33 MeV) standards. Fortunately, the 

scanner system was extremely stable, with a maximum drift of 2 

channels recorded. Instrument drift was a more serious problem 

with the well-type system, requiring some sample recounts. Spectrums 

digitally read out on the teletype were integrated by desk computer. 

Because of problems associated with determining the exact volume of 

material seen by the detector (see Cochran and Osmond, 1974), 

specific activities were calculated by normalizing the net counts to 
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the core's density in g/cc. This effectively eliminates the volume 

when the standards are also treated in this manner. These specific 

activities and the calculated calibration factors were inserted into 

a computer program to calculate the equivalent U, Th and K contents 

by simultaneous solution of equations 7, 8 and 9 (Fankhauser, 1976). 

The program was modified to account for variable core half thickness, 

which was measured at each sample position . 

Errors given in Tables Al through Al5 of Appendix A have been 

calculated on the basis of counting errors in the sample and 

background count rates, representing ± lcr of the specific activity . 

Precision estimates based on multiple counts of the calibration 

standards at different times throughout the study period indicated 

that the U and Th errors were approximated by the counting error, 

but the K standard exhibited a lcr error approximately 5 times 

greater than its largest counting error. The cause of this larger 

error is unclear, but may be due to a shifting of the KCl reagent 

wi thin the core liner between analyses. Coefficients of variation 

for the net activities of the calibration standards are 0.3, 0.7 and 

1.0% for the U, Kand Th standards, respectively. Precision 
' . 

estimates based on multiple counts of the background at different 

times throughout the study period indicated that lcr errors did not 

exceed those based on counting statistics. 

Accuracy can best be estimated by running standards as samples. 

Because of the special geometry inyolved in the scanner system, a 

combined standard cast was prepared from the NBL counting standards 

and KCl reagent used in the calibration standards, but diluted with 
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Caso4 · 1/2H20 reagent to a level approximately ten times lower than 

the calibration standards. The standard powder was checked for 

homogeneity with the well-type gamma spectrometer system and the 

length of the cast was scanned as a further check (Fig. 2.6). The 

cast was weighed and was calculated to contain 9.3 ppm U, 9.0 ppm Th 

and 2.62% K, as compared to 9.6 ppm U, 10.0 ppm Th and 2.66% K 

measured at the center of the cast by the scanner system. The 

measured values deviate from those calculated by 1.5, 3.8 and 11.1% 

for K, U and Th, respectively, representing about twice the counting 

error for K (0.62%) and U (2.3%) and about five times the counting 

error for Th (2.0%). Since all the measured values are greater than 

those calculated, a small systematic error exists. The source of 

this error is probably in the volume estimates used to calculate 

the densities of the combined standard cast and the casts of the 

calibration standards, as the weight measurements were comparatively 

precise. 

2.6 222 Rn Disequilibrium 

There can be large departures from secular equilibrium in the 
238u series due to 222Rn loss. 222Rn has a moderately short half-

1 ife of 3.82 days, but because of its noble gas behavior, 222 Rn can 

be very mobile on the time-scale of weeks. This mobility depends 

on the material's physical properties and its distribution of 226Ra 

(Tanner, 1964). 222Rn mobility can lead to serious analytical 

problems, but if recognized, its short half-life allows reestablish-
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ment of secular equilibrium in about three weeks. Therefore, any 

loss over longer time periods does not affect parent nuclide 

measurements. 
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222 Rn loss to the gas phase of deep-sea sediments was recognized 

at an early stage of 230rh dating development (Volchok and Kulp, 

1957), but its importance has been underemphasized in more recent 

work (Cochran and Osmond, 1974). An example of the effects of 222Rn 

loss on the determination of a sediment accumulation rate is 

presented in Figure 2.7. To check on 222Rn effects under different 

analysis conditions, core KK71-FFC109 was scanned as an open system, 

as a closed system (with its surrounding D-tube sealed with plastic 

tape), and as a totally sealed system (with samples individually 

sealed with high-vacuum resin in plastic counting vials). The 

closed and sealed systems were left to accumulate 222Rn for at least 

three weeks, with the sealed samples counted in the well-type ganuna 

spectrometer system. 

The results of this experiment (Table 2.1, Figs. 2.7 and 2.8) 

indicate that a substantial amount of 222 Rn can be lost in an open 

system, but that the slope of the total 214Bi activity-versus-depth 

curve is relatively unaffected (Fig. 2.7). This is due to the 

relatively constant percent 222 Rn loss with depth in this core 

(Table 2.2), the 222 Rn flux to the gas phase being directly 

proportional to the 226Ra concentration in the solid phase (Fig. 2.8). 

Volchok and Kulp (1957) also found this relationship, and found 

that 30 to 60% of deep-sea sediment 222Rn escapes, as compared to 

less than 1% escape for high uranium minerals. The maximum expected 



• • • 

Depth 
(cm} 

12-20 

20-28 

28-36 

36-44 

44-52 

52 ... 50 

60-68 

68-76 

76-84 

84-92 

• • • • • 

TABLE 2. 1 COMPARISON OF GAMMA SPECTROMETRIC 
DATA FOR CORE KK71-FFC109 

214Bi 214Bi 214Bi 222 Rn Increase 
(dpm/g) (dpm/g) (dpm/g) (dpm/g) 

Open Liner Closed Liner Sealed Vials (Closed - Open) 

4.62 ± 0. 17 6.26±0.18 15.27 ± 0.20 1. 64 ± 0.25 

3.92 ± 0.17 

3.56 ± 0. 18 5.92 ± 0.18 12.17 ± 0.15 2.36 ± 0.25 

2.88 ± 0. 18 

2.88 ± 0.18 

2.14 ± 0.18 4.75±0.18 l 0. 04 ± 0. 15 2.61 ± 0.25 

2.53 ± 0.17 

2.35 ± 0.17 4.69 ± 0.18 8.38 ± 0.10 2.34 ± 0.25 

1.81±0.18 . -----
1. 94 ± 0.18 4.57 ± 0.18 8.23 ± 0.10 2.63 ± 0.25 

, 

• • • 

222 Rn Increase 
( dpm/g) 

(Sealed - Open) 

10.65 ± 0.26 

8.61 ± 0.23 

7.90 ± 0.23 

6.03 ± 0.20 

6.29 ± 0.21 

U'I 
l.D 
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Fig. 2.7 Total 214Bi activity versus depth for core KK71-FFC109. 
Small squares denote values obtained as an open system; 
open triangles denote closed system values (surrounding 
D-tube sealed); open diamonds denote sealed system 
values (samples individually sealed in counting vials); 
solid diamonds denote total 230Th activity determined 
by alpha spectrometry (McMurtry, 1975). Lines are 
least-squares fits to the data. 
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Fig. 2.8 222Rn activity increase versus depth for core 
KK71-FFC109, measured as the Zl4si activity difference 
of sealed and open systems {see Table 2.1). 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

16 

14 

~ 12 
E 
c. 

-0 -
w 10 
t/) 

<( 
w 
a::: 

~ 8 
>-
I-

> 
I- 6 
u 
<( 

c: 
a:::: 

N 
N 4 
N 

2 ~-,,,_ 

63 

CORE KK71-FFC109 

activity x 0.92 

} 
sealed vials -
open liner 

__i__ _ _ -+-- } sealed liner-
~---- I - + open liner 

o--~~..__~~..__~~..__~~---~__. 

.. 0 20 40 60 80 100 
DEPTH (cm) 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

64 

222Rn leakage in sedimentary materials is 78%, based on the fraction 

of radon atoms emitted from a spherical grain due to recoil, an 

average grain density of 3 g/cc, and a typical surface area for 

sedimentary materials of about 20 m2/g (Volchok and Kulp, 1957) . 

The calculated 222Rn loss presented in Table 2.2 ranges from an 

average of 30 to 85% per core, in general agreement with the results 

of Volchok and Kulp (1957). Some samples in Table 2.2 display 

higher values of 222Rn loss than the theoretical maximum of 78%. 

This could be explained on the basis of larger surface areas than the 

typical value used by Volchok and Kulp (1957), as values of up to 

40 m2/g have been recorded in deep-sea sediments (Kulp and Carr, 

1952). 

The correlation of 230Th activity to the 222Rn activity increase 

in Figure 2.8 suggests that there may be as much as 92% 222Rn ioss 

for core KK71-FFC109. However, the total 214Bi activities for the 

sealed vial samples (Fig. 2.7) indicate that the total 230rh 

activities determined by alpha spectrometry are about 20% too low. 

Any thorium loss is probably due to incomplete sample dissolution, 

as the leaching process employed for these samples (see Section 2.3) 

usually removes slightly less than 70% of the thorium in the sample 

(Goldberg and Koide, 1962) . 

The effect of sealing the region surrounding the core material 

is to produce an enhanced sediment accumulation rate, apparently 

caused by 222Rn migration throughout the entire length of the core 

(Figs. 2.7 and 2.8). This migration of 222Rn activity appears to 

affect the lower activity levels to a greater extent than those 
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levels near the core top (Fig. 2.8). Recognition of this enhancement 

of the apparent sedimentation rate made running the scanning ganma 

spectrometer as an open system more desirable, although correction 

for 222Rn loss is required as well as additional measurements and 

assumptions. 

The net result of 222Rn disequilibrium on sediment accumulation 

rates determined by open-system scanning is an underestimation of 

the total 230Th {226Ra) activity at each sampling interval due to 
222Rn emanation. The slope of the activity versus depth curve 

which determines the sedimentation rate will not be affected if the 
222Rn loss remains proportional to the 230Th {226Ra) activity, and 

if the data are not overcorrected for uranium support. Over-

correction can be avoided if the core has penetrated to the level of 

uranium support, or if the differential method of Cochran and Osmond 

(1974) is employed. However, in practice, it was found that the 

differential method, which calculates the level of uranium support 

by a linear least-squares regression of the change in total 214Bi 

activity with depth versus the total 214Bi activity, gave values that 

were generally greater than the uranium values measured on the same 

cores by alpha spectrometry. This may be caused by a variable U/Th 

ratio in these cores, which would invalidate the assumption of 

uniform uranium distribution central to differential method 

(Cochran and Osmond, 1974) or by anomalous scatter in the 230Th data, 

or both. Therefore, for those cores that did not penetrate to a 

level of uranium support, the directly determined values in 

Table AlS were used as a correction for uranium support • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

66 

As 222Rn loss affects the assessment of the absolute 230Th 

activity, an attempt to relate this loss to the sediment's physical 

properties was made in order to correct the 230Th budget calculations 

presented in Chapter 3. Table 2.2 presents down-core measurements 

of water content, wet and dry bulk densities, porosity and Caco3 
content for nine cores investigated for 222 Rn loss. The relationship 

of each core's average 222Rn loss to its average caco3 content, 

water content and porosity was investigated by linear regression 

analysis. There is no relation to average water or "caco3 content, 

the regression coefficients equalling 0. 10 and 0.20, respectively, 

whereas there is some relation to average porosity (r = 0.50). A 

plot of the range of porosity versus that of 222 Rn loss calculated 

for each core is shown in Figure 2.9. A relation to porosity could 

reflect a relation to surface area, as these two properties are 

generally observed to correlate, ie. fine grained sediments display 

high surface areas and porosities, whereas coarse grained sediments 

display lower surface areas and porosities (Krumbein and Sloss, 1963). 

However, for sediments with specific surface areas within a factor 

of 100 of the typical value of 20 m2/g, the fraction of surface 

adsorbed 230Th (226Ra) is theoretically indistinguishable to the gas

phase radon content from that fraction within the grains (Volchok and 

Kulp, 1957). 

As 222Rn loss is a question of diffusion through a porous solid, 

loss will not only be a function of the available pore space, but 

will also be a function of tortuosity, whether adsorption occurs on 

the solid and the concentration gradient along which diffusion 
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TABLE 2.2 CALCULATED 222Rn LOSS AND SEDIMENT 
PHYSICAL PROPERTIES 

222Rn Loss* ** Core No. Depth H20 Porosity Wet Bulk Dry Bulk CaC03 
Dens it) Dens it) 

(cm) (%) (%) (%) (g/cc (g/cc (%) 

PCB 795 75 78 90 1.16 0.26 1.5 
1025 81 75 86 1.15 0.29 1.4 

PC13 75 69 76 96 1.27 0.31 1.1 
255 63 75 97 1.30 0.33 1. 5 
475 83 76 95 1.25 0.30 15 
785 78 41 70 1. 70 1.00 91 

1025 77 67 83 1.24 0.41 56 

PC87 200 50 70 83 1.19 0.36 B2 
350 47 64 73 1.14 0.41 82 
550 37 82 

PC88 50 33 52 60 1. 16 0.56 93 
100 22 51 66 1.31 0.65 88 
150 36 92 

FFC109 16 70 87 
32 71 61 82 1.34 0.52 80 
56 79 73 
72 72 56 74 1.33 0.59 85 
88 76 85 

FFC114 39 53 79 91 1.15 0.24 3.0 
79 34 78 89 1.14 0.25 1.1 

FFC115 20 62/i 1.9 
40 41 87 84 l.07 0.23 2.4 
60 25 0.0 

100 12ti 83 86 l. 11 0.25 o.o 

m 
"""' 
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TABLE 2.2 continued 

222Rn Loss* ** Ory Bulk CaC03 Core No. Depth H2o Porosity Wet Bulk 
Dens it) Dens it) 

(cm) ( % ) (%) (%) (g/cc (g/cc (%) 

FFC116 44 55 81 87 1.08 0.21 4.4 
92 35 79 89 1.13 0.24 1.8 

FFC166 72 84 72 91 1.26 0.35 4.8 
96 85 80 92 1.15 0.23 2.7 

* Calculated from difference of sealed vial and open liner 214Bi activities for all cores except PCS 

and PC13. which were calculated from difference of 238u (alpha) and open liner 214Bi activities. 

** Porosity calculated from difference of wet bulk and dry bulk densities. assuming 100% saturation and 

a water density of 1.00 g/cc. 

b Values are suspect due to a lack of material at these intervals, necessitating a larger sampling 

interval for the sealed vial samples. 

• • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

100 

FFC114)j 
FFC166 

90 I 
I FFC116 

I 
- FFC1157 B ~ 80 

FFC109 ->--(/) 
0 
~ 

c£ 70 PC13 

60 
IPCssl 

500 20 40 60 80 100 
222Rn Loss (0/o) 

Fig. 2.9 Range of calculated porosities versus that of 222Rn loss 
for each core investigated. Data from Table 2.2 . 
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occurs (Klinkenberg, 1951; Hurd, 1973). Water saturation in soils 

has been shown to decrease the migration distance of 222Rn ~Y as 

much as 98%, because the diffusion coefficient in air (1. 1 x 10-l 

cm2/sec) is much larger than that in water (1. 1 x 10-5 cm2/sec) 

(Tanner, 1964}. It was therefore surprising to observe the amount 

of 222 Rn diffusion that occurs in these sediments, as they should be 

saturated. A check was made against the possibility that the cores 

had dried subsequent to their initial opening and porosity 

measurements by remeasuring the water contents of cores KK71-PC87, 

KK71-PC88, KK71-FFC109 and KK71-FFC115. The remeasured water 

contents were within 10% of the original values, suggesting that 

little drying had occurred in at least those cores investigated. 

These poor correlations required the use of average measured 
222Rn loss for each core as a correction for the 230Th budget 

calculations in Chapter 3. For those cores not measured, a correc

tion was applied based on the measured values of companion cores • 

Clearly, more work is needed on the relationship of 222Rn loss to 

sediment physical properties . 

2 7 226R o· ·1 "b . . a 1sequ1 1 rium 

As 226Ra possesses the longest half-life in the 238u series 

past 230Th, any post-depositional migration of this nuclide could 

seriously affect sediment accumulation rate detenninations. 226Ra 

disequilibria in undisturbed deep-sea cores was first observed by 

Piggot and Urry (1941, 1942}. They found low 226Ra concentrations 
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near the core top, increasing to a maximum value corresponding to 

about 10,000 years, or six 226Ra half-lives, and then decreasing 

with further depth in the core. The apparent disequilibrium with 
230rh near the core top is actually the nonnal case of daughter 

ingrowth, and can be a useful index of core top preservation. 

Kroll (1955) found more complicated 226Ra distributions, displaying 

a number of maxima, and suggested that there was vertical migration 

of 226Ra in the sediment. 

Koczy and Bourret (1958) modeled the one-dimensional diffusion 
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of 226Ra in deep-sea sediments, and calculated a diffusion coefficient 

of 0. 1 cm2/yr (3.2 x 10-9 cm2/sec) for a carbonate core measured by 

Volchok and Kulp (1957). This calculation was accomplished by 

comparison of the theoretical curves to the experimental one. The 

theoretical curves were generated from the relationship (Koczy, 1963): 

c(x) = c e -;-:;o- + --µ ..... T __ _ 
o {µ/S) 2D - A 

[.-xfao _ .-µx/s] ( 10) 

where c(x) is the 226Ra concentration at a depth x, A is the decay 

constant of 226Ra, µ is the decay constant of 230Th, S is the 

sedimentation rate, c
0 

is the surface concentration of 226Ra, T is 

the surface concentration of 230Th and D is the effective diffusion 

coefficient of 226Ra. The sedimentation rate, 230Th flux, and rate 

of 226Ra diffusion are assumed to be constant . 

The distribution of 214si activity in core KK71-PC88 suggested 



• 

• 

• 

• 

• 

• 

• 

• 

• 

that some 226Ra diffusion may have occurred (Chapter 3). In order 

to estimate a diffusion coefficient, the 214Bi activities below 
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70 cm in this core were compared to a set of theoretical curves 

generated by Koczy and Bourret (1958) for a sedimentation rate of 

1.0 cm/103 years {Fig. 2.10). The 214Bi and 230Th activities above 

70 cm were discarded because their constant values suggest a 

disturbance of the topmost layers, possibly due to recent slumping, 

as was found- for a companion core, KK71-PC87 {Chapter 3). The 214Bi 

activities below 70 cm were plotted after units conversion and an 

adjustment for 230Th production differences between the KK71-PC88 

site and the value used by Koczy and Bourret {1958). A value for 

the diffusion coefficient of approximately 10-9 cm2/sec or smaller 

is indicated by the fit of the data (Fig. 2.10) . 

This value for the diffusion coefficient is in good agreement 

with values of 10-8 to 10-9 cm2/sec found by other workers (Koczy 

and Bourret, 1958; Goldberg and Koide, 1963; Cochran and Osmond, 

1974). These values are about four orders of magnitude lower than 

the diffusion coefficients of electrolytes in water, which are of 
-5 -6 2 226 the order of 10 to 10 cm /sec. This suggests that Ra 

migration is not controlled by simple diffusion, and that adsorption 

onto solid surfaces must limit the migration of 226Ra in the 

interstital water of deep-sea sediments (Koczy and Bourret, 1958; 

Goldberg and Koide, 1963). These lower values also suggest that the 

effects of post-depositional 226Ra migration on the rate of sediment 

accumulation will be minimized, especially for cores accumulating on 

the order of a few cm/103 years {Koczy and Bourret, 1958) and for 
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Fig. 2. 10 Theoretical 226Ra distribution with depth for a 
sedimentation rate of 1.0 cm/103 years and various22 values of the effective diffusion coefficient for 6Ra, 
D (modified after Koczy and Bourret, 1958). The data 
below 70 cm depth for core KK7l~PC88 are superimposed, 
indicating an effecti~e diffusion coefficient of 
approximately l0-9 cm /sec for this core. 
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cores with unifonnly high adsorption capacities . 

2.8 Summary and Conclusions 

Comparison of the sedimentation rates determined by both alpha 

and ga11111a. spectrometry on six deep-sea sediment cores is. presented 

in Chapter 3. A comparison of the methodologies of these two 

techniques is summarized below. 

There is little doubt that dire~t 230Th assessment by alpha 

particle spectrometry is the more precise method. No additional 

assumptions -beyond those basic to any radiometric technique are 
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required, and the method directly corrects for uranium support at 

each sampling interval. Alpha spectrometry requires a minimum 

amount of spectrum manipulations; there is essenti.ally no background 

and very little peak-to-peak interference. On the negative side, 

the counting equipment for alpha spectrometry is complex, expensive 

and the required vacuum system must be closely monitored. Sampling 

is totally destructive. The sample preparation procedures are 

complex, expensive, laborious and time-consuming. There is a good 

chance for radionuclide loss in these complex procedures, even after 

tracer addition, as there is no guarantee that equilibrium will be 

established between the tracer and every component in the sample . 

The solubility of marine barite in these procedures has been 

questioned, for example (H. H. Veeh, pers. comm., 1978}. 

For the scanning gamma-ray spectrometer, sample preparation is 

negligible, with the core material left in tact. If a well-type 
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system is employed, sample preparation is confined to drying and 

powdering, and the sample can be subsequently used for other analyses. 

Much time, effort and expense are avoided, while the chance of 

radionuclide loss is potentially minimized. The counting equipment, 

although equally expensive, is comparatively simple in its operation 

and requires no vacuum system. The major disadvantages of ganma 

spectrometry are: (1) spectrum manipulations; (2) estimation of 

uranium support; and (3) violations of the secular equilibrium 

assumption. The interpretation of garrma-ray spectrums requires a 

substantial background correction, while the equally substantial 

peak-to-peak interference makes a computer program necessary. The 

assessment of uranium support must either be made indirectly or by 

other methods. Indirect assessment makes the assumption that the 

uranium is uniformly distributed throughout the core. The assumption 

must also be made that secular equilibrium exists between 230Th and 

its ganma emitting daughter nuclides. This study has shown that a 

substantial amount of 222Rn disequilibrium exists with respect to 

the scanner system. 222 Rn emanation from an open scanner system 

can affect the absolute assessment of 230Th (226Ra), but should not 

affect the derivation of apparent sedimentation rates. 222Rn 

migration within a closed scanner system can cause enhancement of 

the apparent sedimentation rate derived. A disequilibrium due to 

the post-depositional migration of 226Ra can also affect 230Th 

assessment by ganma spectrometry. However, the magnitude of the 
226Ra diffusion coefficient derived in this study and in previous 

work (Koczy and Bourret, 1958; Goldberg and Koide, 1963; Cochran and 
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Osmond, 1974) suggests that 226Ra migration will not be a major 

problem for sedimentation rate detennination in most deep-sea 

sediments. These include sediments accumulating on the order of a 

few cm/103 years, such as most carbonate oozes, and more slowly 

accumulating sediments that possess unifonnly high adsorption 

capacities, such as many deep-sea clays~ Slowly accumulating 

sediments with varying lithologies have shown the most erratic 
226Ra distributions (Kroll, 1955), and should be investigated by 

alpha spectrometry. 

The major advantages of ganma over alpha spectrometry are the 

speed of analysis, allowing a much better data coverage, and the 

ease of the analysis, allowing the investigator time to work on 

other projects. These advantages are offset somewhat by the 

uncertainties in the additional assumptions required. For example, 

a core displaying a variable U/Th ratio will lead to additional 

scatter in the ga111Tia spectrometry data. Cores with varying 

lithologies would most likely display such a variation, and would 

best be investigated by the alpha technique. The additional 

corrections necessary for 222 Rn disequilibrium effects make the 

scanner system at best only a marginal improvement over a well-type 

system. Some time and the nondestructiveness of the technique are 

lost, but a well-type system can contain 222Rn diffusion as well as 

eliminate the problems of estimating specific activities. Other 
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indirect techniques have recently emerged that may offer a more 

precise treatment. Fisher (1977a, 1977b) and Anderson and Macdougall 

(1977) have described alpha track methods that are of comparable 
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ease and rapidity, and are consistant with the results of alpha 

spectrometry. Further, fission track analysis on the same samples 

provides a direct assessment of uranium support (Fisher, 1977a), 

while the effects of 222Rn and 226Ra migration on the assessment of 

total alpha activity should be of much smaller extent than their 

corresponding effects on 230rh assessment in gamma spectrometry . 
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Chapter 3 

Sediment Accumulation Rate Patterns 
on the Nazca Plate 

3. l Introduction 

Studies of the distribution of transition and other metals in 

sediments of the southeast Pacific has revealed the regional 

association of metal enrichment to the East Pacific Rise spreading 

center (Bostrom and Peterson, 1966, 1969; Bostrom et .!l:_, 1969; 

Bostrom, 1973; Piper, 1973). This association led early workers to 

the conclusion that the cause of enrichment was hydrothermal 
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- deposition in association with local volcanism. Although additional 
' 

circumstantial evidence, including the sampling of emanating 

submarine hot springs (Chapter l), now indicates that these deposits 

do indeed form by precipitation from submarine hydrothermal solutions, 

the direct application of the various geochemical parameters used to 

investigate the origins of these unusual deposits has generally led 

to ambiguous and inconclusive results. For example, 234u;238u, 
34s;32s, 1801160 and 87sr;86sr ratios and rare earth element 

patterns indicate a seawater origin for those elements, whereas 
207Pb/206Pb ratios indicate that this element derives from basalt 

(Bender et al., 1971; Dasch et al., 1971; Dymond~ al.s 1973). 

