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ABSTRACT 

The cosmogenic radionuclide lOBe from a marine sediment core was 

studied to help understand late Quaternary variations in the geomagnetic 

field and cosmic rays. The primary objective of this study was to see if 

the wBe anomalies observed in polar ice cores could be observed in mid

latitude marine sediments. A partly-varved sediment core from the upper 

50 meters of Leg 64 (DSDP) in the Gulf of California was determined to 

be ideal. 

A chronology of the core was determined by radiocarbon analysis, 

sedimentation rates, and oxygen-isotope stratigraphy. It was found that 

radiocarbon analysis of total carbon content was reliable only for the 

sediments younger than 16,000 B.P. Older sediments contain a modern I~C 

component added during diagenesis. Radiocarbon analysis of the Holocene 

sediments showed that the laminations in the sediments formed yearly. 

Thus, a reasonably reliable chronology for the lower sections of the 

core was determined from the relatively constant and high sedimentation 

rate. 

In addition, data from the authigenic fraction of the sediments 

were gathered for aluminum, iron, manganese, calcium, magnesium, and 

beryllium. From these data, the determination of the history of the 

waters of the Gulf of California was possible. Hydrothermal activity, 

glacial meltwater events, and the changing water masses in the Gulf of 

California possibly have left a record in the core studied. 

Analysis of the lOBe data along with the elemental data shows that 

the lOBe concentrations in the authigenic fraction of the sediments 

tracked the production rate of this isotope in the atmosphere. The lOBe 
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concentrations at this site were little affected by diagenesis, 

hydrothermal activity, and terrigenous input. Most of the lOBe deposited 

at site 480 originated from the open sea. 

The changing geomagnetic dipole moment for the Holocene is seen in 

the lOBe data. The production rate for lOBe during the late Pleistocene 

tracked the changing dipole moment of the Earth as shown in other 

studies. Two lOBe anomalies correspond with the Mono Lake and Laschamp 

geomagnetic excursions. It was determined that the geomagnetic 

excursions could not have produced these anomalies. 

The data for the lOBe anomalies are consistent with a previous 

hypothesis for supernovae shock waves and the generation of cosmic rays. 

It is proposed that a series of such shock waves compress the 

heliosphere and affect the magnetosphere of the Earth. For such a 

mechanism to produce the observed geomagnetic excursions, either an 

enhanced interplanetary magnetic field must be externally imposed on the 

magnetosphere, or external forcing creates a corresponding non-linear 

response from the magnetodynamo of the Earth. 



Chapter 1 

Introduction and Geology 

lOBe Anomalies 

13 

Analysis of lOBe in ice from a core at Vostok, Antarctica (Raisbeck 

et al.,1987) shows large variations in the concentration of this isotope 

during the last glacial epoch (Figure 1.1). In part, some concentration 

of wBe in the ice has been attributed to the decrease in precipitation 

from the Pleistocene to the Holocene. However, two anomalously high zones 

of lOBe concentrations in ice, at approximately 35, 000 and 60, 000 B. P., are 

difficult to explain even by climate change. Raisbeck et a1. (1987) 

suggested that these wBe anomalies might have resulted from either 

variations in the geomagnetic field, solar activity modulating the cosmic

ray flux, or an enhanced local galactic cosmic-ray flux (supernovae). An 

enhancement of lOBe in Mono Lake sediments contemporaneous with the Mono 

Lake geomagnetic excursion, found in an earlier work by Ticich et a1. 

(1986) would seem to support a variation in the geomagnetic field. 

However, the authors were uncertain if the correspondence of the lOBe 

anomalies with a low geomagnetic field intensity was real. In addition, 

the question remains: is this the same event as observed in ice (Raisbeck 

et a1. 1987)? 