Further, the 207Pb;206Pb data are ambiguous in that these ratios do 

not allow separation of lead derived from hydrothermal leaching from 

that derived from weathering or deuteric alteration (Dymond et al., 

1973). The only supposedly unambiguous test for a hydrothermal 
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origin has been to compare rates of metal accumulation. Bostrom 

(1970) and Bender et al. (1971) first compared metal accumulation 

rates from the East Pacific Rise (EPR) to other areas on the 

seafloor, and found that Fe and Mn were accumulating at about 25 to 

30 times the normal authigenic rate. These workers concluded that 

at least Fe, Mn and Pb were of local volcanic origin. 

McMurtry and Burnett (1975) studied the rates of metal accumu

lation on a profile across the Nazca plate, and found rates of Fe 

and Mn accumulation in a core from the Bauer Basin that are several 
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times the normal authigenic values, whereas Fe and Mn are accumulating 

at close to these values in cores from the adjacent Galapagos and 

East Pacific Rises (Fig. 3. 1). Dymond and Veeh (1975) studied metal 

accumulation rates on a profile close to that o~ McMurtry and 

Burnett (1975). Tnese workers concluded that although the existing 

data ruled out nonnal authigenic precipitation of Fe and Mn in the 

EPR and Bauer Basin areas, they could not unequivocally distinguish 

between the "transport" and "localized" hypotheses of origin for the 

Bauer Basin deposits (Chapter 1). Dymond and Veeh (1975) also 

applied a 230rh inventory3 to the radiometrically dated cores in 

these areas, and found that 230rh accumulation exceeds its seawater 

production on the EPR, whereas 230rh accumulation is less than its 

seawater production in the Bauer Basin. This situation is opposite 

to observations in the southwest Pacific (Cochran and Osmond, 1976) 

3. 230rh inventory = 230rh accumulation rate/230rh seawater 
production rate. Ideally 230Th inventory= 1.0 
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Fig. 3. 1 Index map of the Nazca plate, showing station locations 
and general physio~raphic features. Bathymetry after 
Mammerickx et al. (1975). On this and all subsequent 
figures, except where otherwise noted, triangles denote 
cores analyzed by alpha spectrometry, circles by gamna 
spectrometry and squares by microfossil zonation. 
Insert is area shown in Figure 3.2. 
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110· 1oo·w 

Fig. 3.2 Station ·locations in the East Pacific Rise and Bauer Basin 
areas of the northwest Nazca plate . 
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that topographic highs exhibit lower 230Th inventories because of 

bottom current winnowing and transport, whereas basins generally 

display higher inventories because of enhanced sedimentation in 

topographic lows . 

Dymond and Veeh (1975) attributed this reverse pattern of 230Th 
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accumulation to different removal processes in the EPR and Bauer 

Basin areas. An alternative explanation is simply that the EPR 

sediments are ponded, while the Bauer Basin sediments are winnowed by 

bottom currents. Ponding of rise crest sediments would raise 

questions about the validity of the rapid metal accumulation rates 

calculated for the EPR. In addition, the lower metal accumulation 

rates found in an EPR core by McMurtry and Burnett (1975) would imply 

that the metal flux along the crest of the EPR is highly variable . 

Dymond and Veeh (1975) suggested that this core was anomalous. An 

alternative explanation would suggest that the early models of 

hydrothermal deposition are oversimplified . 

These observations have raised fundamental questions to be 

addressed in this study regarding: (1) the validity of metal 

accumulation rates as an indication of hydrothermal origin; (2) the 

representativeness of the rapidly accumulating EPR sediments; and 

(3) the extent and cause of the variability in metal accumulation on 

the EPR. Although fifteen cores had been dated in the EPR and 

Bauer Basin areas, the coverage was sparse over this inmense region 

of the seafloor. This study has employed rapid, indirect 230Th 

assessment by ganuna-ray spectrometry to more than double sedimentation 

rates determined by the direct assessment of 230Th and microfossil 
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zonation. Because ganma spectrometry is a relatively new technique, 

this study includes a comparison of the sedimentation rates derived 

by both the direct and indirect 230rh techniques on six cores. To 

test the possibility of a variable metal flux on the crest of the 

EPR, seven cores were investigated within a detailed survey area at 

6°S latitude, and additional cores were investigated at latitudes 

ranging from 10°N to 50°S (Figs. 3.1 and 3.2). Additional cores 

were also investigated in the Bauer Basin in an attempt to resolve 

the origin of these deposits. Multivariate factor analysis has 

been applied to the metal and other element accumulation rates in an 

attempt to distinguish hydrothermal from biogenic, detrital and 

hydrogenous associations. Finally, a detailed assessment of the 
230rh inventory in the EPR and Bauer Basin region is presented in 

order to gain insight into the various sedimentological controls of 

accumulation rates . 

3.2 Radiochemical Dating 

Activity versus depth plots for eighteen of the cores investigated 

are presented in Figures 3.3, 3.4 and 3.5, and in Figures Al to A21 

of Appendix A. Most of the cores have been dated at the University 

of Hawaii by a nondestructive scanning NaI (Tl) ganma-ray spectrometer 

(Chapter 2). Several of the cores have been dated at Oregon State 

University by a Ge (Li) garmna-~ay spectrometer (cores Y73-3-21K, 

Y73-4-64K, OC73-3-20MG3 and P, Y73-3-34MG and PC; see Fig. 3.5) 

which measures selected samples similar to alpha spectrometry 

(C. Moser, pers. comm., 1978). Excess 230rh has also been determined 
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Fig. 3.3 Plots of excess 214Bi activity versus depth. Diamonds 
and dashed lines are excess 230Th activities and 
regression fits, respectively. 
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Fig. 3.4 Plots of excess 214Bi activity versus depth. Diamonds 
and dashed lines are excess 230rh ·activities and 
regression fits, respectively. 
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Fig. 3.5 Plots of excess 214Pb activity versus depth. Diamonds 
and dashed lines are excess 230Th activities and 
regression fits, respectively. 
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directly on ten of the cores (McMurtry, 1975; Veeh, in press), of 

which six serve as direct comparisons of the two methods (core 

KK71-FFC109, Fig. 2.7; cores KK71-PC87, KK71-PC88, KK71-FFC115, 

Y73-3-21K and Y73-4-64K; Figs. 3.3, 3.4 and 3.5) and two serve as 

comparisons of the two methods in cores taken at the same sampling 

site (cores OC73-3-20ftG and P, Y73-4-34MG and PC; Fig. 3.5). 

With the exception of cores KK71-PC87 and KK72-PC008, all the 

activity versus depth plots have been fitted by unweighted linear 

regression according to the philosophy of Ku et al. (1968). This 

treatment disregards the fine structure in the activity versus 

depth profiles (Goldberg, 1968), but effectively averages scatter 

due to small-scale physical mixing or changes in the sedimentation 

rate or deposition of 230rh. Changes in structure on the order of 

a meter or more in length are difficult to disregard, however. 

Analysis by both ganma and alpha spectrometry of core KK71-PC87 

indicates that the top two meters are disturbed, so sedimentation 
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rate determinations were made only on data below this depth (Fig. 3.3). 

Similarly disturbed sections may also exist within the topmost meter 

of the other cores shown in Figure 3.3, but the cores show no visual 

evidence for slumping or coring disturbance. · The apparent flattening 

of the trend of data points in the uppermost parts of these cores 

may be the result of 226Ra migration out of the sediment. In any 

event, the inclusion of the uppermost data points should not affect 

the average sedimentation rates derived as greatly as that of 

KK71-PC87. Core KK72-PC008 displays a break in slope at approximately 

225 cm, which may be due to five-fold decrease in the rate of 
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sedimentation accompanied by about the same decrease in the 

deposition of 230rh (Fig. 3.4). Similar profiles have been observed 

on the Mid-Atlantic Ridge (Goldberg and Griffin, 1964). However, a 

decrease in 230rh deposition is opposite to expectations based on 
230rh scavenging by slowly depositing particles (Ku et !l.:_, 1968). 

The second apparent sedimentation rate was therefore disregarded in 

the following accumulation rate calculations pending further 

verification by alpha spectrometry. 

Inspection of the gall1lla-alpha comparison cores in Figures 3.3 to 

3.5 shows a general agreement of sedimentation rates to within 5, 

20 and 30%, respectively, for cores KK71-FFC115, Y73-3-21K and 

KK71-PC87, and to within 50% for cores KK71-PC88 and Y73-4-64K. 

Figure 3.6 presents a comparison of the sedimentation rates derived 

by the two methods for the six cores investigated in this study and 

for four cores investigated by Cochran and Osmond (1974). The 

error of each sedimentation rate has been estimated from the 

standard deviation of the slope of best fit as determined by linear 

regression analysis. The general trend of the cores around the 45° 

line of perfect fit (Fig. 3.6) suggests that as the sedimentation 

rate increases, either the agreement or the certainty of the derived 

sedimentation rate decreases. This can be ascribed to an increase 

in the probability of a violation of the assumption of uniform 

deposition in the more rapidly accumulating cores. For example, 

cores KK71-PC87 and KK71-PC88 contain several ash layers and other 

changes in lithology (Andrews, Foreman et al., 1975) that violate 

the assumption of uniform deposition. It is therefore likely that 
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most of the disagreement in the sedimentation rates of these two 

cores derives from the lack of comparable coverage in the alpha and 

gamma methods (Fig. 3.3). When a closer coverage exists for both 

methods, the agreement is improved, as shown for those cores 

investigated by Cochran and Osmond (1974). This illustrates the 

importance of carrying out determinations at exactly the same 

intervals when comparing methods on cores of non-uniform lithology . 
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It also illustrates the danger in relying on only a few determinations, 

regardless of method, for a reliable sedimentation rate in cores of 

non-uniform lithology . 

The results are less encouraging for comparison of the two 

methods in cores taken at the same sampling site (cores OC73-3-20P 

and MG, Y73-4-34PC and MG; Fig. 3.5), although large differences in 

the sedimentation rates of closely spaced cores have been observed 

elsewhere (Goldberg and Koide, 1963; Cochran and Osmond, 1976). In 

choosing a particular sedimentation rate on those cores where there 

is more than one method applied, the basis has been to rely on the 

method with the largest data coverage. Exception has been made to 

. core KK71-PC88 because the fit of the gamma data to the 226Ra 

diffusion curve (Fig. 2. 10, Chapter 2) indicated that the apparent 

alpha-derived rate was more correct. In choosing a sedimentation 

rate for the OC73-3-20 site (Fig. 3.5), the alpha-derived rate was 

preferred because it fell more in the range with the other EPR 

sedimentation rates. For site Y73-4-34, the gamma-derived rate for 

the trigger gravity core was preferred because of its lack of 

scatter and more reasonable 230Th inventory. Note that although 
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there is an order of magnitude difference in activity between these 

cores, the topmost alpha activity in core Y73-4-34PC follows the same 

trend as the garrma activity of core Y73-4-34MG (Fig. 3.5), suggesting 

that the top section of the piston core has been lost in the coring 

operation (see 230Th budget discussion below). 

3.3 Element Accumulation Rates 

Element accumulation rates were calculated for each radio-

metrically dated core using the data presented in Table 3.1 and 

chemical analyses from each core (see Appendix B). Included are all 

the available rate data from the literature for the Nazca plate 

region. The element accumulation rates, expressed in either mg or 

µg/cm2103 years, are presented in Table 3.2. These rates were , 

calculated as follows: 

(11) 

where Ae = the accumulation rate of element e, Ce = the average bulk 

concentration of element e in either mg or µg/g, p = the average dry 

bulk density in g/cm3, and S = the average sedimentation rate in 

cm/103 years. Figure 3.7 presents the average sedimentation rates 

used in the calculation of the accumulation rate pattern in the EPR 

and Bauer Basin areas. 

The dry bulk densities used in these calculations have been a 

problem to previous work because they were , assumed to be constant at 

0.70 to 0.75 g/cm3 (Bender et al., 1971; Bostrom, 1973; McMurtry and 
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TABLE 3.1 CORE LOCATIONS ANO ACCUMULATION RATES, NAZCA PLATE 

Core Lat Long Water Average Sedimentation Bulk Accumu- Average Noncarb. 
Description Depth Density Rate 1at1on Rate Carbonate Acc. Rate 

{m) (g/cm2) {cm/103 yrs) (g/cm2103 yrs) (I) ( g/ cm2103 yrs) 

KK71-PC85 5-29S 107-23W 3357 0.46 ± 0.04 2.35 ± 0.27 I 1.08 i 0.16 83 o. 18 t 0.03 

KK71-PC86 5-485 107-00W 3157 0.49 ± 0.04 1.77±0.14 0.87 t 0.10 81 0.16 ± 0.02 

KK71-PC87 5-555 107-03W 3170 0.49 t 0.05 1.41 ± 0.12 0.69 ± 0.09 81 0.13 ± 0.02 

KK71-PC88 6-065 106-43W 3073 0.54 t 0.05 1.17 ± 0.30 0.63 ± 0.17 81 0.12 t 0.03 

KK71-PC89 5-235 106-08W 3160 0.61 t 0.08 1.46 t 0. 16 0.89 ± 0.15 90 0.09 ± 0.02 

KK71-PC90 6-115 l06-36W 2893 0.59 ± 0.07 1.60 ± 0.11 0.94 ± 0.13 89 0.10 ± 0.01 

KK71-PC91 6-245 106-l9W 3285 0.63 :t 0.07 1.09 ± 0.08 0.69 ± 0.09 90 0.07 ± 0.01 

KK71-FFC109a 12-055 110-37W 3079 0.56 :t 0.04 1.08 ± 0.45 0.60 :t 0.25 83 0.10 ± 0.04 

K!<71-FFC114 11-585 103-22W 4489 0.25 ± 0.01 0.18 :t 0.01 0.05 ± 0.01 2.1 0.04 ± 0.01 

KK71-FFC115a 11-585 103-21W 4465 0.21 ± 0.01 0.24 ± 0.02 0.05 ± 0.01 l. 7 0.05 ± 0.01 

KK71-FFC116 11-585 103-21W 4453 0.23 :t 0.02 0.17 ± 0.01 0.04 ± 0.01 3.1 0.04 ± 0.01 

KK71-FFC132a 11-335 97-25W 4094 0.34 :t 0.02 0.20 ± 0.02 0.07 :t 0.01 56 0.03 ± 0.01 

KK71-FFC166 10-045 102-09W 4460 0.33 ± 0.10 o. 56 ± 0. 10 0.18 ± 0.06 9.7 0.17 ± 0.05 

KK72-PC8 13-195 l02-06W 4458 0.28 :t 0.03 0.41 :t 0.06 0.11 ± 0. 02 1.4 0.11 ± 0.02 

KK74-PC0013 15-135 102-lOW 4309 0.30 ± 0.04 o. 31 ± 0.09 0.09 ± 0.03 1.4 0.09 ± 0.03 

KK71-GC7a 10-315 83-04W 4520 0.41 :t 0.07 0.23 :t 0.01 0.09 :t 0.02 0 0.09 ± 0.02 

KK71-GC10b 9-595 l06-02W 3447 o. 74 ":t 0.07 0.43 ± 0.05 0.32 ± 0.05 90 0.03 ± 0.01 

KK7l-GC14 10-375 110-31W 3095 0.71 t 0.07 0.61 :t 0.23 0.43 :t o. 17 54 0.20 ± 0.08 
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Core Lat Long Water 
Descript1on Depth 

(m) 

OC73-3-20P 19-155 113- 35W 30Bl 

Y73-4-34PC 31-095 113-21W 3064 

Y73-3-7MG1 13-00S 105-14W 3832 

Y73-3-21K 13-375 102-32W 4410 

Y73-4-64K 32-465 94-42W 3871 

Y71-7-361-Xi2b 10-085 103-51W 4541 

Y71-7-45Pb 11-055 110- 06W 3096 

V19-54c 17-025 113-54W 2830 

V19-61c 16-575 116-18W 3407 

V19-64c 16-565 121-12W 3540 

GS-7202- 35Pd 14-465 113-30W 3044 

E21-10f 40-00S l09-51W 3146 

E20-17f 50-515 104-56W 3695 

l38e 10-225 102-38W 4267 

DSDP Site 319*b 13-0lS 101-31W 4290 
* 20 8-00N 104-00W 
* 21 5-00N 101-00W 
* 22 0-00N 104-00W 

• • 

TABLE 3.1 continued 

Average Sedimentation Bulk Accumu-
Density Rate lation Rate 
(g/cnh (cm/103 yrs) (g/cm2103 yrs) 

0.38'\ 0.10 1.94 ± 0.34 0.74 ± 0.23 

0. 70/;± o. 18 0.42 ± 0.10 0.29 ± 0.10 

0.62/;± 0. 16 0.4g ± 0.82 J . 30 ± 0.51 

0.28 ± 0.03 0.20 ± 0.06 0.06 ± 0.02 

0.43 ± 0.04 0.43 ± 0.09 0. 18 ± 0.04 

0.22 ± 0.02 0.14 ± 0.03 0.03 ± 0.01 

0. 70 ± 0. 07 0.93 ± 0.11 0.65 ± 0.10 

0.52/;± 0.13 1.50 :t 0.19 0.78 :t 0.22 

0. 73/;± o. 16 0~70 ± 0.07 0.51 ± 0.14 

o. 73/;t 0.16 0. 45 :t 0.04 0.33 ± 0.09 

0.59 ± 0.06 0. 74 ± 0.20 0.44 ± 0.13 

0. 72/;t 0.18 0.69 ± 0.19 o. 64 ± 0.21 

0.73/;:t 0.18 2. 79 ± 0.59 2.04 i 0.66 

0.25 :t 0.03 0.25 :t 0.02 0.06 i 0.01 

0.24/; 0.11 0.03 

0.19/; 1.20 0.23 

0.19/; 1.20 0.23 

0.19/; 0.70 0.13 

• 

Average 
Carbonate 

(%) 

40 

73 

75 

5.1 

10.2 

1.4 

89 

65 

90 

90 

68 

69 

90 

1.0 

11 

0 

0 

0 

• 

Noncarb. 
Acc . Rate 

(g/cm2103 yrs) 

0.44 :t 0.14 

0.08 :t 0.03 

0.08 ± 0.13 

0.06 ± 0.02 

0.16 ± 0.04 

0.03 :t 0.01 

0.07 ± 0.01 

0.27 ± 0.08 

0.05 ± 0.01 

0.03 ± 0.01 

0.14 ± 0.04 

0.07 i 0.02 

0.20 i 0.07 

0.06 i 0.01 

0.03 

0.23 

0.23 

0.13 

• 

\0 
CX> 

• 
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TABLE 3.1 continued 

Core Lat Long Water Average Sedimentation Bulk Accumu- Average Noncarb. 
Description Depth Density Rate lation Rate Carbonate Acc. Rate 

(m) (g/cm2) (cm/103 yrs) (g/cm2103 yrs) (S) 2 3 (g/cm 10 yrs) 

* 0.19 11 23 2-00N 93-00W 1.20 0.23 0 0.23 

* 0.1911 24 1-00N 87-00W 1.10 0.21 0 0.21 

* 
,. 

0. 1911 25 8-00rf ' 102-00W 0.73 0.14 0 0.14 

* 0.19A 26 21-00S 82-00W 0.04 0.01 0 0.01 

* 0.1911 27 13-00S 97-00W 0.15 0.03 0 0.03 

* 0.1911 28 28-00S 106-00W 0.08 0.02 0 0.02 

* 0.1911 30 7-00S 113-00W 0.16 0.03 0 0.03 

* 0.1911 31A 13-00S 111-00W 1.40 0.27 0 0.27 

* 0.1911 318 13-00S 112-00W 0.52 0.10 0 0.10 

* 0.1911 31C 13-00S 113-00W 0.40 0.08 0 0.08 

* 0.19A 40 46-00S 114-00W 0.06 0.01 0 0.01 

* 0.1911 42 41-00S 98-00W 0.06 0.01 0 0.01 

* 0.1911 54 6-00N 84-00W 2.90 0.55 0 0.55 

* 0.1911 55 4-00N 96-00W 0.53 0.10 0 0.10 

* 0.1911 56 4-00N 106-00W 0.65 0.12 0 0.12 

* 0.1911 61 13-00S 113-00W 0.38 0.07 0 0.07 
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aData from Mcltlrtry (1975). 
bData from Dymond and Veeh (1975). 
cData from Bender et al. (1971). 
d . --
Data from Rydell et .tl:_ (1974). 

eData from Sayles et .tl:. (1975). 
fData from Kraemer (1971). 

• • • • 

TABLE 3.1 continued 

*sedimentation rate from microfaunal detenninations; non-carbonate sedimentation rates from Bostrom (1973). 
6Calculated dry bulk densities using the empirical relationships of Dymond and Veeh (1975); Lyle and Dymond (1975). 

• • 

_, 
0 
0 

• 
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Core 
Description 

KK71-PC85 

KK71-PC86 

KK71-PC87 

KK71-PC88 

KK71-PC89 

KK71-PC90 

KK71-PC91 

KK71-FFC109 

KK71-FFC114 

KK71-FFC115 

KK71-FFC116 

KK71-FFC 132 

KK71-FFC166 

KK72-PC8 

KK74-PCOD13 

KK71-GC7 

KK71-GC10 

• • • • • 

TABLE 3.2 ELEMENT ACCUMULATION RATES, NAZCA PLATE 

* ** Fe Mn 51 51 Al T1 Ha K Ca P Ba 

mg/cm
2
110

3 
yrs -----------

15 

16 

14 

1.4 64 

1.1 50 

2.3 35 

7.4 0.68 41 

6.9 0.68 41 

8. 1 1.8 21 

4. 1 0.86 22 

9.5 2.7 14 

61 

41 

30 

26 

30 

1.4 0.65 1.4 1.2 6.0 3.1 0.85 

3.4 0.37 1.4 1.4 5.5 4.2 0.80 

1.7 0.21 1.4 1.3 4.5 5.9 1.0 

5.7 0.53 1.5 0.68 4.7 4.1 0.22 

3.9 0.65 1.5 0.44 3.7 3.3 0.31 

8.6 4.6 0.62 1.2 1.1 4.5 11 0.53 

20 0.91 0.45 0.87 0.46 1.7 1.9 0.36 

3.5 4.0 0.00 16A 1.8 3.5 4.2 0.92 

7.0 2.7 6.9 1.6 2.0 0.23 0.39 0.46 1.0 0.72 0. 33 

7.9 3.3 6.5 2.7 1.4 0.08 2.8A 0.69 0.99 0.99 0.29 

6.6 2.3 5.4 1.3 1.6 0.19 0.58 0.43 0.82 0.52 0.29 

3.2 1. 5 8 . 6 3.3 2.0 0.05 2.7A 0.70 1.1 2.8 0.51 

25 

22 

4.4 36 

6.5 17 

16 7.4 0.89 2.6 1.6 4.2 1.2 0.75 

3.3 5.0 0.58 1.6 1.3 2.7 2.0 1.1 

9.6 2.8 8.4 1.4 2.6 0.30 0.92 0.77 1.4 2.4 0.96 

4.4 0.22 25 7.9 6.5 0.31 2.9A 2.3 1.5 0.77 0.08 

1.3 0.45 2.3 1.5 0.28 

• • 

N1 Cu Zn u Th 

µ9/cm2110 3 yrs -- ---

290 

240 

190 

140 

190 

190 

170 

66 90 

49 

66 46 

41 

45 33 

140 

120 

70 

23 15 

4 14 

39 0.84 1.1 

34 0.24 0.7 

24 0.25 0.4 

19 0.13 0.3 

26 0.16 0.6 

22 0.20 0.6 

24 0.14 0.5 

1. 4 o. 1 

5 0.12 0.3 

0.14 0.3 

4 0.12 0.3 

0.11 0.4 

22 0.23 0.6 

13 0.42 0.6 

7 0.31 0.4 

0.52 0.4 

4 0.05 0. 1 

• • 

....... 
0 ....... 
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TABLE 3.2 

Core 
* Description fe Ho SI SI Al T1 Na 

mgtcm21103 yrs 

KK71-GC14 34 12 12 11 0.42 

OC73-3-20P 120 36 2B 18 4.1 

Y73-4-34PC 21 6.8 4.4 1.6 1.0 

Y73-3-7MG1 B.O 3.2 9.3 3.3 2.2 

Y73-3-21 K B.7 3. 1 7.9 3.7 1.6 

Y73-4-64K 37 10 17 0.0 6.7 

Y71-7-36"62 4.3 0.99 4.8 3.2 0.63 

Y71-7-45P 11 5.8 4.8 2.7 0.7B 

V19-54 B2 28 19 15 1.2 

V19-61 10 2.0 6.2 1.9 1.6 

Vl6-64 3.8 0.63 3. 1 1. 7 0.52 

G5-7202-35P 40 15 9.3 8.2 0.45 0.05 

E21-10 27 11 

E20-17 11 3.2 

138 12 3.4 11 6.7 1.4 0.44 

DSDP Site 3196 3.5 1.0 3.6 1.7 0.64 

• • 

continued 

•• K Mg Ca p Ba 

0.62 

0.58 

0.50 

2.1 

0.96 

1.3 

2.6 0.61 

0.58 1.5 0.77 0.88 

0.05 

• • 

N1 Cu Zn u Th 

µg/cm21103 yrs 
~- -~-

170 69 2.B 0.2 

590 250 4.7 0.2 

80 42 0.36 0.2 

72 29 0.12 0.4 

65 24 0.21 0.2 

240 79 0.65 1. 1 

16 25 11 0.05 0.1 

56 51 21 0.32 0.2 

160 4.0 0.2 

27 0.27 0.1 

17 0.11 0.1 

97 210 89 6.5 

15 89 61 0.38 0.6 

20 160 44 0.17 2.2 

61 81 41 0.18 

19 24 9 

• 

__, 
0 
N 

• 
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Core * Oescr1pt1on Fe Mn S1 S1 

20 16 4.9 27 6.8 

21 14 3.0 34 6.3 

22 2.9 0.33 

23 8.0 3.2 67 56 

24 5.9 0.56 43 20 

25 18 5.7 16 4.4 

26 0.51 0.05 1. 1 0.14 

27 2.8 0.88 3.2 0.25 

28 2.3 0.58 1.4 0. 48 

30 2.6 0.82 5. 1 4.5 

31A 56 18 16 14 

31B 23 8.7 6.0 4.7 

31C 17 6.0 3.9 2.3 

40 0.89 0.29 0.85 0.19 

42 1.60 0.54 1. 7 0.00 

54 33 0.28 140 19 

• • • 

TABLE 3.2 continued 

** Al T1 Na K Hg Ca p Ba 

Kog/cm2 ;103 yrs 

7.5 0.36 1.5 

11 0.52 1. 1 

1.3 0.40 

4.1 0.18 

8.8 0.40 0.69 

4.4 0.21 2. 1 

0.35 0.03 0.09 

1.1 0.04 0.77 

0.33 0.06 0.10 

0.22 0.01 0.18 

0.67 0. 07 0.40 

0.49 0. 02 0.25 

0. 61 0.02 0.19 

0.25 0.01 0.10 

0.65 0.04 0.11 

46 

• • 

N1 Cu Zn u 

__ v.g/c1a21103 yrs 

51 72 

82 52 

11 35 

27 30 

140 180 

2 

25 25 

12 20 

5 12 

110 200 

51 85 

36 69 

2 5 

8 9 

46 24 

• 

Th 

--

__, 
0 
w 

• 
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Core 
Descript1on 

55 

56 

61 

* 

• 

fe 

5.9 

5.9 

20 

• 

Si 

2.7 20 

3.6 12 

7.7 4.7 

• • 

TABLE 3.2 continued 

* Si Al Ti Na 

mg/cm21103 yrs 

5.7 5.3 0.20 

2.4 . 3.5 0.16 

4. 1 0.23 0.02 

K Mg 

Bfogenic Sf calculated from excess over average crustal ratio of Si/Al ~ 2.65 

"* 

** Ca 

• 

p Ba 

0.58 

0.73 

0.30 

Non-carbonate Ca calculated from difference of Ca determined by bulk analysis and gas-volume Caco3 analysis. 

bSamples not washed to remove sea salts. 

'Additional analyses from Dymond et !!:.. (1977). 

• • 

Ni Cu Zn u Th 

__ 11g/cm21103 yrs __ _ 

40 

42 

24 

41 

49 . 110 

• • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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Burnett, 1975), whereas in fact they can range by as much as 0.2 to 

1.0 g/cm3 in these sediments depending mainly on lithology. To 

avoid this problem, measured dry bulk densities have been used 

whenever possible. The precision of the measured densities is 

generally within 10% of the value reported (Table 3. 1). Dry bulk 

densities were calculated where these measurements could not be made . 

The calculated dry bulk densities were obtained from empirical 

relations to carbonate content for southeast Pacific sediments 

developed by Dymond and Veeh (1975) and Lyle and Dymond (1976) • 

These relations are: 

( 12) 

and w = 0.83 - 0.36Xc (13) 

where Pb= the wet bulk density in g/cm3, w = the water content in 

weight %, and Xe = the ca'rbonate content in weight %. The dry bulk 

density, p, is then obtained by: 

The precision of the calculated densities is about 25% of the 

reported value (Lyle and Dymond, 1976). Figure·3.8 presents the 

average density of the cores in the EPR and Bauer Basin areas. 

(14) 

Chemical analyses were made by X-ray fluorescence spectrometry at 

the University of Hawaii and by atomic absorption spectrophotometry 

and neutron activation analysis at Oregon State University . 
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Fig. 3.7 Sedimentation rate pattern on the northwest Nazca plate. 
Units of cm/103 years . 
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Fig. 3.8 Average measured densities of cores on the northwest Nazca 
plate. Bracketed values are calculated from empirical 
relation to CaC03 . 
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Instrument precision for the ARL model 72000 X-ray fluorescence 

quantometer used in this study is within 6% for all the major 

elements presented in Table 3.2, with Na displaying by far the 

largest variability (5.8%). Precision for the trace elements is 

generally lower, with values ranging from within 3% for U, 15% for 

Cu and Ni to within 50% for Th and Zn. U was detennined by alpha 
. ' 

spectrometry, while Th was detennined by both alpha and garmna 

108 

spectrometry. For more detailed information on analytical procedures, 

see Dymond et al. (1976, 1977), McMurtry (1975), Veeh (in press}, 

Chapter 2 and Appendix B • 

An inspection of the errors estimated for the sedimentation rates 

(Table 3. l) shows a range from less than 10% to greater than 50%, 

depending on the scatter and on the data coverage in each core • 

Most of the sedimentation rates display a precision within 20% of 

the reported value, in good agreement with the findings of Ku et al. 

(1968). The accuracy of these values can be estimated from the 

comparison of the alpha and ganma methods on the same core; most 

cores display an agreement of sedimentation rates to within 50% 

(Section 3.2). Inspection of the errors propagated to the bulk 

accumulation rates (Table 3. 1), which are used in the calculation of 

the element accumulation rates in Table 3.2, indicates that these 

values are generally within 30% of the reported value. Values 

displaying the greatest uncertainty in Table 3.2 are accordingly 

those for Th and Zn, and all values for cores displaying bulk 

accumulation rate errors in excess of 50% in Table 3. 1. Unfortunately, 

no estimation of error is possible for those cores taken from 
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Bostrom (1973) . 

3.4 Accumulation Rate Patterns 

Figures 3.9 through 3. 16 present the accumulation pattern for 

Fe, Mn, U, biogenic s~ 4 , Cu, Al, Ti and Th, respectively, in the 

East Pacific Rise and Bauer Basin areas of the northwestern Nazca 

plate. The patterns of accumulation for Fe, Mn and U correlate 

strongly in these areas, the regression coefficients for Mn to Fe 

and U equalling 0.98 and 0.83, respectively, and there is a 

109 

systematic increase in their accumulation along the crest of the EPR 

toward 20°5 latitude (Figs. 3.9, 3.10 and 3. 11). Here Mn is 

accumulating at 28 to 36 times the average authigenic rate established 

by Bender et .!h_ ( 1970), i ndi ca ting that this part of the EPR may be 

dominated by hydrothermal deposition. The accumulation pattern in 

the adjacent Bauer Basin displays no systematic areal trend for 

these elements, but does indicate that Mn is accumulating in this 

basin at 3 to 6 times the average authigenic rate. Values for cores 

on the EPR flanks generally display the lowest rates of Fe, Mn and 

U accumulation. Accumulation rates for Cu correlate less strongly 

with those for Fe, Mn and U {r = 0.72 for Mn to Cu) but are highest 

4. Determined indirectly as the excess amount over that required to 
match the crustal ratio of Si/Al = 2.65. This procedure, which 
corrects for detrital silica, has been criticized because it 
generally underestimates the amount of structural silica (Leinen, 
1977). However, most of the nondetrital structural silica in 
these sediments is ultimately of biogenic origin (Heath and 
Dymond, 1977) . 
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Fe accumulation rate pattern on the northwest Nazca plate. 
Units of mg/cm2;103 years . 
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Fig. 3. 10 Mn accumulation rate pattern on the northwest Nazca plate. 
Units of mg/cm2;103 years • 
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Fig. 3.12 Biogenic Si accumulation rate pattern on the northwest 
Nazca plate. Units of mg/cmZ/103 years x iol . 
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Al accumulation rate pattern on the northwest Nazca plate. 
Units of mg/cm21103 years x 101 . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

116 

110· 1oo•w 

Ti 
x 10 2 

I 

l 10· 

0 0 

11/d {)aiS 
0 

Ti accumulation rate pattern on the northwest Nazca plate. 
Units of mg/cm2/1Q3 years x 102 . 
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Fig. 3.16 Th accumulation rate pattern on the northwest Nazca plate. 
Units of µg/cm2;103 years x 102 . 
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near 20°5, where Fe, Mn and U are also highest. There is some 

correlation of Cu accumulation to that of biogenic Si (r = 0.58), 

which increases northward toward the equatorial zone of high 

productivity where r = 0.88 in the 6°5 EPR sediments (Figs. 3. 12 and 

3. 13). The accumulation rate patterns for Al, Ti and Th generally 

parallel the trend for biogenic Si. As these elements reflect 

detrital inputs (Goldberg and Arrhenius, 1958; Ku, 1976), their 

accumulation patterns indicate an increased detrital flux to the 

northern sediments (Figs. 3. 14, 3. 15 and 3. 16). Visual inspection 

and chemical analysis of the northern EPR cores indicate that this 

detrital flux originates largely from basaltic ash inputs, with 

distinct layers observed in some of the cores. The regional Al 

accumulation is highly variable and does not correlate as closely to 

the regional Ti and Th accumulations (r = 0.72 and 0.32 for Al to Ti 

and Th, respectively). This may be reflecting multiple Al inputs; 

possibly a combination of basaltic detritus in the north and a 

hydrothermal input, as suggested by Dymond and Veeh ( 1975 L which 

increases toward the south . 

3.5 Multivariate Factor Analysis 

The accumulation rate patterns presented in Figures 3.9 through 

3. 16 are limited to those elements that have sufficient data 

coverage to produce regional patterns. To expand this coverage so 

as to include correlations to the other elements presented in 

Table 3.2, the element accumulation rate data have been subjected to 

multivariate factor analysis. Figure 3. 17 presents the three 
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principal factors that explain at least 2cr (S7%) of the total 

variance in the element accumulation rates for the entire Nazca 

plate, the EPR from S0 to 40°S, the Bauer Basin and the EPR at S0 S. 

All the elements listed in Table 3.2 are represented as loadings on 

each varimax rotated factor, with the exception of the S0 S EPR 

where there are no data available for Ba and Ni. These factor 

loadings may be considered as standardized regression coefficients 

of each variable (element) to that factor (Smith, 1971), and as such, 

readily display interelement correlations • 

Thus, factor analysis is a statistical method of showing the 

degree of association among variables, in this case the elements 

comprising these deep-sea sediments. The associations can be used 

as guides for the interpretation of the genesis of the sediment. 

That is to say, elements conmonly associated together may be in the 

same phase, or scavenged by a conmon phase, or concentrated by a 

common process. The characterization of a factor is based on 

previous observations of sediment mineralogy and the location of 

1'endmember11 sediment types. A detrital sediment is characterized by 

the abundance of aluminosilicate phases, and a biogenous sediment 

(Caco3-free) is characterized by the abundance of opal. A 11 hydro

thennal11 sediment contains abundant Fe and fttl phases, and occurs on 

the EPR. Hydrogenous sediments contain authigenic phases such as 

barite, whereas diagenetic sediments contain authigenic phases such 

as smectite . 

Heath and Dymond (1977) and Dymond et~ (1977) have applied 

factor analysis to their compositional data to check their conclusions 
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Fig. 3. 17 Contributions of the elements listed in Table 3.2 
to the three principal varimax rotated factors 
(factor loadings} for: (a) all Nazca plate stations; 
(b) 6.0 to 40°S EPR; (c) Bauer Basin; (d) 6°S EPR. 
Si = total silica, Si* = biogenic silica. 
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regarding hypothesized sources for the EPR and Bauer Basin sediments • 

Heath and Dymond (1977) found that four factors, which they 

suggested to represent detrital-hydrogenous, hydrothermal, biogenous 

and diagenetic (smectite) sources, together accounted for 98% of the 

variance of scaled composition data. These genetic designations 

were based on the following factor loadings: factor l (detrital

hydrogenous) - high loadings on Al, leachable Ni, Ba and residual Fe; 

factor 2 (hydrothermal) - high loadings on leachable Fe, Zn, Cu and 

Mn; factor 3 (biogenous) - high loadings on Si and Ba; and factor 4 

(diagenetic) - high loadings on residual Cu, Fe and Zn, with a 

strong negative association to Al. Dymond et al. (1977) found that 

only three factors accounted for most of the variance in the Bauer 

Basin. These factors were designated biogenous (Si, with minor Fe, 

Cu, Zn and Ba), hydrothermal (Mn, Fe, Cu and Zn) and combined 

detrital-hydrogenous (Al, Ni and Ba). The appearance of the same 

element in more than one factor .suggests its partitioning among the 

various sediment sources. The appearance of a combined factor 

suggests either a spacial or temporal association of sources . 

In the present study, for the element accumulation rate data on 

the Nazca plate, factor l, which accounts for 33% of the total 

variance, is dominated by Fe, Mn, Zn, P, U, Cu and Ni (Fig. 3.17a). 

This factor can therefore be assigned as hydrothermal, and its 

loadings display the extent of correlation among all the elements. 

Unfortunately, these correlations cannot distinguish between 

elements that are truly of hydrothermal origin and those that are 

subsequently adsorbed onto surface-active Fe and Mn hydroxides. P 
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and U are probably adsorbed from seawater as Po4
3- and uo2

4-

radicals (Berner, 1973; Veeh, in press). Adsorption from seawater 

may also account for a large part of the Cu, Ni and Zn. Factor 2 

(19% of total variance) is dominated by biogenic Si, total Si, Mg, 
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Cu and Ti, with minor Al and Th contributions, and appears to be a 

combined biogenic and diagenetic (smectite) factor. A correlation of 

Cu to biogenic Si has also been reported by Heath and Dymond (1977) • 

A biogenic source for the Mg and Ti is less certain. A small 

fraction of the Mg may be associated with the carbonate material 

(Chave, 1954), and Ti has been suggested to be in small part biogenic 

(Goldberg and Arrhenius, 1958). The loadings on Al and Th suggest, 

however, that Mg and Ti are more likely to be incorporated into a 

diagenetically fanned aluminosilicate phase. X-ray mineralogy 

studies (Sayles et al., 1973; Heath and Dymond, 1977; McMurtry, 

unpublished data) indicate that the major mineral in the non

carbonate fraction of metalliferous sediments is an authigenic 

smectite. Heath and Dymond (1977) consider the smectite to be an 

Fe-rich and Al-poor nontronite. The factor loadings presented here 

suggest a more Mg-rich smectite such as saponite. 

Factor 3 (15% of total variance) is dominated by Ba, Al, Ti, 

total Si, Th and Ni, and is apparently another combined factor 

representing hydrogenous and detrital inputs. The remaining factors 

in Figure 3. 17 are based on subsets represented by fewer samples 

and are therefore less reliable. These factors also become 

increasingly difficult to interpret. The 6° to 49°5 EPR subset 

(Fig. 3. 17b) shows essentially the same factor loadings as the 
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entire Nazca plate, indicating that the entire region is affected by 

these EPR factors. However, when analyzed separately, the Bauer 

Basin displays significantly different factor loadings (Fig. 3. 17c). 

Here, factor l (38% of total variance) is dominated by Mg, K, Ti, 

Al, total and biogenic Si, Th and Fe, and may be a combined biogenic

diagenetic (smectite) factor. Factor 2 is high in Fe, Mn, Cu, Ni, 

Zn, U, total Si, Al and Ba, possibly reflecting hydrothermal, 

hydrogenous and detrital inputs. Factor 3 is dominated by Ca, P, U 

and Th. This is apparently another biogenic factor representing 

fish-bone apatite. The association of U with fish-bone apatite in 

the Bauer Basin has been directly confirmed by fission track studies 

(Veeh, in press). For the 6°$ EPR (Fig. 3.17d), there is another 

significant difference in the factor loadings, and in general this 

area's factors resemble those of the Bauer Basin more than those of 

the EPR. Here, factor 1 (40% of total variance) is characterized by 

high loadings on Cu, Zn, U, Th, total and biogenic Si, with lesser 

loadings on Fe, Mg, Kand Ti. This factor is similar to the Bauer 

Basin combined biogenic-smectite factor. Factor 2 has high loadings 

on Fe, Mn, P and K, and would appear to be a hydrothermal factor. 

Factor 3 is most likely a detrital factor, with high loadings on Na, 

Mg, Al and Si that may be reflecting the basaltic ash inputs noted 

above for this region of the EPR. 

The results of the element accumulation rate factor analysis 

compares favorably with the statistical analyses of Heath and 

Dymond (1977) and Dymond et al. (1977). Their detrital-hydrogenous 

factor compares well with factor 3 in Figures 3. 17a and b. Factor l 
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in Figures 3. 17a and b corresponds to their hydrothermal factor • 

Factor 2 in Figures 3. 17a and b would correspond to a combination of 

their biogenous and diagenetic (smectite) factors. These last two 

factors were found to account for most of the variance in the Bauer 

Basin and northern EPR sediments, which is also in agreement with 

the results presented in Figures 3. 17c and d. The extent of 

agreement between this and previous work is remarkable when the 

different approach and data sets used are considered. This study has 

employed element accumulation rates as opposed to scaled composition 

data and has analyzed the additional elements: Na, K, Ca, Mg, Ti, P, 

U and Th. The only major difference is the suggestion of a Mg-rich, 

as opposed to an Fe-rich, smectite in the biogenic-diagenetic 

association . 

3.6 Sedimentological Controls - the Excess 230Th Budget 

No interpretation of element accumulation rates in sediments 

should be made without some consideration of the regional features 

and oceanographic factors that can affect rates of sediment 

accumulation. Previous work has been limited by a lack of 

consideration for the effects of topography and bottom currents on 

sediment accumulation rates (Bostrom, 1970, 1973; Bender et al., 1971; 

McMurtry and Burnett, 1975; Dymond and Veeh, 1975). In order to 

gain some insight into these parameters, bulk and noncarbonate 

sediment accumulation rates have been plotted versus water depth 

(Fig. 3. 18). Ideally, under conditions of uniform surface 

productivity, zero bottom current movement and decreasing water 
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Fig. 3.18 Bulk and noncarbonate sediment accumulation rates 
versus water depth. Circles - 6° EPR stations, 
squares - Bauer Basin stations, triangles - all 
other Nazca plate stations, diamonds - stations off 
Nazca plate. 
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depth, the bulk accumulation rate should increase with the degree of 

carbonate preservation. This relationship was first observed on the 

EPR by Broecker and Broecker (1974), who suggested that the decreased 

accumulation with depth of water was due to carbonate dissolution 

below an apparent compensation depth of about 3950 meters. The 

systematic relation observed in Figure 3. 18 substantiates their work, 

with two exceptions. First, the considerable scatter observed at 

about 3100 meters water depth may be due to bottom current winnowing 

(low points) and sediment buildup, or ponding (high points). Second, 

a core taken off the rise near the Antarctic Convergence (E20-17, 

Fig. 3. 1) displays anomalously high bulk (carbonate) accumulation for 

its water depth (Fig. 3. 18). Cochran and Osmond (1976) found 

similar high carbonate accumulation off ridges in the Tasman Basin, 

and concluded that the. area was gaining sediment from bottom current 

winnowing on the South Tasman Rise, also near the Antarctic 

Convergence. Noncarbonate accumulation is fairly constant over the 

Nazca plate region at about O. 1 ± 0.1 g/cm2;103 years, with the 

exception of two cores on the EPR crest near 20°S. These large 

noncarbonate accumulations may reflect increased hydrothermal 

deposition in this area, but could also be due to sediment ponding 

in rift valleys . 

To more definitively test the possibility of sediment ponding on 

the EPR, the budget of excess 230rh has been employed as an index of 

enhanced or depleted sediment accumulation, depending on deviations 

from the ideal situation where 230rh accumulation in the sediment 

matches its production from U in the seawater column above the 
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sediment (Dymond and Veeh, 1975; Cochran and Osmond, 1976). When . a 

sediment has been winnowed or eroded by bottom currents, it should 

display a 230Th accumulation less than its seawater production. When 

the sediment has gained sediment from other areas, it should display 

a 230rh accumulation in excess of the seawater production at that 

site. This excess 230Th accumulation can be due either to: (1) the 

accumulation of resuspended 230Th-enriched particles; or (2) the 

accumulation of particles that have scavenged additional 230Th in 

transit; or (3) both of these processes. The method is based on the 

uniform distribution of U in seawater at 3.30 ± 0.16 µg/l (Turekian 

and Chan, 1971; Ku et al., 1974), which allows the 230rh production 

rate to be calculated as: 

(15) 

where Fp = the 230Th production rate in dpm/cm2103 years, D = the 

water depth in cm, C =the. U concentration in seawater (3.30 ± 0.16 

µg/l), R =the U mass-activity conversion factor (7.42 x 105 

dpm/g238u), A= the 230Th decay constant (9.2 ·x lo-31103 years) and 

(234u;238u)w =the U activity ratio in seawater (1. 14 ± 0.01) 

(Koide and Goldberg, 1965; Ku et al., 1974). The excess 230Th 

accumulation rate, Fa' is calculated by substitution of the core top 

extrapolated 230Th activity into the Ce term in equation (11). These 

values and their inventory, or ratio of Fa/Fp' are presented in 

Table 3.3. 