Other, longer-term variations of the lOBe production rate are 

anticipated in addition to the wBe spikes. Prior to 15,000 B.P., the 

long-term average of the Earth's dipole moment may have been approximately 

one-half of what it is now (McElhinny and Senanayake, 1982; Tauxe and 

Valet, 1989). In consequence, the radiocarbon time scale would have been 

affected (Bard et al., 1990) and the production of lOBe altered (Lao et 
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Figure 1.1 The lOSe concentration as a function of depth in Vostok 

ice core and 6180 as a function of depth (after Raisbeck et al., 1987). 
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al., 1992). During average solar activity, a decrease of the present 

dipole moment by one-half would result in an increase of the lOBe and 14C 

production rates by approximately 30% (Lal, 1988). Recent work by Tric 

et al. (1992), Thouveny et al., (1993), and Meynadier et al. (1992), 

suggest the possibility that the geomagnetic field declined in intensity 

even further than that, perhaps to less than 10% of the present field, 

during short periods of time (a few thousand years at most) during the 

last Pleistocene. The production of lOBe would increase by about 80% 'Under 

normal conditions of solar activity during these minima (Lal, 1988). 

Solar activity has varied considerably and, consequently, lOBe and 14C 

production has varied. Solar activity modulates the galactic cosmic-ray 

flux within the heliosphere. Cosmic-ray particles interact with the 

interplanetary field convected outward by the solar wind and are scattered 

or diffused within the heliosphere. During periods of low solar activity, 

such as the Maunder Minimum, 14C and lOBe production was high, but during 

the Medieval warm epoch, when solar activity was high, both 14C (deVries, 

1958;Stuiver, 1961;Suess, 1968, Damon et al., 1978; Damon, 1988) and lOBe 

(Raisbeck et al., 1990) production rates were low. The maximum variations 

in the global lOBe production rate due to solar activity would be about 

± 30% assuming a constant present geomagnetic field strength (Lal, 1988). 

The lOBe global cycle 

Beryllium has three isotopes of interest to Earth scientist, of 

which only 9Be is stable (Everest, 1964). Beryllium-7 (half-life = 53 

days) has been used for atmospheric and oceanographic studies. Beryllium-

10 has a half-life of (1.51±0.06)x 106 years (Hofman et al., 1987). About 

2/3 of cosmogenic lOBe is produced within the stratosphere and the other 

1/3 in the troposphere by cosmic-ray spallation primarily on nitrogen and 

oxygen (Figure 1.2). A very minor amount, less than 0.1%, is produced in 

situ within surface materials of the Earth. 
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Figure 1.2 The lOSe production rate in atmosphere at ambient 

pressure and temperature, in atoms/cmJ/year (from McHargue and Damon, 1991 

after Lal and Peters, 1967). Westerly (W) and easterly (E) zonal winds 

lay at the reversal of the vertical atmospheric temperature gradient at 

the tropopause and stratopause indicated by the dashed lines. 
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Deposition of lOBe onto the surface of the Earth depends primarily on 

precipitation. Deposited lOBe is made up of several components: primarily 

lOBe produced in the stratosphere and in the troposphere and lOBe recycled 

from dust and soil particles, and secondarily lOBe recycled from the ocean 

as hygroscopic nuclei and from cosmic dust. The lOBe deposited on land 

will either be fixed in soils or be carried away in overland flow through 

the fluvial system, or locked in lce (Figure 1.3) (McHargue and Damon, 

1991). 

Most of the lOBe is transported in the detrital fraction. The 

concentration of lOBe that stays in solution shows a strong pH dependence 

and is highly mobile in organic-rich continental waters. Beryllium-lO 

from sediments and river water quickly deposits in the nearshore sediment 

along the coastlines. A small amount of lOBe is released from the suspended 

load and dispersed to the deep sea. In the open sea, most of the lOBe is 

in solution and the remainder is adsorbed on particulate matter, much of 

which is of biogenic origin. Beryllium-l0 that is added to the sea may be 

scavenged by such particles, but as they settle out into deeper waters, 

the organic matter may oxidize. Calcareous organisms may slowly dissolve, 

releasing lOBe back into solution, though fecal pellets may carry much of 

the lOBe to the seafloor. Slow-growing manganese nodules absorb some lOBe 

directly from the surrounding water, but pelagic and slope sediments act 

as the ultimate sinks for lOBe. The residence time for lOBe in deep-sea 

sediments approaches that of the mean life of lOBe, 2.18 x 106 years. 

Nevertheless, a small portion of lOBe is subducted or accreted at the 

world's trenches, and it has been used as tracer for the study of island

arc volcanism (Brown et al, 1982). 