Figure 3. 19 presents a plot of excess 230Th accumulation versus 



·• • • • • • • • • • • 

TABLE 3.3 EXCESS 230Th BUDGET, NAZCA PLATE 

Core 230Th 
ex 

230Th 
ex 

230Th 
ex Inventory 

Description At Surface Accumulation Production (Accumulation/ 
(dpm/g) ( dpm/ cm2103 yrs) (dpm/cm2103 yrs) Production) 

* KK7l-PC85 19 ± 3* 20 ± 5 8.6 ± 0.3 2.3 ± 0.5 
KK7l-PC86 14 ± 2. 12 ± 2 8.1±0.3 1.5 ± 0.3 
KK7l-PC87 15 ± 5 10 ± 4 8.2 ± 0.3 1.2 ± 0.5 
KK71-PC88 10 ± 3* 6 ± 2 7.9 ± 0.3 0.8 ± 0.3 
KK7l-PC89 8 ± l. 7 ± 2 8.2 ± 0.3 0.8 ± 0.2 
KK7l-PC90 8 ± l. 8 :I: l 7.5 ± 0.2 l.O ± 0.2 
KK7l-PC9l 16 ± 4 11 ± 3 8.5 ± 0.3 l.3 ± 0.3 
KK7l-FFC109 12 ± 3 * 7 ± 3 7.9 ± 0.3 0.9 ± 0.4 
KK7l-FFC114 141 ± 21. 7 ± 1 11.6 ± 0.4 0.6 ± 0.1 
KK7l-FFC115 138 ± 25* 7 :I: l 11.5 ± 0.4 0.6 ± 0.1 
KK7l-FFCll6 176 ± 42 7 ± 2 11.5 ± 0.4 0.6 ± 0. 2 
KK71-FFC132 48 ± 5 * 3.4 ± 0.6 10.6 ± 0.3 0.3 ± 0.05 
KK7l-FFC166 65 . ± 13* 12 ± 5 11.5 ± 0.4 1.0 ± 0.4 
KK72-PC8 182 ± 71* 20 ± 9 11.8 ± 0.4 1.7 ± 0.7 
KK74-PCOD13 11 ± 7 1.0 ± 0.7 11.1±0.4 0.1 ± 0. l 
KK7l-GC7 27 ± 2 2.4 ± 0.6 11.7 ± 0.4 0.2 ± 0.05 
KK7l-GC10 19 ± 4 6 ± 2 8.9 ± 0.3 0.7 ± 0.2 
KK7l-GC14 11 ± 3 5 ± 2 8.0 ± 0.3 0.6 ± 0.3 
OC73-3-20P 15 ± 2 11 ± 4 8.0 ± 0.3 1.4 ± 0.5 
Y73-4-34PC 23 ± 4 7 ± 3 7.9 ± 0.3 0.9 ± 0.4 
Y73-3-7MG1 21 ± 56 6 ± 20 9.9 :I: 0.3 . 0.7 :I: 2. 2 
Y73-3-21K 40 :I: 50 2 ± 3 11.4 :I: 0.4 0.2 ± 0.3 
Y73-4-64K 39 ± 15 7 :I: 3 10.0 ± 0.3 0.7 ± 0.3 ' 
Y71-7-36MG2 183 ± 130 6 ± 4 11.7 ± 0.4 0.5 ± 0.4 
Y71-7-45P 12 ± 3 8 ± 3 8.0 :I: 0.3 1.0 ± 0.3 
V19-54 18 ± 4 14 ± 5 7.3 ± 0.2 2.0 ± 0.7 
V19-61 35 ± 11 18 ± 7 8.8 ± 0.3 2.0 ± 0.8 
Vl9-64 30 ± 9 10 ± 4 9.1 ± 0.3 1.1 ± 0.5 
GS-7202-35P 22 ± 11 10 ± 6 7.9 ± 0.3 1.2 ± 0.7 
E21-10 0.93 ± 0.42 0.6 ± 0.3 8.1 ± 0.3 0.1 ± 0.05 

_, 
w 
0 
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TABLE 3.3 (continued) 

Core 230Th 
ex 

230Th 
ex 

230Th 
ex Inventory 

Description At Surface Accumulation Production (Accumulation/ 
(dpm/g) (dpm/cm2103 yrs) (dpm/cm2103 yrs) Produc.tion) 

E20-17 10 ± 2 21 ± 8 10.0 ± 0.3 2.1 ± 0.8 
138 15 ± 6 0.9 ± 0.4 11 .0±0.4 0.1 ± 0.04 

* Values corrected for 222Rn loss (see Chapter 2). 

__, 
w __, 
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Fig. 3.19 Excess 230rh accumulation and seawater production 
rates versus water depth. Circles - 6° EPR stations, 
squares - Bauer Basin stations, triangles - all 
other Nazca plate stations, diamonds - stations off 
Nazca plate. 
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water depth for the Nazca plate region. The 230Th seawater 
- 230 . 

production rate curve is also shown, about which the Th accumu-

lations should cluster if the sediments are in equilibrium with the 

overlying seawater column. However, most of the sediments in the 

Nazca plate region are not in equilibrium. Instead, two trends ar~ 

apparent. First, with the exception of the anomalously accumulating 

core near the Antarctic Convergence and one core in the Bauer Basin, 

all cores displaying 230Th accumulations greater than their 

respective production rates are located on the EPR. Second, again 

with the exception of these two cores, there appears to be a general 

depletion of 230rh accumulation with increasing depth of water which 

is opposite to expectations based on observations of sediment ponding 

in deep-water basins (Cochran and Osmond, 1976). The implications 

of these trends for the rapid metal accumulation rates on the EPR 

and for the origin of the Bauer Basin sediments are discussed below. 

Figure 3.20 presents the geographic locations of the 230Th 

inventory, or ratio of Fa/Fp' for the EPR and Bauer Basin areas. 

Also presented is the bottom current pattern for this region deduced 

primarily from hydrocast data (potential temperature, salinity and 

oxygen measurements), and supported by a few direct current 

measurements (Lonsdale, 1976). Lonsdale (1976) has suggested that 

most of the bottom current scour in this region should be confined to 

the transform fault troughs across the EPR crest, where the bottom 

current flow would be strongest. This conclusion is supported by the 
230rh inventories on the EPR; nine of the thirteen rise crest cores 

in this region display 230Th inventories greater than or equal to 1.0 . 
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Further, Lonsdale (1976) and Heath and Dymond (1977) have suggested 

that the Bauer Basin deposits receive their hydrothennal component 

from these EPR fracture zones by bottom current winnowing and 

transport. This conclusion is not supported by the 230Th inventories 

in the Bauer Basin; seven out of nine cores in this basin display 
230Th inventories that are less than 1.0. The two major bottom 

water masses in this region converge near 17°S (Lonsdale, 1976), and 

divergence in this area could cause a mass outlet to the southern 

Central Basin (dashed arrow, Fig. 3.20) possibly carrying sediment 

from the Bauer Basin into this and adjacent basins. However, there 

are other controls on the 230rh inventory which can more reasonably 

account for its geographic distribution. 

Dymond and Veeh (1975) suggested that different removal processes 

in the EPR and Bauer Basin areas could account for the observed 
230Th accumulation pattern. One possibility is that freshly 

precipitated colloidal Fe and Mn hydroxides, which are more abundant 

in EPR sediments (Heath and Dymond, 1977) are more effectively 

scavenging 230rh from seawater. 230rh removal by or in association 

with Fe and Mn colloids has been suggested to operate elsewhere on 

the world rift system (Scott et!!.:.., 1972). A plot of 230rh versus 

Fe accumulation (Fig. 3.2la) indicates that this mechanism is 

apparently not operating as effectively here. This plot and a 

comparison of Figures 3.9 and 3. 10 to Figure 3.20 also indicates that 

there is no systematic relation of Fe and Mn accumulation to the 
230Th inventory. This implies that although there may be significant 

ponding of sediment on the EPR, this effect has little impact on 
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those cores displaying the more rapid accumulations of Fe and Mn . 

There is some evidence that 230rh is brought down by the 

skeletal remains of organisms, particularly Caco3-secreting organisms 

such as foraminifera (Goldberg and Griffin, 1964; Goldberg, 1968) . 

This relationship is also suggested by plots of 230Th accumulation 

versus that of Caco3 and biogenic Si (Figs. 3.2lb and c). The 

general decrease of 230Th accumulation with increasing depth of 

water (Fig. 3. 19) could be explained if 230rh were lost to the 

overlying water column when Caco3 dissolves at the sediment/water 

interface, as most of the 230Th depleted sediments lie near or below 

the carbonate compensation depth of 3950 meters. Such a remobili

zation during biological and chemical reworking of freshly deposited 

material has been suggested to explain dissolved Cu-depth profiles 

in the Pacific (Boyle et al., 1977). However, this mechanism implies 

a dualistic nature for 230rh, which is hard to reconcile on the 

basis of existing data, and the 230Th-Caco3 relation is poorly 

defined (Fig. 3.21b). 

Two other controls may explain the 230rh depletions in the Bauer 

Basin. One is that there have been systematic losses of 230Th 

during sample preparation. Although care was taken to ensure total 

sample dissolution, some thorium loss could have occurred in the 

alpha spectrometry procedures (see Chapter 2). Systematic losses of 
226Ra and 222Rn could lower the apparent 230Th activity of the cores 

analyzed by gamma spectrometry, but 226Ra diffusion is apparently 

not a significant problem, while corrections have been applied for 
222Rn loss (Chapter 2). The second possible control is illustrated 
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in Figure 3.22, where the average sedimentation rates of the 230Th 

deficient Bauer Basin cores have been projected to levels of 

Fa/Fp = 1.0 in order to estimate the amount of core material these 
230Th d f. . . t Th 1 t . t d d. l e ic1enc1es represen . e arges proJec e se 1ment osses 

are displayed by two piston cores (PCOD13 and 138), whereas the 

smallest projected losses are displayed by the free-fall and gravity 

cores (Fig. 3.22). This suggests that sediment has been lost during 

the coring procedure. It is especially likely that some sediment has 

been lost or disturbed during coring procedures for the longer piston 

cores, which require triggering, leveling and sectioning (D. Byrne, 

pers. convn., 1978). This loss would probably be enhanced for cores 

with high water contents (low dry bulk densities), such as those from 

the Bauer Basin (Table 3.1 and Fig. 3.8). Sediment losses could also 

occur during free-fall, gravity and box core (21K) attempts due to a 
11 pressure barrier" effect, although losses exceeding about 10 cm 

would be unusual (A. Soutar, pers. co1T111., 1979) • 

The existing data suggest that core top losses can explain much 

of the apparent 230Th depletions observed in the Bauer Basin. For 

cores such as 21K, where at least 40 cm of sediment loss is indicated 

(Fig. 3.22), loss of 230Th in the alpha spectrometry procedures 

would seem more reasonable. 230Th loss by either or both processes 

has implications for the higher 230rh inventories displayed on the 

EPR: these values could even be higher. However, the more rapidly 

accumulating sediments on the EPR will be less affected by a 

comparable core top loss because as the accumulation rate increases, 

the 230rh concentration gradient in the sediment decreases. Clearly, 

more work is needed on monitoring the distribution of 230rh in the 
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various phases of these sediments similar to that described by 

Arrhenius et~ {1957), and on monitoring the behavior of the 
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coring process similar to that described by Seyb et ~ (1977) before 
230rh . t . b 1 . 1nven or1es can ecome more cone us1ve. 

3.7 Oceanographic Versus Geologic Controls on Meta11ogenesis 

Bostrom (1973) developed an empirical relation between crustal 

spreading rates and the ratio (Fe + Mn)/Al in pelagic sediments 

which suggested that the metal enrichment process is associated with 

increased volcanic activity at fast spreading centers. Figure 3.23 

presents a profile of Mn accumulation along the EPR crest from 50°S 

to 20°N latitude based on data from Figures 3. 1 and 3. 10. Also 

shown are the mean and range of nonnal authigenic accumulation 

(Bender et al., 1970), the averaged Plio-Pleistocene spreading rates 

in the area and estimates of regional sediment thickness. Mn 

(and Fe) accumulations vary exponentially along this section of the 

EPR from nonnal authigenic values near the equatorial zone of high 

productivity and the Antarctic Convergence to extremely high values 

near 20°S latitude, whereas spreading rates vary slightly. Clearly, 

Bostrom's model cannot explain this variability. 

Recent evidence suggests that seawater circulation leaches 

cooling basalt intrusives at depth and subsequently deposits the 

leached metals on the seafloor (Chapter 1). The circulating seawater 

lowers the expected conductive heat flow near the rise crests, and 

the difference between the theoretical and observed conductive heat 
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Fig. 3.23 Mn accumulation rate versus distance along EPR crest. 
Averaged Plio-Pleistocene spreading rates versus 
distance along EPR crest from Handschumacher (1976). 
Authigenic Mn accumulation from Bender et al. (1970). 
Regional sediment thickness from D. Erlandson {pers. 
comm., 1978) and Lisitzin (1972). 
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flow has been used to estimate the amount of hydrothermal heat 

release and seawater circulation (Williams et~, 1974; Wolery and 

Sleep, 1976). Analysis of the observed conductive heat flow along 

the EPR from 6° to 40°S has revealed no significant changes in the 

heat flux that could explain the exponential variation in Fe and Mn 

accumulations by variations in hydrothermal circulation. This 

conclusion is based on the observations of nearly constant crustal 

production over this region (Fig. 3.23) and on six profiles of 

conductive heat flow across the EPR (Fig. 3.24). Although there is 

some indication that the mean conductive heat flow increases toward 

the north, the means of each profile are not statistically different 

at the 67% confidence level (Fig. 3.24). Shallow-focus seismicity, 

an index of volcanic activity, also is generally uniform along the 

EPR crest (Barazangi and Donnans 1969), as is basalt chemistry 

(C. D. Fein, pers. comm., 1978). Mantle heterogeneity could account 

for the accumulation rate variability if these sediments reflect a 

deep-seated source (Bostrom, 1973), but oceanographic controls offer 

a simple explanation . 

Bottom current distributions suggest sediment loss in the 

northern EPR area but could explain the Mn and Fe variability only if 

there is a preferential loss of the metalliferous component. This 

would require a selective winnowing process that depletes these 

sediments in Fe and Mn relative to 230rh because the maximum 

variation in the 230Th accumulation is a factor of 2 as opposed to 

18 and 28 for Fe and Mn accumulations, respectively, from 6° to 20°S 

latitudes. Figure 3. 17a indicates that a decoupling of the Fe and 
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Fig. 3.24 Conductive heat flow on six profiles across the East 
Pacific Rise. Data from Anderson and Hobart (1976). 
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230Th accumulations does exist here, and thus a selective winnowing 

process could operate. If Fe and Mn are precipitated from debouching 

hydrothermal solutions and 230Th is predominately scavenged from 

larger, settling biogenic particulates, currents could winnow these 

sediments of colloidal Fe and Mn without seriously affecting the 
230Th inventory. The same situation may hold for the EPR near the 

Antarctic Convergence, as bottom currents have been suggested to 

affect the sediment distribution in that region (Ewing et .tl:_, 1969). 

There also appears to be an inverse relationship between Mn 

(and Fe) accumulation and regional sediment thickness (Fig. 3.23). 

Sediment thickness has been suggested as a control on hydrothermal 

circulation (Lister, 1972) and may be regulating the degree of 

metallogenesis under the equatorial zone of high productivity and 

under the zone of high productivity near the Antarctic Convergence. 

However, if sediment thickness is the control, then variations in 

hydrothermal circulation exist that are not resolvable by existing 

heat flow measurements. A variation in the extent of crustal 

fracturing would be another possible control on the degree of 

metallogenesis via hydrothermal circulation, but this is difficult 

to verify . 

3.8 Global Hydrothermal Contribution to the Oceans 

The extreme variability exhibited by the Mn and Fe accumulations 

along the crest of the EPR has implications for global budget 

calculations. Lyle (1976) and Froelich et al. (1977) have used the 
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extremely high Mn and P flux observed near 20°5 in their budget 

calculations, which must certainly overestimate the global hydro

thermal contribution to the oceans. Lyle (1976} calculated that the 

annual world production of Mn due to hydrothermal sources was about 

9 x 1011 g, based on graphical integration of an accumulation rate 

profile across the EPR at 10° to 17°S latitude and extrapolation to 

the world crustal production of 3.94 km2/yr estimated by Williams and 

von Herzen (1974). As this value is about 3 times greater than the 

dissolved Mn load of rivers (2.5 x 1011 g/yr), Lyle has suggested 

that hydrothermal sources are an important input of oceanic Mn. 

Inspection of the Mn accumulation rate profile along the EPR crest 

(Fig. 3.23} shows how extrapolation of the high values near 20°5 

latitude will overestimate the hydrothermal Mn flux. Graphical 

integration of this profile along the 20°N to 50°5 portion of the 

EPR crest gives an average Mn accumulation rate of about 12 mg/cm2;103 

years, less than half the value used by Lyle (28 mg/cm2;103 years} • 

Applying this new crestal Mn value to Lyle's calculations gives an 

EPR hydrothermal production of about 3.5 x 107 g/yr per kilometer of 

rise crest and an annual world hydrothermal Mn production of 

6.4 x 1011 g, both of which are 30% lower than Lyle's estimates 

(Lyle, 1976). Low accumulations have been observed elsewhere on the 

world rift system (Scott et al., 1972; McArthur and Elderfield, 1977) 

and Lyle (1976) suggested that the slower spreading Mid-Atlantic 

Ridge may lower his estimate by about 20%. Therefore, even a 50% 

lower annual world production of 4.5 x 1011 g could be an upper limit 

to the hydrothermal Mn contribution to the ocean . 
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Table 3.4 presents a sununary of various estimates of the global 

oceanographic flux for Mn. Wolery and Sleep (1976) have suggested 

that the release of residual magmatic fluids (deuteric alteration), 

high-temperature basalt alteration and submarine weathering all 

contribute roughly equal amounts to the submarine Mn flux, which 

compares well with the total excess Mn flux from the indirect 

balance estimates of Mackenzie and Wollast (1977) (Table 3.4) . 

However, there are discrepancies with the total submarine Mn flux 

estimated from sediment accumulation rate data, especially if the 

lower estimate of 4.5 x 1011 g/yr is considered an upper limit . 

There appear to be two paths of reconciliation. First, there is the 

possibility that the calculated flux values are real and the 

difference seen is due to Mn transport away from the ridge crests. 

If we adopt the best estimate value of Wolery and Sleep (1976) as 

representative of the combined fluxes of residual magmatic fluids, 

hydrothermal alteration and submarine weathering, as seems reasonable 

since the estimated discharge flux could be the resultant of all 

three alteration sequences, then an approximate 50% loss from the 

ridge crests leaves a residual accumulation that falls within the 

range calculated near the crests. This would be in agreement with 

the loss estimated by Elderfield (1976) for Mn precipitation on 

ridge crests at an average of about one order of magnitude more 

rapidly than elsewhere on the seafloor. Second is the possibility 

that most of the more indirect estimates are simply too high . 

Weiss (1977) allowed that his estimate may be too high because of 

the questionable assumption that Mn and He behave similarly during 
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Source 

Stream Input 

Atmospheric Input 

Hydrothermal Flux 

Volcanic Residual 
Liquids (Deuteric 
Alteration) 

Submarine 
Wea ther.i ng 

Total Submarine 
Volcanism and Mafic 
Alteration 

Total Excess Mn 
Flux to Oceans 
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TABLE 3.4 GLOBAL OCEANOGRAPHIC BUDGET ESTIMATES FOR MANGANESE 

Rate (g/yr) 

0.25 - 5.72 x 1012 

(1.55 x 1013) 

4.6 x 1011 

(6.7 x 1011 ) 

12 0.5 - 4.5 x 10 
(1.4 x 1012 ) 

"-l x 1013 

4.5 - 9 x 1011 

1.lxl012 

0.79 x 1012 

12 l .82 - 2.83 x 10. 

l - 7 x 1012 

Remarks 

Dissolved plus suspended loads, 
Pre-man. Bracketed - present
day flux 

Pre-man dust. Bracketed -
present-day flux 

Calculated from estimated flow 
rate of 1.3 - 9 x 1017 g/yr and 
gain in cone. from 2 ppb to 4 -
5 ppm. Bracketed - best estimate 
assuming 200°C exit temperature 

Estimated from r-tt/ 3He injection 
ratios 

Calculated from Mn accumulation 
rates in EPR sediments and 
global crust production 

Estimated for 120 ppm Mn lost 
from flow interiors to depth of 
l km (pervasive) 

Estimated for 0.66 km of 
pervasive low-temperature basalt 
alteration 

Indirect balance estimate. 
Range from pre-man to present
day flux 

Estimated by subtracting 
diy~olved stream input (0.2 x 
10 g/yr) from various balance 
models 

Reference 

Garrels and Mackenzie 
(1971); Mackenzie and 
Wollast (1977) 

Mackenzie and Wollast 
( 1977) 

Wolery and Sleep (1976) 

Weiss (1977) 

Lyle (1976); this study 

Corliss (1971) 

Hart (1973) 

Mackenzie and Wollast 
( 1977) 

Elderfield (1976) 
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basalt alteration. The fluxes for residual magmatic fluids and 

submarine weathering are probably overestimated due to the assumption 

of pervasive alteration. As alteration is apparently fault

controlled (Chapter 1), these fluxes will depend on the fracture 

permeability, an unknown but probable large constraint. Finally, it 

should be noted that Elderfield's (1976) large range of estimates 

for excess Mn do not include corrections for suspended stream load 

and atmospheric input to the oceans (Table 3.4). 

Of the possible explanations for the variable metal flux on the 

EPR, Fe and Mn loss by bottom current winnowing and transport 

appears to be the most consistant with the existing data. The 

extent of crustal fracturing and regional sediment thickness should 

play important roles in regulating hydrothermal circulation and 

metallogenesis, the latter especially in areas of great surface 

productivity and sedimentation, but these constraints are not 

resolvable by the existing heat flow data. On the other hand, the 

distribution of bottom currents is poorly defined, and few direct 

measurements have been made (Lonsdale, 1976). The winnowing 

mechanism proposed here to explain the lower metal accumulation 

rates on the northern EPR crest requires that Fe and Mn and 230Th 

occupy separate phases in the sediment. This separation is tenuous, 

as correlations of Fe, Mn and 230rh are indicated elsewhere on the 

world rift system (Scott et al., 1972). Further, Bender et al. 

(1977) have suggested that since no dissolved Mn anomalies of mid

oceanic ridge depth are observed, submarine volcanism cannot be 

the dominant source of Mn in pelagic sediments away from ridge 
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crests. However, Klinkhanmer et~ (1977) have reported the 

injection of dissolved Mn into bottom waters on the Galapagos 

spreading center, and Betzer et~ (1974) have reported Fe and Mn

rich suspended particulate matter in bottom water near the crest of 

the Mid-Atlantic Ridge. Thus, bottom current transport of dissolved 

and particulate Mn, possibly in nepheloid layers, could circumvent 

Bender et al. 's (1977) conclusions based on observations of total 

dissolved Mn in mid-ocean ridge depth layers. This conclusion is in 

agreement with the suggestions of extensive transport from ridges 

made by Goodell et al. (1971), -Elderfield (1976), Wolery and Sleep 

(1976), Lonsdale (1976) and Heath and Dymond {1977), and has 

important implications for the magnitude of hydrothermal input to 

the ocean, the origin of the Bauer Basin deposits, and the origin of 

manganese nodules . 

3.9 Conclusions 

1. Value of gamma-ray spectrometry: Gamma spectrometry has proven 

to be a successful means of determining rates of sediment accumu-

lation on the Nazca plate. The sedimentation rates determined by 

both alpha and ganma spectrometry are in general agreement; most 

cores display an agreement of sedimentation rates to within 50% • 

When the two methods are in poor agreement, the source of 

disagreement is either the lack of an equivalent number of alpha 

measurements in cores of nonuniform lithology or the lack of uniform 

uranium support in the gamma-analyzed cores. Cores displaying the 

largest errors in sedimentation rate are generally those with the 
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lowest numbers of data points, regardless of technique. The net 

advantage of garrma techniques over alpha spectrometry is their 

rapidity, both in sample preparation and in counting, thereby 

allowing a better sampling coverage. Garrma spectrometry, however, 

cannot match the alpha technique in analytical precision, but is 

useful in regional sedimentation studies where time and cost are 

important factors . 
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2. Patterns of element accumulation: The expanded coverage of cores 

analyzed by ga111Tia spectrometry, combined with elemental analysis by 

X-ray fluorescence spectrometry, has shown that rapid rates of 

metal accumulation are not typical in sediments of the East Pacific 

Rise. Further, high rates of metal accumulation may be atypical 

throughout the world rift system. Rates of Fe and Mn accumulation 

vary from values corresponding to normal authigenic accumulation on 

the northern EPR to values exceeding 30 times normal authigenic 

accumulation near 20°S latitude. The Bauer Basin exhibits rates of 

Fe and Mn accumulation that range from normal values to 6 times the 

authigenic rate. This variation indicates that sedimentary 

processes other than normal authigenic ones exist in this part of 

the Eastern Pacific Ocean. 

3. Sources of element accumulation: Multivariate factor analysis 

was used to suggest possible sources of the components in the 

sediment. Its results indicate that three associations 

characterize most of the variance in element accumulation rates on 

the Nazca plate. These associations are interpretated as being the 

result of: (1) hydrothermal; (2) biogenic-diagenetic; (3) detrital-
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hydrogenous processes. Most of the EPR is dominated by a hydrothennal 

association, whereas the Bauer Basin and the northern EPR sediments 

are dominated by a biogenic-diagenetic association. Compared with 

previous work, these results are based on different samples and on 

more elements, and are approached through rates of accumulation 

rather than relative abundancies ·of elements, but they are in 

general agreement with the previous work. Further, the factor 

analysis suggests the association of the northern EPR and Bauer 

Basin sediments. 

4. Comparison of 230rh budget with rates of Fe and Mn accumulation: 

The 230rh inventory indicates that sediment ponding does occur on 

the EPR, but ponding does not seriously affect the rapid rates of 

metal accumulation observed on the EPR near 20°S latitude. This 

conclusion is based on the lack of correspondence between the 230rh 

inventory and the accumulation rates of Fe and Mn. The lower 230rh 

inventory displayed by most cores in the Bauer Basin can be better 

attributed to core-top loss and 230rh losses in sample preparation 

for alpha spectrometry than to 230rh losses by caco3 dissolution or 

bottom current winnowing, or to different 230rh removal processes 

than those on the EPR. Future work should concentrate on the 

distribution of 230rh in these sediments and on monitoring the 

behavior of the coring process before interpretation of 230rh 

budgets can become more conclusive. Knowledge of the 230rh 

distribution will also test the hypothesized selective winnowing of 

the northern EPR sediments. 

5. Control of metallogenesis in Nazca plate sediments: Bottom 
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current winnowing and transport, sediment thickness and the extent of 

crustal fracturing are more reasonable controls on the distribution 

of metallogenesis than mantle heterogeneity. Of these possible 

controls, bottom currents offer the most attractive albeit unproven 

explanation for the existing patterns and have the broadest 

implications for the role of hydrothennal input to the ocean: 50% or 

more of the metals introduced to the ocean on and near the crests of 

mid-ocean ridges could be distributed to adjacent areas of the 

seafloor such as the Bauer Basin and in manganese nodules. 

6. Directions of future studies: Future work should be aimed at 

direct verification of bottom current transportation by current 

measurements and the analysis of bottom waters for dissolved and 

particulate Fe and Mn. The coverage of heat flow and metal 

accumulation measurements on the EPR will have to be increased, 

especially in areas of rapid sedimentation, and will have to be 

made in conjunction with the bottom current measurements and 

nephelometry before a separation of these controls can be carried 

out adequately . 
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Appendix A 

Gamma and Alpha Spectrometric Data 

Tables Al to Al4 present garrma spectrometric data for the cores 

analyzed at Hawaii Institute of Geophysics by the scanner system 

described in Chapter 2. Table Al5 presents alpha spectrometric 

data for these cores. A general lithologic description is included 

for each core based on microscopic examinations by the HIG core 

laboratory (Andrews, Foreman et al., 1975, 1976). Locations and 

water depths are presented in Table 3. l of Chapter 3. Figures Al 

to A21 are plots of excess 214Bi, 214Pb and 230Th versus core depth. 

Data for Figures Al to Al5 can be found in the tables of this 

appendix. The data for Figures Al6 to A21 were kindly supplied by 

H. H. Veeh of the Flinders University of South Australia (230Th) 

and by C. Moser of Oregon State University (214Pb). Dr. Veeh also 

supplied the 230Th data for cores KK71-PC87 and KK71-PC88 (Table Al5). 

The justification for choosing a particular sedimentation rate 

has been presented for most of the cores in Chapter 3. Core 

KK72-PC8 (Fig. Al) illustrates the situation of a core that has 

penetrated enough sediment to reveal the equilibrium or 234u
supported 214si activity. Core KK74-PCOD13 (Fig. A3) illustrates an 

apparent exponential decrease in 214si activity with depth caused by 

the changing lithology of a turbidite sequence. The topmost meter 

appeared to be undisturbed and was used to detennine a sedimentation 

rate for this core • 



• • • • • • • • • • • 

TABLE Al GAMMA SPECTROMETRIC DATA FOR CORE KK72-PC8 

Nannofoss11 Searing, Ash Rich Clay 

Depth 21481 208n K 214Bi/208Tl 214Bi/%K 21401 ex 
(cm) (dpm/g) (dpm/g) (%) (dpm/g) 

50-58 24.22 ± 0.15 1.53 ± 0.14 0.90 ± 0.04 15.8 ± 1.5 26.9 ± 1.2 23.62 ± 0.22 
59-67 11.60 ± 0.20 1.02 ± 0.14 0.77 ± 0.04 11.4 ± 1.6 15.1 ± 0.8 11.00 ± 0.26 
68-76 9.37 ± 0.21 1.43 ± 0.15 0.80 ± 0;04 6.6 ± 0.7 11.7 ± 0.6 8.77 ± 0.26 
76-84 5.93 ± 0.22 1.23 ± 0.13 0.80 ± 0.03 4.8 ± 0.5 7.4 ± 0.4 5.33 ± 0.27 
84-92 5.03 ± 0.22 1.34 ± 0.13 0.92 ± 0.03 3.8 :!: 0.4 5.5 ± 0.3 4.43 ± 0.27 

115-123 2.49 ± 0.23 1.06 ± o. 12 0.83 ± 0.03 2.4 ± 0.4 3.0 ± 0.3 1.89 ± 0.28 
141-149 2.09 ± 0.24 0.98 ± o. 15 0.92 ± 0.03 2.1 ± 0.4 2.3 ± 0.3 1.49 ± 0.29 
191-199 1.49 ± 0.24 1.25 ± 0.13 1.10 ± 0.03 1.2 ± 0.2 1.4 ± 0.2 0.89 ± 0.29 
226-234 3.10 ± 0.24 1.51 ± 0.16 1.17 ± 0.04 2.1 ± 0.3 2.7 ± 0.2 2.50 ± 0.29 
291-299 2.73 ± 0.23 1.09 ± 0.12 0.84 ± 0.03 2.5 ± 0.4 3.3 ± 0.3 2.13 ± 0.28 
360-368 2.22 ± 0.24 1.26 ± 0.13 1.03 ± 0.03 1.8 ± 0.3 2.2 ± 0.3 1.62 ± 0.29 
460-468 1.24 ± 0.23 0.84 ± 0.13 0.97 ± 0.03 1.5 ± 0.4 1.3 ± 0.2 0.64 ± 0.28 
491-499 1.10 ± 0.23 0.86 ± 0.13 0.97 ± 0.03 1.3 ± 0.3 1.1 ± 0.2 0.50 ± 0.28 

. 576-584 0.58 ± 0.23 o. 99 ± 0.12 0.93 ± 0.03 0.6 ± 0.3 0.6 ± 0.3 0.00 ± 0.28 
605-613 0.50 ± 0.23 0.78±0.12 0.94 ± 0.03 0.6 ± 0.3 0.5 ± 0.2 0.00 ± 0.28 
691-699 0.61 ± 0.23 0.85 ± 0.12 0.96 ± 0.03 0.7 ± 0.3 0.6 ± 0.2 0.01 · ± 0.28 
791-799 0.54 ± 0.24 0.81 ± 0.13 1.04 ± 0.03 0.7 ± 0.3 0.5 ± 0.2 0.00 ± 0.29 
841-849 0.95 ± 0.22 0.18 ± o. 11 0.95 ± 0.02 5.3 ± 3.5 1.0 ± 0.2 0.34 ± 0.27 
941-949 0.51 ± 0.22 0.50 ± 0.11 1.01 ± 0.02 1.0 ± 0.5 0.5 ± 0.2 0.00 ± 0.27 

1021-1029 0.51 ± 0.22 0.89 ± 0. 11 0.85 ± 0.02 0.6 ± 0.3 0.6 ± 0.3 0.00 ± 0.27 
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Depth 214Bi 
(cm) (dpm/g) 

38-46 1.26 t 0.22 
67-75 0.89 t 0.24 
75-83 o. 72 :I: 0.24 
83-91 0.49 :I: 0.23 
91-100 0.44 :I: 0.24 

100-108 0.50 t 0.24 
131-139 l. 29 t 9. 22 
151-159 0.53 ± 0.23 
171-179 0.84 t 0.23 
191-199 0.75 t 0.23 
211-219 1.24 ± 0.22 
251-259 0.96 ± 0.22 
291-299 1.36±0.23 
355-363 0.73 ± 0.23 
435-443 0.82 :I: 0.24 
471-479 0.32 ± 0.23 
511-519 0.52 ± 0.22 
616-624 0.30 ± 0.15 
641-649 0.47 ± 0.15 
691-699 0.29 ± 0.16 
781-789 0.09 ± 0. 16 
851-859 0.13±0.16 
921-929 0.00 t 0.16 
991-999 0. 06 t 0.16 

1021-1029 0.30 t 0.16 
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TABLE A2 GAMMA SPECTROMETRIC DATA FOR CORE KK74-PCOD13 

Foram and Nannofossil Bearing, Radiolarian Rich Clay 

20811 K 214Bi/208Tl 
(dpm/g) (%) 

0.86 t 0.11 l.26 t 0.03 1.5 t 0.3 
1.01 ± 0.13 l. 31 :I: 0.03 0.9 :I: 0.3 
0.97 :I: 0.13 l. 39 ± 0.03 0.7 :I: 0.3 
1.24 :I: 0.12 l.35 t 0.03 0.4 :I: 0.2 
1.03 :I: 0.14 1.45 :I: 0.03 0.4 :I: 0.2 
1.06 ± 0.14 1.41 :I: 0.03 0.5 t 0.3 
9.85 t 0.11 l.35 t 0.03 1.5 t 0.3 
0.70 ± 0.11 1.23 t 0.03 0.8 t 0.4 
0.81 ± 0.12 1.44 t 0.03 1.0 ± 0.3 
0.91 :I: 0. 12 1.31 ± 0.03 0.8 ± 0.3 
0.61 ± 0.10 1.34 :I: 0.03 2.0 ± 0.5 
0.92 ± 0. 11 l.53 t 0.03 1.0 t 0.3 
1.21 t 0.12 1.96 ± 0.03 1.1±0.2 
0.89 :I: 0.12 1.34 t 0.03 0.8 ± 0.3 
l.04 :I: 0.13 1.22 ± 0.03 0.8 t 0.3 
1.14±0.ll 0.99 ± 0.02 0.3 t 0.2 
0.96 t 0.11 0.90 ± 0.02 0.5 ± 0.2 
0.29 t 0.04 0.34 ± 0.01 1.0 ± 0.5 
0.33 t 0.04 0.34 ± 0.01 1.4 ± 0.5 
0.27 t 0.05 0.22 ± 0.01 l.lt0.6 
o. 12 t 0.04 0.10 ± 0.01 0.8 t 1.5 
0.15 t 0.04 0.07 ± 0.01 0.9±1.l 
0. 13 t 0.04 0.06 t 0.01 0.0 t o.o 
0.24 ± 0.04 0.15 ± 0.01 0.3 t 0.8 
0.27 ± 0.05 0.24 t 0.01 1.1 t 0.6 

• • 

214Bi/%K 

1.0 t 0.2 
0.7±0.2 
0.5 ± 0.2 
0.4 ± 0.2 
0.3 t 0.2 
0.4 :I: 0.2 
1.0 :I: 0.2 
0.4 :I: 0.2 
0.6 :I: 0.2 
0.6 t 0.2 
0.9 t 0.2 
0.6:1:0.l 
0.7 ± 0.1 
0.5 ± 0.2 
0.7 ± 0.2 
0.3 ± 0.2 
0.6 ± 0.3 
0.9 ± 0.5 
1.4 ± 0.5 
1.3±0.7 
0.9 ± 1.6 
1.9 t 2.4 
o.o t 0.0 
0.4 ± 0.2 
1.3 ± 0.7 

• 

214Bi ex 
(dpm/g) 

o. 78 ± 0.23 
0.41 ± 0.25 
0.24 ± 0.25 
0.01 :I: 0.24 
0.00 :I: 0.25 
0.02 t 0.25 

_. 
O"I 
0 

• 
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TABLE A3 GAMMA SPECTROMETRIC DATA FOR CORE KK71-PC85 

Sponge Bearing, Rad1olarian Rich, Nannofoss11 Foram Ooze 

Depth 21481 208n K 214Bi/208Tl 214B1/%K 214ai ex 
(cm) (dpm/g) (dpm/g) (%) (dpm/g) 

85-95 4.71 :t 0.19 0.23 :t 0.08 o. 16 ± 0.02 20.5 ± 7.2 31.4 :t 4.4 4.63 :t 0.19 
100-108 5.85 ± 0. 18 0.21 ± 0.08 o. 10 ± 0.02 28 ± 11 59 ± 12 5.77±0.18 
125-133 6.08 :t 0.18 0.14 :t 0.07 0.21 ± 0.02 43 ± 22 29.0 ± 2.9 6.00 ± 0.18 
150-158 6.21 :t 0.18 0.23 ± 0.07 0.18 ± 0.02 27.0±8.3 34.5 ± 4.0 6.13±0.18 
185-193 8.46 ± 0.18 0.31 ± 0.08 0.27 ± 0.02 27. 3 ± 7. 1 31.3 ± 2.4 8.38 ± 0.18 
200-208 6. 71 ± 0.19 0.35 :t 0.08 0.20 ± 0.02 19.2 ± 4.4 33.6 ± 3.6 6.63 ± 0.19 
225-233 5.08 ± 0. 19 0.33 ± 0.08 0.21 ± 0.02 15.4 ± 3.8 24.2 ± 2.5 5.00 ± 0.19 

. 250-258 5.21 ± 0.18 0.38 ± 0.07 0.20 ± 0.02 13.7 ± 2.6 26.1 ± 2.8 5.13±0.18 
275-283 4.37 ± 0.18 0.37 ± 0.08 0.18 ± 0.02 11.8±2.6 24.3 ± 2.9 4.29 ± 0.18 
300-308 3.69 ± 0. 18 0.18 ± 0.07 0.20 ± 0.02 20.5 ± 8.0 18.5±2.1 3.61 ± 0.18 
350-358 3.83 ± 0. 18 0.24 ± 0.07 0.17 ± 0.02 16.0 ± 4.7 22.5 ± 2.9 3. 75 ± o. 18 
375-383 3.47 ± o. 18 0.34 ± 0.07 0.18 ± 0.02 10.2 ± 2.2 19.3 ± 2.4 3.39 ± o. 18 
400-408 3. 73 ± o. 18 0.20 ± 0.07 0.24 ± 0.02 18.7 ± 6.6 15.5 ± 1.5 3.65 ± 0.18 
425-433 2.59 ± 0.20 0.20 ± 0.08 0.21 ± 0.02 13.0 ± 5.3 12.3 ± 1.5 2.51 ± 0.20 
450-458 l.46 ± 0.19 0.15 ± 0.07 0.18 ± 0.02 9.7 ± 4.7 8.1±1.4 l.38 ± 0.19 
500-508 l.59 ± 0.18 0.09 ± 0.07 0.24 ± 0.02 18 ± 14 6.6 ± 0.9 1.51±0.18 
525-533 0.86 ± 0.19 0.27 ± 0.07 0.34 ± 0.02 3.2±1.1 2.5 ± 0.6 0.78±0.19 
550-558 l.08 ± 0.18 0.25 ± 0.07 0.24 ± 0.02 4.3 ± 1.4 4.5 ± 0.8 1.00 ± 0.18 
575-583 1.54 ± 0.19 0.34 ± 0.07 0.27 ± 0.02 4.5 ± 2.5 5.7 ± 0.8 1.46 ± 0.19 

__, 

°' ..... 
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TABLE A4 GAMMA SPECTROMETRIC DATA FOR CORE KK71-PC86 

Quartz, Diatom and Radiolar1an Bearing, Clay and foram Rich, Nannofossil Ooze 

Depth 214Bi 208n K 214Bi/208Tl 214Bi/%K 
(cm) (dpm/g) (dpm/g) (%) 

14-22 5.21 ± 0.18 0.15 ± 0.07 0.13 ± 0.02 35 ± 16 40. l ± 6. 3 
40-48 5.03 ± o. 19 0.18 ± 0.09 0.14 ± 0.02 28 ± 14 35.9 ± 5.3 
72-80 4.52 ± 0.20 0.16 ± 0.09 0.06 ± 0.02 28 ± 16 75 ± 25 

104-112 6.08 ± 0.19 0.3t. ± 0.09 0.14 ± 0.02 19.0 ± 5.4 43.4 ± 6.4 
130-138 5.59 ± 0.19 0.27 ± 0.09 0.17 ± 0.02 20.7 ± 6.9 32.9 ± 4.0 
162-170 5.65 ± 0.18 0.15 ± 0.08 0.15 ± 0.02 38 ± 20 37.7 ± 5.2 
190-198 4. 69 ± 0.18 0.20 ± 0.07 0.14 ± 0.02 23.5 ± 8.3 33.5 ± 5.0 
228-236 3.84 ± 0.19 0.32 ± 0.08 0. 16 ± 0.02 12. 0 ± 3. l 24.0 ± 3.2 
266-274 2.04 ± 0. 19 0.20 ± 0.08 o. 13 ± 0.02 10.2 ± 4.2 15.7 ± 2.8 
304-312 1.80 ± 0.19 0.13 ± 0.08 0.13 ± 0.02 13.9 ± 8.7 13.9 ± 2.6 
340-348 1.81 ± 0.18 0.17 ± 0.07 0.18 ± 0.02 10.7 ± 4.5 10. l ± 1. 5 
378-386 1.80 ± 0.18 0.28 ± 0.07 0.19 ± 0.02 6.4 ± 1.7 9.5 ± 1.4 
416-424 1. 18 ± o. 18 0.18 ± 0.07 0.18±0.01 6 . 6 ± 1.9 6.6 ± 1.1 
454-462 0.84 ± 0. 19 0.19 ± 0.07 0.19 ± 0. 02 4.4 ± 1.9 4.4 ± 1.1 
490-498 0.72 ± 0.18 0.18 ± 0.06 0.20 ± 0.01 4.0 ± 1.7 3.6 ± 0.9 
528-536 l.06 ± 0.19 0.15 ± 0.07 0.22 ± 0.02 7.1±3.6 4.8 ± 1.0 
566-574 0.61 ± o. 18 0.16 ± 0.07 0.15 ± 0.01 3.8 ± 2.0 4.1±1.2 
592-600 0.48 ± 0.19 0.08 ± 0.07 0.18 ± 0.01 6.0 ± 5.8 2.7±1.l 

• • 

214Bi ex 
(dpm/g) 

5.00 ± 0.18 
4.82 ± 0.19 
4.32 ± 0.20 
5.87 ± 0.19 
5. 38 ± 0.19 
5.44 ± 0.18 
4.48 ± 0.18 
3.63 ± 0.19 
1.83 ± 0.19 
1.59 ± 0.19 
l.60 ± 0.18 
1.59 ± 0.18 
0.97±0.18 
0.63 ± 0.19 
0.51 ± 0.18 
0.85 ± 0.19 
0.40 ± 0.18 
0.27 ± 0.19 

__. 
en 
N 

• 



• • 

Depth 
(cm) 

10-18 
30-38 
56-64 
97-105 

127-135 
163-171 
187-195 
217-225 
248-256 
288-296 
330-338 
368-376 
398-406 
438-446 
480-488 . 
518-526 
554-562 
598-606 
630-638 
668-676 
700-708 
740-748 
774-782 
796-804 
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TABLE A5 GAMMA SPECTROMETRIC DATA FOR CORE KK71-PC87 

Clay, Sponge, Rad1olar1an, Quartz and D1atom Bearing, Foram Rich, Nannofoss11 Ooze 

21481 2oan K . 2148112oan 214Bi/%K 
(dpm/g) (dpm/g) (%) 

5.89 ± 0. 18 0.01 ± 0.08 o. 12 ± 0.02 590 ± 4700 49.l ± 8.3 
4.35 ± 0.19 o. 10 ± 0.08 o. 14 ± 0.02 44 ± 35 43.5 ± 6.5 
5.00 ± o. 18 0.09 ± 0.08 0. 15 ± 0.02 56 ± 49 33.3 ± 4.6 
6.10 ± 0. 18 0.20 ± 0.08 0. 10 ± 0.02 31 ± 12 61 ± 12 
6.76 ± 0.18 0.06 ± 0.08 0.14 ± 0.02 110 ± 150 48. 3 ± 7.0 
5.48 ± o. 18 0.04 ± 0.08 0.09 ± 0.02 140 ± 280 61 ± 14 
6.47 ± 0.18 0. 11 ± 0.07 0. 18 ± 0.02 59 t 38 35.9 t 4.1 
6.30 ± 0. 18 0. 16 t 0.08 0.20 ± 0.02 39 t 20 31.5 .± 3.3 
3. 98 ± 0.18 o. 10 ± 0.07 0. 19 ± 0. 02 40 ± 28 30.0 t 3.4 
4.61±0.18 0.15 ± 0.08 0.12 ± 0.02 31 t 17 38.4 ± 6.6 
3.65 ± 0.19 0.24 ± 0.08 0.12 t 0.02 15.2±5.1 30.4 ± 5.3 
3.15 ± 0.20 0.05 ± 0.09 0.17 t 0.02 63 t 113 18.5 ± 2.5 
2.13 ± 0.21 0.25 ± o. 10 0. 20 ± 0.02 8.5 t 3.5 10.7 ± 1.5 
l.91 ± 0. 21 0.08 ± 0.09 0.13 ± 0.02 24 t 27 14.7 ± 2.8 
l.52 ± 0.22 0. 39 ± 0.11 0. 13 ± 0.02 13.8 t 4.4 11.7 t 2.5 
l.90 ± 0.21 0. 06 ± 0. 11 0.15 t 0.02 32 ± 59 12.7 ± 2.2 
1.83 ± 0.20 0.12 ± 0.08 0.15 ± 0.02 15.3 ± 8. 3 12.2±2.l 
l.46 ± 0.20 0.20 ± 0.08 0.16 ± 0.02 7.3 ± 3.1 .9.1±1.7 
0.88 ± 0.21 o. 12 ± 0.09 0.15 ± 0.02 7.3 ± 5.8 5.9 ± 1.6 
0.65 ± 0.20 0.20 t 0.08 0.18 ± 0.02 3.3±1.7 3.6 t 1.2 
0.59 t 0.20 0.09 ± 0.08 0.13 t 0.02 6.6 ± 6.3 4.5 ± 1.7 
0.33 ± 0.20 0.21 ± 0.08 0.18 t 0.02 1.6 ± 1.2 1.8 ± l.l 
0. 39 ± 0.20 0.13 ± 0.08 0.24 ± 0.02 3.0 ± 2.4 1.6 ± 0.8 
0.36 t 0.20 0.10 ± 0.08 0.16 ± 0.02 3.6 t 3.5 2.3 ± 1.4 

• • 

214Bi ex 
(dpm/g) 

5.62 ± 0.22 
4.08 ± 0.23 
4.73 ± 0.22 
5.83 ± 0.22 
6.49 ± 0.22 
5.21 ± 0.22 
6.20 ± 0.22 
6.03 ± 0.22 
3.71 ± 0.22 
4.34 ± 0.22 
3.38 ± 0.23 
2. 88 ± 0.24 
l.86 ± 0.25 
1.64 ± 0.25 
l.25 ± 0.26 
l .63 ± 0.25 
l.56 ± 0. 24 
l.19 ± 0.24 
0.61 ± 0.25 
0.38 ± 0.24 
0.32 t 0.24 
0.06 ± 0.24 
0.12 ± 0. 24 
0.09 ± 0.24 

....... 

°' w 

• 
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TABLE A6 GAMMA SPECTROMETRIC DATA FOR CORE KK71-PC88 

Sponge, Radiolarian and Diatom Bearing, Foram Rich, Nannofossil Ooze 

Depth 214B1 208Tl K . 214Bi/208Tl 214Bi/%K 214Bi ex 
(cm) (dpm/g) (dpm/g) (%) (dpm/g) 

10-18 4.66 ± 0.19 0.01 ± 0.09 0.'14 ± o. 02 470 ± 4200 33.3 ± 5.0 4.51 ± 0. 19 
30-38 3.87 ± 0.20 o. 14 ± 0.09 0.05 ± 0.02 28 ± 18 77 ± 31 3. 72 ± 0.20 
50-58 3.98 ± 0.20 0.30 ± 0.09 0.10 ± 0.02 13 ± 4 13.3 ± 2.7 3.83 ± 0.20 
70-78 3.63 ± 0.20 0.13±0.10 0.09 ± 0.02 28 ± 22 40.3 ± 9.2 3.48 ± 0.20 
90-98 4.69 ± 0.20 o.oo ± 0.10 0.08 ± 0.02 --- ± --- 59 ± 15 4.54 ± 0.20 

116-124 5.06 ± 0.20 0.22 ± 0.09 0.11 ± 0.02 23 ± 9 46.0 ± 8.6 4.91 ± 0.20 
144-152 3.85 ± 0.19 0.07 ± 0.08 0.12 ± 0.02 55 ± 63 32.l ± 5.6 3.70±o.19 
168-176 2.59 ± 0.19 0.18 ± 0.08 0.16 ± 0.02 14 ± 6 16.2 ± 5.9 2.44 ± 0.19 
193-201 1.78 ± 0.20 0.04 ±0.08 0.27 ± 0.02 45 ± 89 6.6 ± 0.9 1.63 ± 0.20 
226-234 1.37 ± 0.19 0.20 ± 0.08 0.27 ± 0.02 7 ± 3 5.1 ± 0.8 1.22 ± 0.19 
260-268 1.83 ± 0.18 0.00 ± 0.06 0.13 ± 0.01 --- ± --- 14.1 ± 1.8 1.68 ± 0.18 
293-301 1.08 ± 0. 19 0.09 ± 0.08 0.11 ± 0.02 12 ± 11 9.8 ± 4.5 0.93 ± 0.19 
321-329 0.84 ± 0.19 0.08 ± 0.08 0.16 ± 0.02 11 ± 11 5.3 ± 1.4 0.69 ± 0.19 
335-343 2. 14 ± 0. 19 0.01 ± 0.08 0.11 ± 0.02 210 ± 1700 19.5 ± 4.0 1. 99 ± 0.19 
355-363 1.07 ± 0.20 0.18 ± 0.08 0.13 ± 0.02 6 ± 3 8.2 ± 2.0 0.92 ± 0.20 
371-379 0.90 ± 0.20 0.16 ± 0.08 0.09 ± 0.02 6 ± 3 10.0 ± 3.1 0.75 ± 0.20 
383-391 0.88 ± 0.20 0.08 ± 0.08 0.11±0.02 11 ± 11 8.0 ± 2.3 0.73 ± 0.20 
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TABLE A7 GAMMA SPECTROMETRIC DATA FOR CORE KK7l-PC89 

Quartz, Clay and Foram Bearing, Rad1olar1an Rich, Diatom Nannofossil 

Depth 214Bi 208n K 2l 4B i/208Tl 
(cm) (dpm/g) (dpm/g) (%) 

25-33 3. 65 ± 0.18 0.18 ± 0.07 0.10 ± 0.02 20.3 ± 8.0 
50-58 3.95 ± 0.18 o. 16 ± 0.07 0.09 ± 0.02 25 ± ll 
75-83 3.49 ± 0.18 o. l~ ± 0.07 0.09 ± 0.02 29 ± 17 

100-108 3.55 ± 0.18 0.33 ± 0.08 0.11 ± 0.02 10.8 ± 2.7 
120-128 2.03 ± 0.18 0.12 ± 0.06 0.09 ± 0.01 16.9 ± 8.6 
150-158 l.25 ± 0.18 o. 13 ± 0.06 0.12 ± O.Ol 9.6 ± 4.6 
200-208 1.69±0.18 0.08 ± 0.07 0.05 ± 0.01 21 ± 19 
250-258 1.60 ± 0.17 0.15 ± 0.05 0.08 ± 0.01 10.7 ± 3.7 
268-276 l.77±0.16 0.20 ± 0. 05 0.10 ± 0.01 8.9 ± 2.4 
310-318 0.86 ± 0. 18 0. Ol ± 0.06 0.07 ± O.Ol 86 ± 520 
335-343 0.66 ± 0.18 0.16 ± 0.06 0.10 ± 0.01 4.1±1.9 
350-358 0. 55 ± 0.18 0.05 ± 0.06 0.17 ± 0.01 11 ± 13 
375-383 0.41 ± 0.18 0.22 ± 0.06 0.11 ± 0.01 1.9 ± 0. 9 
400-408 0.61 ± 0.18 0.21 ± 0.06 0. 13 ± 0.01 2.9 ± 1.2 
450-458 0.52 ± 0.18 0.10 ± 0.06 0.09 ± 0.01 5.2 ± 3.6 
475-483 o. 10 ± 0. 18 0.22 ± 0.06 0.09 ± 0.01 0.5 ± 0.9 
500-508 0.09 ± 0.17 0.19 ± 0.05 0.09 ± 0.01 0.5 ± 1.0 
525-533 0.13±0.17 0.20 ± 0.05 0.09 ± 0.01 0.6 ± 0.8 
550-558 0.11 ± 0.17 0.10 ± 0.06 0.12 ± 0.01 1.1±1.8 

• 

Ooze 

214B1/%K 

36.5 ± 7.5 
44 ± 10 

38.8 ± 8.9 
32. 3 ± 6. 1 
22.6 ±. 3.2 
10.4 ± l.7 
33.8 ± 1.7 
20.0 ± 3.3 
17.7±2.4 
12.3±3.1 
6.6 ± l.9 
3.2±1.1 
3. 7 ± l. 7 
4.7±1.4 
5.8±2.1 
1.1 ± 2.0 
1.0 ± 1.9 
1.4 ± 1.8 
0.9 ± 1.4 

• • 

214B1 ex 
(dpm/g) 

3.52 ± 0.18 
3.82 ± 0.18 
3.36±0.18 
3.42 ± 0.18 
1.90 ± 0.18 
l.12±0.18 
l.56 ± 0.18 
l.47 ± 0.17 
l.64 ± 0.16 
0.68 ± 0.18 
0.53 ± 0.18 
0.42 ± 0.18 
0.28 ± 0.18 
0.48 ± 0. 18 
0.39 ± 0.18 
0.00 ± 0.18 
0.00 ± 0.17 
0.00 ± 0.17 
0.00 ± 0.17 

....... 

°' 01 
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TABLE AS GAMMA SPECTROMETRIC DATA FOR CORE KK71-PC90 

Radiolarian Bearing, Foram Rich, Nannofossil Ooze 

Depth 214B1 2osn K . 214Bi/208Tl 214Bi/%K 214
Bi ex 

(cm) (dpm/g) (dpm/g) (%) ( dpm/g) 

30-38 3.17 ± 0.18 0.16 ± 0.07 0.11 ± 0. 02 19.8 ± 8.7 28.8 ± 5.5 3.01 ± 0.18 
56-64 3.24 ± 0.18 0.14 ± 0.06 0.01 ± 0.01 23 ± 10 320 ± 320 3.08 ± 0.18 
82-90 3.23 ± 0.18 0.14±0.07 0.06 ± 0.02 23 ± 12 54 ± 18 3.07 ± 0.18 

100-108 2.56 ± 0.18 0.12 ± 0.07 0.10 ± 0.02 21 ± 12 25.6 ± 5.4 2.40 ± 0.18 
158-166 . 3.01 ± 0.18 0.03 ± 0.07 0.11 ± 0.02 100 ± 230 27 . 4 ± 5.2 2.85 ± 0.18 
184-192 1.97 ± 0.19 0.32 ± 0.07 0.16 ± 0.02 6.2 ± 1.5 12.3±1.9 1.81 ± 0.19 
214-222 1.82 ± 0. 19 0.17 ± 0.07 0.14 ± 0.02 10.7 ± 4.6 13.0 ± 2.3 1. 66 ± 0. 19 
248-256 1.41 ± 0.19 0.34 ± 0.07 0.08 ± 0.02 4.2 ± 1.0 17.6 .± 5.0 1.25 ± 0.19 
290-298 0.94 ± 0.19 0.25 ± 0 . 07 0.14 ± 0.02 3.8 ± 1.3 6.7 ± 1.7 0.78 ± 0.19 
320-328 1. 32 ± o. 18 0.04 ± 0.07 0.09 ± 0.02 33 ± 58 14.7 ± 3.8 1.16 ± 0.18 
350-358 0.83 ± 0.18 0.17 ± 0.07 0.10 ± 0.01 4.9 ± 2.3 8 . 3 ± 2.0 0.67 ± 0.18 
374-382 0.73 ± 0.18 0.10 ± 0.07 0.07 ± 0.01 7.3 ± 5.4 10.4 ± 3.0 0.57 ± o. 18 
400-408 0.74 ± 0.18 0.14 ± 0.06 0.12 ± 0.01 5.3 ± 2.6 6.2 ± 1.6 0.58 ± 0.18 
428-436 0.42 ± 0.18 0.16 ± 0.07 0.09 ± 0.01 2.6 ± 1.3 4.7 ± 2.1 0.26 ± 0.18 
458-466 0.45 ± 0.19 0.11 ± 0.07 0.06 ± 0.01 4. 1 ± 3. 1 7.5 ± 3.4 0.29 ± 0.19 
484-492 0.44 ± 0.18 0.02 ± 0.07 0.08 ± 0.01 22 ± 77 5.5 ± 2.4 0.28 ± 0.18 
510-518 0.17 ± 0.18 0.07 ± 0.07 0.09 ± 0.01 2.4 ± 3.5 1.9 ± 2.0 0.01 ± o. 18 
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TABLE A9 GAMMA SPECTROMETRIC DATA FOR CORE KK7l-PC91 

Clay and Quartz Bearing. Radiolarian and Diatom Rich. Nannofossil Ooze 

Depth 214Bi 208n K . 214Bi/208Tl 214Bi/%K 214Bi ex 
(cm) (dpm/g) (dpm/g) (%) (dpm/g) 

30-38 6.06±0.17 0.28 ± 0.06 0.06 ± 0.02 21.6 ± 4. 7 101 ± 34 5.91 ± 0.17 
44-52 5.48 ± 0.17 0.19 ± 0.06 0.09 ± 0. 02 2B.8 ± 9.1 61 ± 14 5.33 ± 0.17 
92-100 5.15 ± 0. lB 0.19 ± 0.07 0.07 ± 0.02 27 ± 10 74 ± 21 5.00 ± 0.18 

122-130 3.54 ± o. 18 0. 19 ± 0.07 0.12 ± 0.02 18.6 ± 6.9 29.5±5.l 3.39 ± 0.18 
154-162 l.37 ± 0.20 0.17 ± 0.08 0.08 ± 0.02 8.1 ± 4.0 17.l ± 5.0 l.22 ± 0.20 
192-200 2.02 ± 0.18 0.15 ± 0.07 0.09 ± 0.01 13.5 ± 6.4 22.4 ± 3.2 l.87 ± 0.18 
224-232 2.12±0.18 o. 14 ± 0.06 0.09 ± 0.01 15. l ± 6.6 23.6 ± 3.3 l.97 ± 0.18 
254-262 l.47 ± 0.19 0.21 ± 0.07 0.12±0.02 7.0 ± 2.5 12.3 .± 2.6 l. 32 ± 0. 19 
284-292 l.23 ± 0.19 0.08 ± 0.07 0.08 ± 0.02 15 ± 13 15.4 ± 4.5 1.08 ± 0.19 
312-320 0.75±0.19 0.21 ± 0.07 0.08 ± 0.02 3.6 ± 1.3 9.4 ± 3.4 0.60 ± 0.19 
342-350 0.85 ± 0. 19 0. 19 ± 0.08 0.12 ± 0.02 4.5 ± 2.2 7.1 ± 2.0 0.70 ± 0.19 
371-379 0.47 ± 0. 19 0.26 ± 0.07 0.10 ± 0.01 1.8 ± 0.9 4.7 ± 2.0 0. 32 ± 0.19 
401-409 0.28 ± 0.19 0.07 ± 0.07 0.10 ± 0.01 4.0±6.7 2.8 ± l.9 0.13±0.19 
431-439 0.41 ± 0.19 0.09 ± 0.07 0.10 ± 0.01 4.6 ± 4. 2 4.1±1.9 0.26 ± 0.19 
461-469 0.35 ± 0.18 0. 11 ± 0.06 0.14±0.0l 3.2 ± 2.4 2.5 ± l.3 0.20 ± 0.18 
493-501 0.20 :t 0.18 0.14 ± 0.07 0.14 ± 0.01 1.4 ± 1.4 1.4 ± 1.3 0.05 ± 0.18 
521-529 0.24 ± 0.18 0.08 ± 0.06 0.09 ± 0.01 3.0 ± 3.2 2.7 ± 2.1 0.09 ± 0.18 
551-559 0.19±0.18 0.01 ± 0.06 0.08 ± 0.01 19 ± 120 2.4 ± 2.3 0.04 ± 0.18 



• • • • 

Depth 21481 
(cm) (dpm/g) 

12-20 4.62 ± 0.17 
20-28 3.92 ± 0.17 
28-36 3.56 ± 0.18 
36-44 2.88 ± 0.18 
44-52 2.88 ± 0.18 
52-60 2.14 ± 0.18 
60-68 2.53 ± 0.17 
68-76 2.35 ± 0.17 
76-84 1.81 ± 0.18 
84-92 1.94 ± 0.18 

• • • 

TABLE AlO GAMMA SPECTROMETRIC DATA FOR CORE KK71-FFC109 

Radiolarian Bearing, Clay Rich, Nannofossil Foram Ooze 

208n K . 2148i/208T1 
(dpm/g) (%) 

0.80 ± 0.18 0.15 ± 0.01 5.8 ± 1.3 
0.57 ± 0.18 0.13 ± 0.01 6.9 ± 2.2 
0.62 ± 0.18 0.16 ± 0.02 5.7 ± 1.7 
0.63 ± 0.19 0.16 ± 0.01 4.6 ± 1.4 
0.41 ± 0.18 0.14 ± 0.01 7.0 ± 3.1 
o. 58 ± 0.18 0.17 ± 0.01 3.7 ± 1.2 
0.51 ± 0.18 0.16 ± 0.01 5.0 ± 1.8 
0.81 ± 0.17 0.16 ± 0.01 2.9 ± 0.6 
0.69 ± 0.18 0.18 ± 0.01 2.6 ± 0.7 
0.61 ± 0.19 0.18 ± 0.01 3.2 ± 1.0 

• • 

214Bi/%K 

30.8 ± 2.4 
30.2 ± 2.7 
22.3 ± 3.0 
18.0 ± 1.6 
20.6 ± 2.0 
12.6 ± 1.3 
15.8 ± 1.5 
14.7 .± 1.4 
10. l ± 1.2 
10.8 ± 1.2 

• 

214Bi ex 
(dpm/g) 

3.37 ± 0.57 
2.67 ± 0.57 
2.31 ± 0.57 
1.63 ± 0.57 
1.63 ± 0.57 
0.89 ± 0.57 
1.28 ± 0.57 
1.10 ± 0.57 
0.56 ± 0.57 
0.69 ± 0.57 

....... 

°' co 

• 
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TABLE All GAMMA SPECTROMETRIC DATA FOR CORE KK71-FFC114 

Siliceous Bioclastic Rich Clay 

Depth 214Bi 20811 K 21481/20811 214Bi/%K 214Bi ex 
(cm) (dpm/g) (dpm/g) (%) (dpm/g) 

3-11 44.81 ± 0.26 1.14 ± 0.24 0. 77 ± 0.07 39.3 ± 8.3 58.2 ± 5.3 42.89 ± 0.67 
11-19 48 .83 ± 0.25 1. 76 ± 0.22 1.03 ± 0.07 27.7 ± 3.5 47.4 ± 4.3 46.91 ± 0.67 
19-27 46.95 ± 0.26 1. 79 ± 0.23 1.22 ± 0.07 26.2 ± 3.4 38.5 ± 2.2 45.03 ± 0.67 
27-35 30.89 ± 0.11 1.80 ± 0.22 1.24 ± 0.06 17.2 ± 2.2 24 . 9 ± 1.2 28.97 ± 0.63 
35-43 23.96 ± 0.04 1.62 ± 0.22 1.08 ± 0.06 14.8 ± 2.0 22.2 ± 1.2 22.04 ± 0.62 
43-51 12.69 ± 0.22 1.60 ± 0.14 1.47 ± 0.03 8.6 ± 0.8 8.6 ± 0.2 10.77 ± 0.66 
51-59 10.53 ± 0.22 1.65 ± 0.15 1.08 ± o. 04 6.4 ± 0.6 9.8 ± 0.4 8.61 ± 0.66 
59-67 7.08 ± 0.23 1. 46 ± o. 17 1.19 ± 0.04 4.9 ± 0.6 6.0 ± 0.3 5.16 ± 0.66 
67-75 5.50 ± 0.23 1.30 ± 0.20 1.18 ± 0.05 4.2 ± 0.7 4.7± 0.3 3.58 ± 0.66 
75-83 4.38 ± 0.24 1.69 ± 0.16 1.13 ± 0.04 2.6 ± 0.3 3.9 ± 0.3 2.46 ± 0.66 
83-91 4.05 ± 0.24 1.60 ± 0.17 1.21 ± 0.04 2.5 ± 0.3 3.4 ± 0.2 2.13 ± 0.66 
91-99 2.87 ± 0.24 l .59 ± 0.20 1.20 ± 0.05 1.8 ± 0.3 2.4 ± 0.2 0.95 ± 0.66 
99-107 1.60 ± 0.24 1.51 ± 0.16 1.16 ± 0.04 1.1 ± 0.2 1.!t ± 0.2 0.00 ± 0.66 
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TABLE Al2 GAMMA SPECTROMETRIC DATA FOR CORE KK71-FFC115 

Nannofossil Bearing, Siliceous Bioclastic Rich Clay 

Depth 214Bi 208n K . 21481 /08n 214Bi/%K 214s; ex 
(cm) (dpm/g) (dpm/g) (%) (dpm/g) 

2-10 31.62 ± 0.04 1. 34 ± 0. 19 0.71 ± 0.05 23.6 ± 3.4 44.5 ± 3.1 29.59 ± 0.64 
10-18 50.04 ± 0.29 0.67 ± 0.22 0.98 ± 0.07 75 ± 25 51.1 ± 3. 7 48.01 ± 0.70 
18-26 42.31 ± 0.23 1.53 ± 0.22 1.25 ± 0.07 27.7 ± 4.0 33.9 ± 1.9 40.28 ± 0.68 
25-33 35.77 ± 0.18 1.12 ± 0.21 0.93 ± 0.06 31.9 ± 6.0 38.5 ± 2.5 33.74 ± 0.66 
33-41 23.26 ± 0.04 1.49 ± 0.22 1.07 ± 0.06 15.6 ± 2.3 21.7 ± 1.2 21.23 ± 0.64 
40-48 14.64 ± 0.16 1.12±0.21 1. 08 ± 0.05 13.l ± 2.5 13.6 ± 0.7 12.61 ± 0.66 
48-56 12.04 ± 0.18 1.23 ± 0.21 1.06 ± 0.05 9.8±1.7 11.4 ± 0.6 10.01 ± 0.66 
56-64 11.73±0.17 1.10 ± 0.22 0.89 ± 0.05 10.7 ± 2.2 13.2 .± 0.8 9.70 ± 0.66 
63-71 9.49 ± 0.19 0.79 ± 0.21 1.14 ± 0.05 12.0 ± 3.2 8.3 ± 0.4 7.46 ± 0.67 
71-79 7.92 ± 0.20 1.45 ± 0.22 1.14 ± 0.05 5.5 ± 0.9 7.0 ± 0.4 5.89 ± 0.67 
79-87 5.74 ± 0.23 1.68 ± 0.20 1.16 ± 0.05 5.0 ± 0.6 5.0 ± 0.3 3.71 ± 0.68 
86-94 4.66 ± 0.24 1. 78 ± 0.21 1.02 ± 0.05 . 2.6 ± 0.3 4.6 ± 0.3 2.63 ± 0.68 
94-102 2.90 ± 0.24 1.61 ± 0.21 1.24 ± 0.05 1.8 ± 0.3 2.3 ± 0.2 0.87 ± 0.68 

102-110 3.47 ± 0.24 1.03 ± 0.20 1.30 ± 0.05 3.4 ± 0.7 2.7 ± 0.2 1.44 ± 0. 68 
110-118 3.52 ± 0.24 l.30 ± 0.20 1.35 ± 0.05 2.7 ± 0.5 2.6 ± 0.2 1.49 ± 0.68 
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TABLE Al3 GAMMA SPECTROMETRIC DATA FOR CORE KK71-FFCll6 

Nannofossil Bearing. Siliceous Bioclastic Rich Clay 

Depth 214Bi 20811 K . 214Bi/208Tl 214Bi/%K 214Bi ex 
(cm) (dpm/g) (dpm/g) (%) (dpm/g) 

0-8 26.27 ± 0.09 l .44 ± 0.22 0.61 ± 0.06 18.2 ± 2.8 43.l ± 4.2 24.0 ± 1.5 
8-16 35. 70 ± 0.17 l.46 ± 0.22 0.92 ± 0.06 24.5 ± 3.7 38.8 ± 2.5 33.4 ± 1.6 

16-24 38. ll ± 0.20 l.83 ± 0.22 l.00 ± 0.07 20.8 ± 2.5 38. l ± 2.7 35.8 ± l.6 
24-32 33.80 ± 0.17 2.11 ± 0.23 l.15 ± 0.07 16.0 ± 1.7 29.4 ± 1.8 31.5 ± l.6 
32-40 24.86 ± 0. 11 l.54 ± 0.21 l.03 ± 0.05 16. l ± 2.2 24. l ± l.2 22.6 ± l.5 
40-48 15.12 ± 0.17 l.29 ± 0.21 1.18 ± 0. 05 ll.7 ± l.9 12.8 ± 1.4 12.8 ± 1.6 
48-56 9.56 ± 0.21 l.38 ± 0.21 l.01 ± 0.05 6.9±1.l 9.5 ± 0.5 7.3±1.6 
56-64 6.39 ± 0.22 l.54 ± 0.21 l. ll ± 0.05 4.2 ± 0.6 5.8 ± 0.3 4.1±1.6 
64-72 5.37 ± 0.24 l. 75 ± 0.19 l. ll ± 0.04 3.1 ± 0.4 4.8 ± 0.3 3.ltl.6 
72-80 4.29 ± 0.24 1. 34 ± 0.19 1.07 ± 0.04 3.2 ± 0.5 4.0 ± 0.3 2.0 ± l.6 
80-88 2.91 ± 0.24 l.81 ± 0.19 1.11 ± 0.04 l.6 ± 0.2 2.6 ± 0.2 0.6 ± l.6 
88-96 3.10 ± 0.24 l.55 ± 0.20 1.22 ± 0. 04 2.0 ± 0.3 2.5 ± 0.2 0.8 ± 1.6 
96-104 2.34 ± 0.25 l.80 ± 0.19 l.40 ± 0.04 1.3 ± 0.2 l.7±0.2 0.1±1.6 

104-112 2.11 ± 0.25 l.63 ± 0.18 l.35 ± 0.04 l.3 ± 0.2 l.6 ± 0.2 o.o ± l.6 
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Depth 21401 
(cm) (dpm/g) 

12-20 8.18 ± 0.21 
20-28 11.82 ± 0.20 
28-36 12.82 ± 0.19 
35-44 9.29 ± 0.21 
44-52 9.45 ± 0.21 
52-60 7.00 ± 0.21 
60-68 10.74 ± 0.20 
68-76 6.82 ± 0.21 
76-84 4.39 ± 0.21 
84-92 4.23 ± 0.21 
92-100 3.24 ± 0.22 

100-108 3.26 ± 0.22 
108-110 4.21 ± 0.22 

• • • 

TABLE Al4 GAMMA SPECTROMETRIC DATA FOR CORE KK71-FFC166 

Diatom and Radiolarian Rich Clay 

208n K .214Bi/208Tl 
(dpm/g) (%) 

1.00 ± 0.14 0.47 ± 0.03 8.2 ± 1.2 
0.70 ± 0. 13 0.52 ± 0.03 16.9 ± 3.2 
0.82 ± 0.14 0.53 ± 0.03 15.6 ± 2.7 
o. 72 ± 0.12 0.47 ± 0.03 12 . 9 ± 2.2 
o. 78 ± 0.12 0.48 ± 0.03 12.1±1.9 
0.76 ± 0.12 0.50 ± 0.03 9.2 ± 1.5 
0.79 ± 0.12 0.52 ± 0.03 13.6±2.l 
0.69 ± 0.13 0.48 ± 0.03 9.9 ± 1.9 
0.85 ± 0.11 0.48 ± 0.02 5.2 ± 0.7 
0.67 ± 0.11 0.55 ± 0.03 6.3 ± 1.1 
0.79±0.12 0.58 ± 0.03 4.1 ± 0. 7 
0.77 ± 0.12 0.58 ± 0.03 4.2 ± 0.7 
0. 76 ± 0.11 0.65 ± 0.03 5.5 ± 0.8 

• • 

214B1/%K 

17.4 ± 1.2 
22. 7 ± 1.4 
24.2 ± 1.4 
19.8 ± l.3 
19.7 ± 1.3 
14.0 ± 0.9 
20.7±1.3 
14.2 ± 1.0 
9.1 :i: 0.6 
7.7 ± 0.6 
5.6 ± 0.5 
5.6 ± 0.5 
6.5 ± 0.5 

• 

21401 ex 
(dpm/g) 

7.25 ± 0.26 
10.89 ± 0.25 
11.89 ± 0.24 
8.36 ± 0.26 
8.52 ± 0.26 
6.07 ± 0.26 
9.81 ± 0.25 
5.89 ± 0.26 
3.46 ± 0.26 
3.30 ± 0.26 
2.31 ± 0.27 
2.33 ± 0.27 
3.28 ± 0.27 

_, 
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TABLE Al5 ALPHA SPECTROMETRIC DATA 

Core No. Depth Caco3 u Th 234U/238Ull 230Th ex 
(cm) (%) (ppm) (ppm) (dpm/g) 

PCS 55-60 l. 3 2. 12 0.99 ± 0.03 
195-200 l. 1 3.90 1.01 ± 0.04 
295-300 l. 5 4.56 1.02 ± 0.03 
495-500 1. 2 4.61 0.93 ± 0.02 
795-800 1. 5 2.90 0. 90 ± 0.02 

1025-1030 1.4 3.65 1. 05 ± 0.03 
. .. 
-

PC13 75-80 1. l 3.10 0.96 ± 0.02 
255-260 1. 5 3.47 0.92 ± 0.02 
475-480 15 2.52 0.95 ± 0.02 
785-790 91 0.55 0.95 ± 0.03 
925-930 98 0. 17 1.27 ± 0.06 

1025-1030 56 1. 70 o. 96 ± 0.03 

PC85 75-80 86 0.10 1.02 ± 0.06 
250-255 79 0.13 0.88 ± 0.05 
350-355 81 2.80 1.02 ± 0.01 
500-505 86 0.10 1.21 ± 0.11 

PC86 100-105 84 0.30 1. 16 ± 0. 05 
250-255 74 o. 31 1. 30 ± 0.05 
400-405 81 0.22 1. 14 ± o. 04 
550-555 86 0.28 1.20 ± 0.04 

* PC87 6-10 74 o. 71 0.36 1.12 ± 0.03 11.6 
50-55 89 0.24 0.19 1.12 ± 0.03 8.93 

100-105 82 0.35 0.23 1.07 ± 0.04 8.68 
200-205 82 0.39 0.52 1.09 ± 0.06 10.4 
350-355 83 0.27 0.17 1.08 ± 0.03 5. 12 
550-555 82 0.21 0.19 1.14 ± 0. 04 2.23 ...... 

........ 
w 
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TABLE Al5 (continued} 

Core No. Depth CaC03 u Th 234U/238Uti 230Th ex 
(cm) (%} (ppm) (ppm) (dpm/g} 

* PC88 5-10 95 0.21 . 0.11 l.18 ± 0. 04 7.73 
50-55 90 0.18 0. 19 l.15 ± 0. 04 7.92 

100-105 88 0.23 o. 17 l. 20 ± 0. 06 4.91 
150-155 92 0. 19 0.15 l. 13 ± o. 05 l.87 
200-205 59 0.23 0.28 1.22 ± 0.06 2.37 

PC89 50-55 91 0.18 l.20 ± 0.06 
250-255 90 0.18 l.13 ± 0.06 

PC90 19-24 90 0.28 1.14 ± 0. 11 
185-190 69 0.19 1.08 ± 0.07 
366-371 94 0.16 l. 16 ± 0. 06 
522-527 89 0.22 l.13 ± 0. 05 

PC91 23-28 90 0.30 1.03 ± 0.06 
98-103 88 0. 16 l.11 ± 0.07 

373-378 92 0.18 1.07 ± 0.06 
584-589 92 0.17 0.97 ± 0.05 

** FFC109 5-7 88 1. 52 0.36 1. 06 ± 0.04 11. 4 
20 86 l. 55 0.14 1.06 ± 0. 04 12. 1 
40 73 3.81 0.18 1.10 ± 0.03 6.08 
90 85 2.25 0.20 l.17 ± 0.04 5.52 

FFCl 14 0-6 3.0 2.00 l.01 ± 0.03 
106-110 1. 1 3.19 1.07 ± 0.03 

** FFCll 5 2-5 2.5 2.4 1.26 1.08 ± 0.04 37.9 
10-11 1. 9 2.6 1. 35 1.09 ± 0.04 25.4 

31.5-32.5 2.4 2.0 1.12 1.09 ± 0.03 9.19 ....... 
108-109 0.0 4.0 1.19 1.08 ± 0.02 0.56 ........ 

~ 
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TABLE A15 (continued) 

Core No. Depth Caco3 u Th 234u/23Buti 230Th ex 
(cm) {%) (ppm} {ppm) (dpm/g) 

FFCl 16 0-8 4.4 l.60 l. 14 ± 0. 03 
112-114 1.8 4.55 0.99 ± 0.02 

FFC166 20-24 22 1.12 l.13 ± 0.05 
111-115 2.7 1.40 1.20 ± 0.06 

* Data from Veeh {in press). 
** Data from McMurtry (1975). 
ti Errors based on counting statistics {±la). Other errors are U (~3%). Th {5-20%). 230Th {~3%). 

CaC03 (l-6%). 

• • 
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Appendix B 

Bulk Chemical Analyses 

Tables Bl to BlO present down-core bulk chemical analyses for 

ten piston cores, nine of which were dated by radiometric techniques. 

Table Bll presents bulk chemical analyses of size separates for 

five large diameter cores, and Table Bl2 presents bulk chemical 

analyses for four free-fall cores that were radiometrically dated. 

Locations and water depths for most of the cores have been presented 

in Table 3. l of Chapter 3. For those cores not listed in Table 3.1, 

locations and water depths are listed below: 

KK71-LDC1: 10° 32'S, 110° 04'W, 3111 m 

KK71-LDC2: l 0° 38'S, 110° 32'W, 3145 m 

KK71-LDC3: go 55 15, 101° 09'W, 4493 m 

KK71-LDC4: 50 48'5, 107° OO'W, 3157 m 

KK71-LDC6: 60 06' S, 106° 43'W, 3073 m 

KK72-PC23: 19° 00' s' 111° 45'W, 3429 m 

Samples were prepared for analysis by washing twice with warm 

distilled water to remove sea salts and drying at ll0°C. Pre

weighed samples were then ignited at l000°C and loss on ignition 

(LOI) determined. The ignited samples were diluted by a ratio of 

3:1 with high purity lithium tetraborate and fused into glass beads . 

The glass beads were powdered in a ball mill and the powders were 

pressed into pellets with powdered boric acid as a backing and 
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binder. These procedures are designed to eliminate particle size 

effects, insure homogeneity and reduce matrix effects by adding a 

conmen dilutant. The same procedures were carried out for the size

separated samples after wet sieving and centrifuging to obtain the 

<61 µm and <2 µm size fractions, respectively. Caco3 content was 

determined on splits of the ll0°C dried samples by the gas volume 

method . 

Elemental analyses were performed on an Applied Research 

Laboratories model 72000 X-ray fluorescence quantometer. The 

quantometer is equipped with a rhodium target tube and an array of 

up to twenty-three fixed spectrometers, each set to optimum 

sensitivity for the element of interest (Gribble, 1974). For this 

study, twelve spectrometers were used for the following elements: 

Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe, Cu and Zn. 

Standards were chosen from a variety of wet-chemically analyzed 

rocks, minerals and soils such that their values would bracket 

those of the sediment samples. With the exception of Cu and Zn, a 

set of correlation coefficients was calculated for each element 

from the X-ray fluorescence intensities of the standards and their 

known concentrations, using a stepwise regression program (BMD02R; 

Dixon, 1977). This treatment statistically accounts for inter

element interference, or matrix effects (R. C. Jones, pers. conm., 

1978). Cu and Zn were calibrated by linear regression of an intensity 

ranged set of fifteen sediment samples measured by atomic absorption 

spectrophotometry. For the other ten elements, the samples were 

divided into two groups on the basis of high or low Cao content, 
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and the concentration of each element was computed from two sets of 

coefficients based on twenty-seven high-CaO rock and mineral 

standards and fifty-two soil plus seventeen high-Fe2o3 rock and 

mineral standards, respectively . 

Instrument precision was estimated from ten replicate runs of 

USGS standard rock BCR-1. The coefficients of variation (standard 

deviation divided by the mean) for Na, Mg, Al, Si, P, K, Ca, Ti, Mn 

and Fe were found to be 5.78, 2.87, 1.94, 0.97, 1.22, 0.66, 0.34, 

0.36, 2.66 and 0. 15 percent, respectively. Analytical precision 

can also be estimated from replicate analyses of the sediment 

samples (Tables Bll and 812). With few exceptions, the values for 

each element pair in Tables Bll and 812 are generally within 10 

percent of their respective means, the percent deviation increasing 

with decreasing concentration. USGS standard rocks AGV-1 and BCR-1, 

run with the samples, indicated that there were no systematic 

errors • 



• • 

Depth 
in Core 

(cm) 

• • • • • 

TABLE Bl KK72-PC8 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

Al203 Ti02 Fe203 MnO Cao MgO Na20 . ~o 

• 

LOI Total 

20-25 1.31 32.75 9.05 0.90 27.60 5.45 2.61 3.70 1.55 1.21 1.80 11.81 98.44 

55-60 1.29 35.13 9.49 0.94 23.46 6.03 2.64 3.89 1.84 1.32 1.90 11.50 98.14 

95-100 1.52 34.77 9.64 0.93 23.63 6.40 2.95 3.84 1.78 1.38 2.07 11.58 98.96 

145-150 ' 1.23 24.18 7.50 0.84 33.19 8.76 3.02 3.37 2.14 1.13 2.31 13.15 99.58 

195-200 1.12 28.63 8.50 0.89 25.77 8.70 2.88 3.22 2.01 1.50 2.10 12.70 96.89 

245-250 1.29 33.36 9.54 0.91 22.91 7.03 2.93 3.68 2.26 1.51 2.08 11.77 97.98 

295-300 1.51 24.76 6.98 0.87 33.34 8.36 2.86 3.29 1.90 1.09 2.25 12.79 98.49 

345-350 1.34 24.90 7.39 0.86 32.17 8.64 3.10 3.17 2.06 1.25 2.34 12.26 98.14 

395-400 1.56 25.24 7.45 0.81 33.21 8.84 3.01 3.44 1.98 1.23 2.25 12.46 99.93 

445-450 1.39 25.25 7.44 0.84 32.38 8.76 2.91 3.42 2.24 1.26 2.19 13.03 99.72 

495-500 1.15 27.19 9.45 0.85 30.84 8.60 2.91 3.72 2.08 1.27 2.09 12.64 101.62 

545-550 1.29 31.65 8.25 0.82 28.07 7.76 2.99 4.10 1.84 1.44 2.09 11.74 100.75 

605-610 1.51 32.15 8.17 0.82 28.30 7.53 2.93 4.17 1.75 1.40 2.02 11.79 101.02 

645-650 1.34 32.03 8.13 0.85 28.19 7.72 2.90 4.18 1.71 1.36 1.98 11.80 100.85 

695-700 1.35 30.29 7.67 0.86 28.92 7.54 3.27 3.88 2.09 1.44 2.19 12.03 100.18 

745-750 1.49 33.34 8.31 0.80 26.32 7.21 3.36 , 4,05 1.84 1.56 2.16 11.78 100.75 

• • 

Trace Elements (ppm) 
Cu Zn 

1025 200 

1210 120 

1100 105 

1190 100 

1200 110 

1105 105 

1100 85 

1090 90 

1045 90 

1025 85 

1275 115 

1125 130 

1075 130 

1030 115 

970 130 

990 125 

N 
0 
0 

• 
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TABLE Bl KK72-PC8 (continued) 

Depth CaC03 Major and Minor Elements (% oxides) in Core 
(cm) (%) Si02 Al 203 Ti02 Fe2o3 MnO Cao MgO Na2o 

795-800 l.47 35.32 8.65 0.83 23.24 6.38 3.77 4.26 l. 96 . 

845-850 l. 59 35.89 9.10 0.83 22.28 6.34 3.74 4.03 2.21 

895-900 l.25 33.95 8.55 0.99 24.19 6.75 3.36 3.~3 l.68 

945-950 l.56 36.43 8.16 0.86 24.38 4.79 3.39 4.60 l.86 

995-1000 l.60 34.58 7.80 0.82 26.09 5.34 4.22 4.44 1.92 

1025-1030 l.38 28.66 6.87 0.83 31.63 6.51 4.01 3.98 1.80 

Average 1.39 30.93 8.28 0.86 27.73 7.25 3.17 3.83 1.93 

• • 

K20 P205 LOI 

l. 77 2.40 11.22 

l.87 2.41 11. 13 

l.62 2.20 11.49 

l.48 2.16 10.08 

1.51 2.74 10.39 

1.13 2.55 12.10 

1.40 2.19 11.87 

_: 

Total 

99.80 

99.83 

98.71 

98.20 

99.84 

100.07 

99.45 

• • 

Trace Elements (ppm) 
Cu Zn 

995 115 

995 115 

880 90 

975 115 

950 110 

995 105 

1061 113 

N 
0 ..... 

• 



• • 

Depth 
in Core 

(cm) 

• • • • • 

TABLE B2 KK74-PCOD13 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

Al203 Ti02 Fe203 MnO Cao MgO Na20 . K20 

• 

LOI Total 

10-15 l.48 26.59 8.22 · 0.82 26.85 8.08 4.18 3.27 l.79 l.58 2. 70 15.19 99.26 

55-60 43.45 14.72 5.19 0.51 7.04 2.51 33.32 l.88 0.85 0.57 l.76 29.37 97.72 

95-100 l.13 30.55 8.88 0.82 24.19 6.67 3.85 3.51 2.41 l.99 2.55 14.54 99.97 

135-140 l.17 30.54 8. 83 0.84 24.69 6.69 3.79 3.60 2. 23 l.93 2.53 14.40 100.07 

215-220 l.28 30.22 8.76 0.80 24 . 82 6.79 4.05 3.44 2.10 l.94 2.69 14.06 99.67 

295-300 l.76 33.20 9.54 0.82 21.62 6.01 4.45 3.41 2.33 2.13 2.91 13 . 27 99.70 

355-360 3.96 31 . 80 9.09 0.80 20.98 5.71 6.37 3.40 l.95 l.88 2.94 14.29 : 99.22 

435-440 14.33 26.54 7.63 0.72 17.65 4.56 12.14 3. 11 1.77 1.36 2.45 17.56 95.48 

515-520 14.92 26.96 7.24 0.72 19.98 4.27 11.86 3.24 1.54 1.19 2.38 17.60 96.98 

600-605 29.41 22.04 6.20 0.62 15.12 3.48 20.11 2.86 1.09 0.67 2.08 22.37 96.65 

695-700 63.92 4.94 0.88 0.04 6.43 1.84 44.45 1.32 0.58 0.06 5.11 36 . 98 102 . 63 

785-790 91.16 2.02 0.00 0.07 1.92 0.68 51.92 0.51 0. 45 0.08 0.68 41.53 99.86 

855-860 92.26 1.92 0.00 0.10 1.75 0.62 52.49 0.54 0.45 0.08 0.65 41.59 100.19 

925-930 97.67 0.68 0.00 0.19 0. 47 0. 21 55.00 0.20 0. 20 0.09 0.08 42.95 100.07 

995-1000 76.27 5.55 0.66 0.02 7.83 2.01 43.88 1.21 0.59 0.08 5.19 36.28 103.30 

1055-1060 35 . 53 20.90 4.09 0.51 13.63 2. 85 25 . 17 3.16 0.73 0.25 1.20 25.59 98.09 

Average 35.61 19.32 5.33 0.53 14.69 3.94 23.56 2.42 1.32 0.99 2.37 24.85 99.30 

• • 

Trace Elements (ppm) 

Cu Zn 

1175 115 

720 80 

1165 130 

1125 140 

1050 120 

1010 105 

1020 100 

955 90 

950 100 

820 80 

390 30 

235 20 

235 30 

160 10 

420 

660 

756 

45 

70 

79 
N 
0 
N · 

• 



• • • 

Depth CaC03 1n Core 
(cm) (%) Si02 Al 2o3 

75-80 85.94 8.56 0.29 

100-105 87 .14 11.06 0.34 

150-155 84.99 11. 78 0.13 

200-205 79.08 14.96 0.52 

250-255 79.06 15. 71 0.34 

300-305 78.69 15.87 0.16 

350-355 80.94 16.04 0.05 

400-- 405 82.40 12.54 0.17 

450-455 79.55 16.20 0.32 

500-505 86.16 10.41 0.23 

550-555 84.40 9.99 0.10 

596-601 B6.34 9.67 0.19 

Average 82.89 12.74 0.24 

• • • • 

TABLE B3 KK71-PC85 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

Ti02 Fe2o3 MnO cao MgO Na2o K20 P205 

0.09 1.80 0.13 49.83 0.54 0.15 0.09 0.16 

0.10 0.93 0.08 49.14 0.49 0.13 0.09 0.09 

0.12 1.62 0.11 48.42 0.92 0.15 0.07 0.13 

0.09 2.61 0.13 45.10 1.07 0.19 0.17 0.19 

0.09 2.60 0.15 44.96 1.01 0.20 0.14 0.17 

0.07 3.01 0.25 42.71 1.16 0.23 0.25 0.24 

0.12 2.09 0.20 45.39 1.13 0.18 0.06 0.21 

0.11 1.82 0.23 46.49 0.99 0.19 0.17 0.22 

0.07 2. 70 0.20 42.70 1.16 0.21 0.28 0.17 

0.10 1.45 0.17 49.07 0.83 0.16 0.09 0.18 

0.11 1.84 . 0.19 49.12 0.94 0.15 0.05 0.22 

0.11 1.51 O. lB 49.38 0.77 0.16 0.05 0.18 

0.10 2.00 0.17 46.84 0.92 0.18 0.13 0.18 

• 

LOI Total 

39.52 101.16 

39.18 101.63 

38.33 101. 78 

36.74 101. 77 

36.37 101. 74 

36.14 100.09 

36.37 101.63 

37.83 100.76 

36.0l 100.02 

38.65 101.34 

38.75 101.46 

39.13 101.33 

37.75 101.23 

• • 

Trace Elements (ppm) 
Cu Zn 

250 10 

215 30 

255 30 

280 50 

270 55 

440 55 

215 20 

330 55 

240 25 

210 20 

270 50 

240 35 

268 36 

N 
0 
w 

• 



• • • 

Depth CaC03 in Core 
(cm) (%) Si02 Al 2o3 

0-5 78.58 11.29 0.00 

50-55 87.31 8.52 0.10 

100-105 83.68 10.47 0.28 

150-155 81.83 10.98 0.60 

200-205 82. 17 13.28 0.46 

250-255 74.33 17.56 0.20 

300-305 82.86 13.91 0.33 

350-355 77 .33 13.75 0.48 

400-405 81.32 12.95 0.81 

450-455 82.39 11.07 1.24 

500-505 77 .56 13. 96 2.62 

550-555 86.27 9.88 0.61 

607-612 79.44 13. 76 1.65 

Average 81.16 12.41 0.73 

• • • • 

TABLE B4 KK71-PC86 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 
Ti02 Fe2o3 MnO cao MgO Na2o K20 P205 

0.10 l. 92 0.29 47.73 0.55 0.25 0.10 0.34 

0.12 1.43 0.03 50.42 0.61 0.10 0.05 0.07 

0.11 2.30 0.15 48.50 0.81 0.16 0.07 0.17 

0.08 2.46 0.14 45.58 0.83 0.20 0.04 0.28 

0.08 2.38 0.16 45.86 0.78 0.19 0.13 0.16 

0.06 4.75 0.44 41.52 1.68 0.46 0.66 0.48 

0.13 l.33 0.02 47.53 0.68 0.12 0.07 0.07 

0.12 3.50 0.05 45.99 1.50 0.14 0.06 0.13 

0.03 2.57 0.05 46.64 1.18 0. 19 0.15 0.09 

0.00 2.61 0.06 47.69 1.11 0.15 0.12 0.12 

0.00 3. 16 0.21 43.85 1.62 0.25 0.55 0.27 

0.08 2.85 0.29 45.83 1.14 0.20 0.23 0.25 

0.00 2.60 0.29 42.66 1.34 0.27 0.40 0.25 

0.07 2.60 0.17 46.14 l.06 0.18 0.20 0.21 

• 

LOI Total 

38. 88 101.45 

40.0l l 01. 55 

38.59 101.61 

38.19 99.30 

37 .49 . 100.97 

34.56 102.37 

37.99 102.18 

36.76 102 .48 

37 .14 101.80 

37.68 101.85 

35.36 101.85 

38.24 99.60 

35.98 99.20 

37.45 101.25 

• • 

Trace Elements (ppm) 
Cu Zn 

270 40 

235 30 

270 30 

280 40 

270 30 

380 65 

240 45 

250 40 

260 45 

280 30 

275 40 

290 35 

270 40 

275 39 

N 
0 
~ 

• 



• • 

Depth 
in Core 

(cm) 

6-11 

Caco3 
(%) 

• • • • • 

TABLE B5 KK71-PC87 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

A1203 Ti02 Fe203 MnO Cao MgO Na20 

• 

LOI Total 

73.54 11.20 0.06 0.00 7.05 1.13 43.10 1.67 0.61 . 0.54 0.25 35.64 101.25 

50-55 88.55 8.50 0.36 0.09 1.29 0.03 49.79 0.54 0.14 0.06 0.08 40.06 100.94 

100-105 81 . 99 10.13 0.25 0.08 2. 58 0.45 47.85 0.78 0.30 0.29 0.36 38.41 101.48 

150-155 85.33 9.10 0.28 0.08 1.97 0.19 48.04 0.69 0.22 0.11 0.18 39.16 100.02 

200-205 81.62 9.99 0.16 0.03 3.00 0.60 47.04 0.86 0.33 0.33 0.56 37.99 100.89 

250-255 81.92 11.06 o. 12 0. 05 2.93 0.35 46.69 1.05 0.27 0.17 0.31 37.85 100.85 

300-305 82.97 10. 76 0.39 0.07 2.57 0.43 47.35 0.91 0.30 0.26 0.33 38. 16 101.53 

350-355 82.28 9.38 0.34 0.05 2.70 0.48 48.18 0. 77 0.23 0.11 0.31 38.57 . 101.12 

400-405 73.01 13.89 0.00 0.03 3.56 1. 37 42 . 40 1.91 0.50 0. 06 1.11 34.80 99.43 

450-455 84 . 77 9.42 0.31 0.05 1.85 0. 36 48.62 0.66 0.21 0.05 0.28 39. 16 100.97 

500·-505 84.04 10.42 0.26 0.07 1.94 0.31 48.12 0.88 0.22 0.22 0.20 38 . 90 101.54 

550-555 82.44 10 . 03 0.00 0.05 3.70 0.79 46.39 1.27 0.38 0.91 0.64 38. 14 102 . 30 

563-568 84.26 9.78 0.40 0.09 1.85 0.30 46.68 0.66 0.20 0.09 0.25 38.49 98.79 

600-605 78.83 10.45 0.35 0.06 2.98 0.21 46.06 1. 23 0.19 0.07 0.25 37 .19 99.64 

650-655 84.58 9.79 0.38 0.05 2.43 0.34 47.66 0.74 0.25 0.24 0. 32 38.56 100. 76 

700-705 78.44 11.30 0.70 0.04 2.58 0.29 47.40 1.02 0.26 0.32 0.23 37.52 101.66 

• • 

Trace Elements (ppm) 

Cu Zn 

320 

230 

270 

290 

295 

280 

295 

270 

365 

210 

240 

290 

195 

260 

240 

290 

30 

20 

55 

60 

50 

40 

50 

25 

40 

20 

20 

20 

15 

30 

20 

40 
N 
0 
U'1 

• 



• • • • • • • 

TABLE 85 KK7l-PC87 (continued) 

Depth CaC03 Major and Minor Elements (S oxides) in Core 
(cm) (%) Si02 Al 2o3 Ti02 Fe2o3 MnO cao MgO Na2o K20 

750-755 78.44 13.23 l.78 0.00 3.21 0.06 46.13 l.78 0.15 0.13 

810-815 76.45 14.63 2.32 0.00 3.15 0.09 45.11 l.88 0.15 0.10 

Average 81.40 10.73 0.47 0.05 2.85 0.43 46.80 l.07 0.27 0.23 

• 

P205 LOI Total 

0.16 35.90 102.53 

0.12 35.02 102.57 

0.33 37.78 101.02 

• • 

Trace Elements (ppm) 
Cu Zn 

215 30 

270 40 

268 34 

N 
0 
0\ 

• 



• • • 

Depth CaC03 in Core 
(cm) (%) Si02 Al 2o3 

5-10 94.82 11.68 0.00 

50-55 90.00 3.99 0.01 

100-105 87.58 7.73 0.18 

150-155 91.64 10.84 0. 51 

200-205 59.33 27.20 5.84 

250-255 82.28 10.55 l.11 

300,-305 78.87 14.73 l.55 

350-355 65.05 23.09 4.42 

400-405 75.12 16.49 l.58 

Average 80.52 14.03 l.69 

• • • • 

TABLE 86 KK71-PC88 BULK CHEMICAL ANALYSES 

Major and Minor Elements (1 oxides) 
Ti02 Fe2o3 MnO cao MgO Na2o K20 P205 

0.19 l.30 0.29 45.44 0.40 0.23 0.01 0.15 

0.19 0.62 0.09 53.66 0.31 0.02 0.02 0.04 

0.22 0.85 0.10 52.04 0.23 0.01 0.01 0.04 

0. 17 0.7~ 0.01 47. 78 0.43 0.31 0.04 0.01 

0.03 l. 71 0.04 32.79 3.34 0.51 0.05 0.03 

0.09 l.31 0.19 46.63 0.86 0.14 0.01 0.07 

0.08 l.64 0.15 44.80 l.15 0.20 0.12 0.07 

0.26 4.36 0.29 32.12 2.87 1.23 0.70 0.22 

0.05 2.57 0.13 42.98 l.40 0.22 0.17 0.09 

0.14 l.68 0.14 44.26 1.22 0.32 0.13 0.08 

• 

LOI Total 

39.31 99.00 

42.18 101.13 

40.74 102.15 

39.42 100.31 

27.48 99.02 

38.98 99.94 

37.33 101.82 

29.46 99.02 

35.75 101.43 

36.74 100.42 

• • 

Trace Elements (ppm) 
Cu Zn 

220 25 

170 10 

180 15 

190 25 

270 60 

175 10 

210 25 

290 50 

280 50 

221 30 

N 
C> 
........ 

• 
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Depth 
in Core 

(cm) 

CaC03 
(%) 

• • • • • • 

TABLE B7 KK71-PC89 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

Ti02 Fe203 MnO Cao MgO Na20 . K20 LOI Total 

0-5 86.87 8.88 0.00 0.11 0.46 0.18 48.99 0.27 0.16 0.01 0.08 40.96 100.10 

50-55 90.84 6.34 0.00 0.14 0.49 0.10 52.79 0.16 0.13 0.07 0.07 41.19 101.48 

100-105 88.89 9.93 0.31 0.12 0.69 0.17 49.02 0.32 0.16 0.05 0.09 39.77 100.63 

150-155 80.40 15.78 0.00 0.10 1.95 0.44 45.58 0.73 0.27 0.14 0.27 36.90 102.16 

200-205 86.71 10.90 0. 29 0.11 0.32 0.02 49.95 0.31 0.12 0.05 0.04 39.76 101.87 

250-255 90.45 9.28 0.45 0.12 1.10 0.02 50.10 0.61 0.14 0.05 0.06 39.71 101.64 

300-305 89.48 8.20 0.30 0.12 1.01 0.03 51.10 0.43 0.13 0.04 0.06 40.20 101.62 

350-355 90.91 27.20 9.21 0.27 5.27 0.11 9.53 4.85 1.43 0.05 0.06 40.24 98.22 

375-380 91.45 6.28 0.38 0.07 0.66 0.05 51.98 0.39 0.14 0.03 0.06 40.77 100.81 

400-405 90.65 6.60 0.51 0.10 0. 81 0.05 51.79 0.41 0.12 0.05 0.08 40.64 101.16 

450-455 90.30 9.13 0.26 0.13 0.52 0.02 50.89 0.32 0.12 0.04 0.03 40.18 101.64 

500-505 90.34 7.14 0.52 0.07 1.26 0.05 50.86 0.45 0.13 0.06 0.10 40.20 100.84 

550-555 91.22 6.92 0.12 0.13 0.73 0.03 52.10 0.40 0.13 0.04 0.05 40.75 101.40 

600-605 94.49 6.23 0.24 0.11 0.58 0.09 52.51 0.31 0.13 0.05 0.07 41.03 101.35 

650-655 91.34 7.69 0.16 0.11 0.99 0.18 50.37 0.49 0.15 0.11 0.11 40.17 100.53 

685-690 89.27 8.82 0.29 0.13 0.78 0.12 49.85 0.36 0.14 0.08 0.09 40.07 100.73 

Average 89.60 9.71 0.82 0.12 1.10 0.10 47.96 0.68 0.23 0.06 ·a.OB 40.16 101.01 

• • 

Trace Elements (ppm) 

Cu Zn 

215 30 

170 10 

185 15 

240 40 

200 25 

195 30 

185 20 

365 100 

195 25 

230 25 

190 30 

200 30 

170 10 

200 15 

230 30 

230 30 

213 29 
N 
0 
00 

• 
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Depth CaC03 1n Core 
(cm) (%) S102 A1 2o3 

0-5 89.79 4.06 0.00. 

50-55 91. 11 2.10 0.02 

100-105 94.84 2.99 0.01 

140-145 86.53 8.79 2.02 

200-205 69.24 13.45 7.03 

250-255 94.15 3.65 0.53 

300-305 91.92 4.02 0.54 

350-355 94.25 2.55 0.21 

400-405 92.94 3.21 0.02 

450-455 91.93 4.29 0.60 

500-505 83.91 3.09 0.10 

530-535 89.13 4.20 0.00 

Average 89.15 4.70 0.92 

• • • 

TABLE BB KK71-PC90 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

1102 Fe2o3 MnO cao MgO Na20 K20 P205 

0.12 1.11 0.38 53.12 0.39 0.18 0.07 0.19 

0.11 0.45 0.11 54.44 0.20 0.14 0.07 0.07 

0.11 0.68 0.17 53.96 0.31 0.15 0.07 0.09 

0.02 1.59 0.25 45.61 1.21 0.15 0.23 0.13 

0.17 3.32 0.24 41.63 3.81 0.39 0.69 0.14 

0.11 0.82 0.21 51.65 0.47 0.14 0.07 0.10 

0.10 0.98 0.17 52.07 0.57 0.13 0.07 0.10 

0.14 0.72 0.12 54.31 0.39 0. 12 0.07 0.07 

0.11 1.38 0.29 53.49 0.49 0.15 0.07 0.19 

0.11 1.12 0.09 53.12 0.52 0.09 0.08 0.08 

0.13 0.80 0.15 53.00 0.34 0.12 0.07 0.07 

0.11 1.68 0.67 52.49 0.76 0.27 0.07 0.32 

0.11 1.22 0.24 51.57 0.79 0.17 0.14 0.13 

• 

LOI Total 

41.37 100.99 

42.64 100.35 

42.08 100.62 

38.53 98.52 

30.39 101.26 

41.52 99.27 

41.18 99.93 

42.15 100.85 

41.48 100.88 

41.17 101.27 

41.97 99.84 

40.89 101.46 

40.45 100.44 

• • 

Trace Elements (ppm) 
Cu Zn 

190 10 

205 20 

170 10 

220 30 

260 50 

180 15 

185 15 

180 10 

185 10 

220 30 

190 20 

280 50 

205 23 

N 
C> 
\.0 

• 
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Depth 
in Core 

(cm) 

• • • • • 

TABLE 89 KK71-PC91 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

Al 2o3 Ti02 Fe2o3 MnO CaO MgO Na2o . K20 

• 

LOI Total 

5-10 88.71 10.10 0.00 0.16 0.96 0.46 49.76 0.39 0.47 0.19 0.19 39.52 102.20 

50-55 89.71 6.74 0.00 0.14 0.61 0.19 51.36 0.23 0.15 0.01 0.12 40.52 100.07 

100-105 88.45 7.89 0.12 0.08 0.97 0.31 49.86 0.39 0.20 0. 10 0.18 39.65 99.75 

140-145 82.66 13.15 1.21 0.05 1.42 0.41 46.15 0;66 0.27 0.44 0.23 37.77 101.76 

150-155 84.60 12.32 0.32 0.13 1.34 0.03 47.29 0.63 0.15 0.07 0.06 37.95 100.29 

200-205 88.41 9.64 0.32 0.14 0.52 0.02 49.83 0.36 0.09 0.05 0.04 39.58 100.59 

250-255 90.91 6.93 0.26 0.09 0.92 0.06 50.75 0.39 0.15 0.05 0.07 40.07 99.74 

300-305 92.62 5.47 0.07 0.08 1.19 0.21 51.07 0.45 0.19 0.02 0.17 40.60 99.52 

350-355 91.05 5.06 0.25 0.11 0.87 0.13 51.77 0.41 0.15 0.05 0.13 40.75 99.68 

400-405 92. 18 4.96 0.08 0.12 0.85 0.19 52.45 0.36 0.15 0.05 0.14 40.75 100.10 

450-455 91.82 4.28 0.26 0.12 0.80 0.04 52.62 0.48 0.11 0.02 0.07 41.21 100.01 

500-505 94.00 4.22 0.00 0.13 0.62 0.11 52.89 0.30 0.14 0.00 0.09 41.35 99.85 

550-555 96.08 2.59 0.05 0.11 0.17 0.05 54.03 0.25 0.11 0.00 0.05 42.36 99.77 

590-595 92.32 4.21 0.58 0.09 0.65 0.04 52.29 0.46 0.11 0.04 0.08 41.43 99.98 

Average 90.13 6.97 0.25 0.11 0.85 0.16 50.87 0.41 0.17 0.08 0.12 40.25 100.24 

• • 

Trace Elements (ppm) 

Cu Zn 

250 

180 

230 

290 

220 

260 

260 

290 

260 

210 

200 

310 

180 

215 

240 

35 

10 

30 

55 

35 

55 

40 

60 

35 

10 

40 

40 

20 

20 

35 

N> ....... 
C> 



Depth 
in Core 

(cm) 

• • • • • 

TABLE BlO KK72-PC23 BULK CHEMICAL ANALYSES 

Major and Minor Elements (% oxides) 

Al203 Ti02 Fe203 ttlO Cao MgO Na20 

• 

LOI Total 

10-15 98.43 0.70 0.00 0.21 0.36 0.19 55.47 0.19 0.04 0.10 0.09 43.09 100.44 

50-55 97.60 1.11 0.00 0. 19 0.47 0.31 54.82 0.13 0.10 0.09 0.24 42.93 100.39 

110-115 95.04 1.21 0.01 0.15 0.67 0.31 54.50 0.22 0.15 0.10 0.21 42.77 100.30 

150-155 97.50 0.90 0.00 0.20 0.41 0.23 55.13 0.25 0.07 0.10 0.13 42.96 100.38 

200-205 95.81 1.45 0.00 0.19 0.53 0.30 54.83 0.18 0.12 0.09 0.22 42.48 100.39 

260-265 96.42 1.11 0.00 0.17 0.61 0.33 54.66 0.21 0.14 0.10 0.27 42.65 100.25 

320-325 96.11 0.95 0.00 0.20 0. 55 0.31 55.57 0.19 0.08 0.09 0.21 42.45 100.60 

370-375 95.84 1.04 0.00 0.19 0.90 0.46 54.74 0.20 0.18 0.09 0.39 42.57 100.76 

430-435 96.34 1.10 0.00 0.14 1.77 0.91 53.93 0.21 0.45 0.09 0.98 42.01 101.59 

480-485 94.57 0.94 0.00 o. 17 1.83 0.93 53.82 0.25 0.59 0.10 0.89 42.16 101.68 

540-545 97.50 0.85 0.00 0.19 1.51 0.79 54.71 0.21 0.40 0.10 0.71 42.13 101.60 

600-605 93.97 0.73 0.00 0.17 1.95 0.97 54.23 0.35 0.56 0.10 1.02 41.98 102.06 

650-655 91 . 74 0.78 0.00 0.15 3.61 1.20 53 .27 0.50 0.95 0.10 1.23 40.80 102.59 

705-710 88.06 1.13 0.00 0.10 5.94 2.35 47.53 0.64 1.36 ·0.10 4.03 39.47 102.65 

750-755 96.83 1.30 0.05 o. 17 0.54 0.29 54.72 0.20 0.15 0.09 0.19 42.51 100.21 

Average 95.45 1.02 0.00 0. 17 1.44 0.66 54.13 0.26 0.36 0.10 0.72 42.40 101.06 

• • 

Trace Elements (ppm) 
Cu Zn 

175 

190 

200 

180 

185 

225 

185 

195 

215 

250 

230 

230 

290 

300 

180 

215 

5 

10 

20 

10 

10 

30 

10 

10 

5 

20 

15 

10 

25 

20 

5 

N _, 
_, 
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TABLE Bll LARGE DIAMETER CORE BULK CHEMICAL ANALYSES 

Size CaC03 Major and Minor Elements (% oxides) Trace Elements (ppm) Fraction 
{µm) (%) Si02 A1 2o3 Ti02 Fe2o3 MnO Cao MgO Na20 . K20 P205 LOI Total Cu , Zn 

KK71-LDC1 

>61 97.36 0.41 0.00 0.09 0.40 0.11 55.6B 0.24 0.09 0.06 0.04 43.50 100.62 145 10 

2-61 86.29 3.14 0.00 0.00 2.89 2.02 50.18 0.37 0.54 0.08 3.13 40.42 102.77 245 10 

2-61* 86.29 2.63 0.00 0.00 2.77 1.96 49.68 0.44 0.67 0.08 3.13 40.42 l 01. 78 280 30 

<2 85.01 4.90 0.43 0.00 5.80 0.66 47.92 0.86 0.17 0.04 1.77 39.72 102.27 280 40 

<2* 85.01 3.52 0.00 0.03 5.58 0.70 49.27 0.56 0.15 0.07 1.92 39.72 101.52 245 25 

KK71-LDC2 

>61 98.59 2.82 0.00 0.09 1.30 0.26 53.83 0.47 0.15 0.07 0.13 41. 91 101.03 165 10 

>61* 98.59 2.72 0.59 0.01 0.67 0.10 55.62 0.43 0.15 0.05 . 0.08 39.67 100.09 165 20 

2-61 78.32 5.44 0.00 0.00 4.01 1.63 46.58 1.20 0.76 0.14 0.63 36.94 97.33 310 40 

<2 84.28 11.32 0.80 0.42 8.65 0.76 38.37 2.17 1.60 0.02 6.78 28.90 99 . 79 370 55 

KK71-LDC3 

2- 61 19. 13 36.80 7.08 0.72 16.07 4.79 11.27 2.60 0.50 0.70 l.28 15.80 97.63 845 115 

<2 4.13 42.29 8.06 0.83 18.08 4.34 4.21 3.13 0.09 0.83 l.00 12.53 95.39 770 125 

N __, 
N 
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TABLE Bll LARGE DIAMETER CORE (continued) 

Size Caco3 Major and Minor Elements (% oxides) Trace Elements (ppm) Fraction 
(µm) (%) Si02 Al 203 T102 Fe2o3 MnO cao MgO Na2o K20 P205 LOI Total Cu Zn 

KK7l-LDC4 

>61 97.78 3.40 0.00 0.16 0.12 0.05 54.33 0.14 0.06 0.02 0.04 42.91 101.23 170 30 

>61* 97.78 3.23 0.00 0.12 0.08 0.05 53.77 0.09 0.13 0.02 0.05 42.91 100.45 125 5 

2-61 73.96 13.41 0.02 0.06 3.09 0.77 45.32 0.72 0.41 0.32 1.00 36.98 102.10 290 40 

2-61* 73.96 13.35 0.10 0.04 3.24 0.80 44.39 0.54 0.36 0.37 1.08 36.98 101.25 280 45 

<2 74.63 13.33 0.35 0.02 4.74 0. 71 42.80 0.97 0.31 0.19 1.36 35.45 100.23 300 45 

<2* 74.63 13.27 0.37 0.04 4.76 0.71 43.21 0.99 0.29 0.09 1.39 35.45 100.57 295 50 

KK71-LDC6 

>61 98.86 2.75 0.00 0.13 0.15 0.04 54.21 0.15 0.12 0.07 0.02 43.26 100. 90 145 15 

>61* 98.86 2.38 0.00 0.09 0.11 0.04 53.56 0.21 0.16 0.07 0.02 43.26 99.90 150 15 

2-61 88.79 10.39 0.00 0.06 0.74 0.33 48.43 0.28 0.25 0.08 0.33 38.97 99.86 225 35 

2-61* 88.79 10.59 0.00 0.08 0.74 0.33 48.55 0.24 0.24 0.08 0.34 38.97 100. 16 200 30 

<2 84.29 11.30 0.08 0.06 2.14 0.39 46.86 0.47 0.20 0.08 0.48 38.26 100.32 225 20 

* Replicate 
N __, 
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TABLE Bl2 KK71-FFC114, 115, 116, 166 BULK CHEMICAL ANALYSES 

Depth CaC03 Major and Minor Elements (% oxides) Trace Elements (ppm) in Core 
(cm) (%) Si02 Al 2o3 Ti02 Fe2o3 MnO cao MgO Na20 K20 P205 LOI Total Cu Zn 

KK71-FFC114 

0-6 3.00 34.40 8.62 0.85 21.07 6.87 3.90 3.66 1.11 1.14 1.60 13.80 97.03 1080 105 

* 0-6 3.00 34.08 8.18 0.83 21. 16 6.86 3.91 3.75 1.12 1. 13 1.62 13.80 96.43 1080 110 

106-110 1. 13 31.66 8.57 0.88 23.31 8.59 2.84 3.67 1.17 1.35 1.80 12.52 96.36 1075 105 

* 106-110 1. 13 31.67 8.63 0.87 23.27 8.61 2.85 ·3. 70 1.25 1.35 1.81 12.52 96.54 1080 100 

KK71-FFC115 

0-6 2.50 26.23 7.42 0.86 19.58 6.34 3.30 3.13 5.95 1.50 1.28 17.41 93.00 675 15 

110-117 0.00 25.41 7.66 0.87 27.08 9.31 2.73 3.44 5.68 1.65 1. 74 14.45 100.02 830 25 

KK71-FFC116 

0-8 4.39 32.37 7.96 0.80 19.63 6.23 4.28 3.57 2.24 1.33 1.55 16.83 96.69 1040 110 

112-114 1.81 25.79 7.04 0.81 28.57 9.25 2.87 3.39 1.72 1.27 1.92 13.69 96.32 1075 110 

KK71-FFC166 

20-24 21.76 35.91 6.91 0.74 13.98 4.04 11.37 2.86 0.98 0.80 0.87 17.68 96.13 715 120 

84-88 4.75 47.96 7.96 0.87 22.14 0.97 0.91 4.37 1.21 1.13 0.88 11.03 99.43 860 155 

111-115 2.70 40.53 7.90 0.80 21.85 4.26 1. 31 4.05 3.39 1.28 1.03 12.74 99.14 690 75 

* Replicate 

N ....... 
~ 
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Appendix C 

Marine Plankton Metal Contributions to 
Northern Equatorial Manganese Nodules and Red Clays 

The following calculations are patterned after Oldnall (1975). 

They display the potential of organism contributions to the metal 

content of deep-sea manganese nodules and red clays . 

The types of organisms most likely to contribute metals to 

215 

manganese nodules and red clays will depend on their relative 

solubility and on their absolute production rates. Calcareous 

forams and siliceous diatoms and radiolarians are the most abundant 

tests found in deep~sea sediments. Radiolarians are dominant in 

equatorial waters while diatoms predominate at high latitudes 

(Lisitzin, 1972). Therefore, for manganese nodules and red clays 

fonning near the equatorial high productivity zone, forams and 

radiolarians will be the major contributors; for high latitudes, the 

major contributors will be forams and diatoms. 

Table Cl presents selected average plankton compositions from 

data primarily compiled from net tows. The basis of the calculations 

is to estimate the average organism composition from the species 

distribution observed in the sediments and from the chemical data 

in Table Cl. Then estimates of production rates in the surface 

water and estimates of dissolution rates at depth in the water 

column are made. The range of net biological supply is then 

compared to the range of measured metal fluxes for manganese 

nodules and red clays. The production rate calculation for the 
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* TABLE Cl. SELECTED AVERAGE PLANKTON COMPOSITIONS 
UNITS OF µg/g ASH WEIGHT (OLDNALL. 1975) 

Element Phytoplankton Diatoms Copepods For ams Radiolarians 

Al 1200 . 3440 330 137 
Si 121.670 100 
Fe 1510 1550 1960 300 315 
Mg 11.200 
Ti 92 4 15 
v 13 10 20 
Cr 14 260 
Mn 53 100 57 8 .6 
Co 4 28 
Ni 53 167 89 9 4 
Cu 201 455 260 25 6 
Zn 3119 8342 948 0 110 
Sr 630 816 400 163 
Mo 5 6 
Ag 29 0.3 3 0 
Sn 19 25 20 
Ba 331 57 700 17 
Pb 1100 3333 312 10 2 

* Data primarily compiled from plankton tows: 

N __, 
0\ 
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equatorial Pacific is presented below: 

Production rate calculation: Equatorial Pacific 

1) given rate of carbon fixation in area of interest, C, in 

g C/cm2/yr; 

2) conversion to wet-mass production with factor F=lO g wet wt/l g C; 

3) factor for conversion of phytoplankton to zooplankton, PZ; 

4) factor for zooplankton that leave surface waters (not consumed by 

higher trophic levels), ZL; 

5) consumption/dissolution in water column prior to sedimentation, 

DW; 

therefore, flux of zooplankton to bottom = 

C(F)(PZ)(ZL)(DW) g wet wt/cm2/yr 

We want to establish upper and lower limits to zooplankton flux, ie. 

estimate range 

zoo flux= C(F)(PZ)(ZL)(DW) 

range for C = 5 - 45 mg C/m3/daya 

= 18 - 164 mg C/cm2/yrb 

range for F = 10 g wet wt/l g C (N/C) 

range for PZ = 0.75 - 0.90c 

range for ZL = 0.60 - 0.90c 

range for DW = 0.01 - 0. lOd 

a. equatorial Pacific (Forsbergh and Joseph, 1963). 
b. assuming 100 m effective depth of euphotic zone (maximum). 
c. from Oldnall (1975) . 
d. from Lisitzin (1972); Hurd (1973), for opal, assuming same for 

carbonate • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

therefore, zoo flux range = 0.81 - 133 mg wet wt/cm2/yr 

= 0.0008 - 0.1 g wet wt/cm2/yr 

The range of biological metal supply has been estimated from 

218 

the above organic mass calculations and the chemical compositions in 

Table Cl, using an observed ratio of four-to-one for foraminifera 

and radiolarians, respectively, and an ash weight-to-wet mass 

conversion factor of 0.125 (Oldnall, 1975). The accumulation rate 

range for manganese nodules was estimated from the composition 

ranges given by Mero (1965) and Calvert and Price (1977), using an 

average dry bulk density of 2.5. g/cm3 and an average accumulation 

rate of 0.0003 cm/103 years (Bender et al., 1970). The accumulation 

rate range for red clays was similarly estimated from the composition 

ranges displayed by the Bauer Basin and average Pacific sediments 

(Table 1. 1), using an average dry bulk density of 0.3 g/cm3 and an 

average accumulation rate of 0.2 cm/103 years. The results of these 

calculations are presented in Table C2 . 
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TABLE C2. COMPARISON OF ESTIMATED BIOLOGICAL SUPPLY 
TO MANGANESE NODULE AND R~D CLAY METAL FLUXES. 

UNITS OF µg/cm /103 YEARS 

* Est. Biological Flux Mn Nodule Flux Red Clay Flux 
Maximum Minimum Maximum Minimum Maximum Minimum 

Mn 95 0.8 310 62 3400 750 

Fe 3800 30 200 18 12,000 3900 

Cu 270 2.1 12 0.21 64 44 

Ni 100 0.8 15 1. 2 33 19 

** Zn 270 2.2 0.6 0.3 49 15 

** ** Sr 4400 35 0.7 0.2 48 42 

Ba 7000 56 4.8 0.6 560 230 

** ** Pb 110 0.8 0.9 0.3 12 9 

* Maximum represented by Bauer Basin sediment; minimum represented by average Pacific sediment. 

** Data from Calvert and Price (1977); all other Mn nodule data from Mero (1965). 

• 

N ..... 
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