Unlike 14C, which is thoroughly mixed in the atmosphere, lOBe is 

removed quickly from the atmosphere and its precipitation responds to 

short-term changes in its production. Ice is a good reservoir to record 
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is indicated by a (P). The decay of I~e is represented by wavy lines 

(from McHargue and Damon, 1991). 
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short-term changes in the lOBe production rate, but past variations in 

precipitation can dilute or concentrate lOBe. Marine sediments are another 

important archive for recording the production rate of lOBe. In these 

sediments, paleorainfall effects are less important than they are in ice 

since lOBe is more thoroughly mixed in the ocean and production rate 

changes in lOBe are recorded more globally. However, due to the residence 

time of lOBe in the sea of approximately 300 years or more, short-term 

changes in the production rate of wBe such as the i1-year cycle of solar 

activity would not be seen. 

Selection of a marine sediment core 

It was decided to study a marine sediment core from mid

latitudes to see if the wBe anomalies first observed in the ice from polar 

latitudes could be located and understood. Several criteria in selecting 

a marine sediment core were established. One constraint was to find a 

core that had paleomagnetic stratigraphy. This was important to establish 

if lOBe variations and anomalies were related to the geomagnetic field. It 

is difficult to determine past changes in the geomagnetic field in polar 

ice. At present, the effective cutoff for geomagnetic modulation (no 

modulation) lies above latitudes 68° N or S (stormer, 1930), within the 

regions of polar ice. Ferromagnetic particles deposited or formed within 

sediments can record such changes. Inclination and declination of the 

geomagnetic field may record episodes of geomagnetic excursions at a 

particular site. Another criterion was that the core been well studied 

geologically, chronologically, geochemically, andbi03tratigraphically, so 

that I could relate these observations to the lOBe data. 

Marine sediments, though not subject to paleorainfall effects as is 

ice, are subject to changes in sedimentation rates and sediment 

composition. Increased erosion of sediments from a nearby landmass or 
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sediments eroding upslope from the site of study could change the sediment 

type. For example, erosion of old clay-rich and lOBe-rich soils from land 

to a nearby basin could produce a lOBe anomaly. Hence it was important to 

identify a site that lacked evidence of such changes in sedimentation. 

Therefore, I sought a sediment core that exhibited constant sedimentation 

rate and uniform sediment composition. In addition, the sedimentation 

rate had to be high enough to record events of less than a thousand years 

duration over the past 50,000 years. 

I selected site 480 of Leg 64 of the Deep Sea Drilling Project 

(DSDP) because it met these criteria. This site is in the Gulf of 

California on a slope near the Guaymas Basin (Figure 1.4). It has a 

sedimentation rate of nearly one meter per thousand years, so short-term 

events like the lOBe anomalies can be studied. In addition, it is varved 

in some sections. Varves offer several advantages: 1) Varves indicate a 

lack of bioturbation, i.e. a lack of vertical stirring of the sediments. 

This establishes that the observed events may be sharply defined rather 

than smeared out and obscured. 2) The laminations that compose the varves 

contain information on the oceanographic environment from which they are 

formed. 3) If the varves are formed yearly then they help to establish a 

chronology for the core as well as local sedimentation rates. 

The high sedimentation rate required for this study almost 

necessarily meant that the site had to be near land or on a continental 

slope. Such a location might present problems, as indicated above, but 

for site 480 this seems not to be the case. Other studies established that 

the sedimentation rate was constant in the upper 50 meters of the core 

(Soutar et al., 1982). In addition, no major changes in sediment 

composition are apparent along this interval. The texture changes from 

laminated to nonlaminated from the PlF!istocene to the Holocene but 

compositional changes seem to be minor. Also, lOBe analyzed from the core 



21 

Figure 1.4 Location of DSDP "site 480 (Leg 64) on the Guaymas slope 

in the Gulf of California. The depths are in fathoms (1 fathom = 1.83 

meters). 
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is thought to sample the thoroughly mixed sea water from the Pacific Ocean 

rather than Colorado River influenced upper Gulf water. 

Paleomagnetic data (Levi and Karlin, 1989) show two geomagnetic 

excursions: the Mono Lake and the Laschamp. These excursions, of only a 

few hundred years in duration, show that short-term events are recorded at 

this site. In addition, biostratigraphic, and other sedimentological 

properties known for this core will help to put the lOBe results in 

perspective. 

It appears that the expected data from the selected core will 

determine whether the lOBe anomalies exist, if they correlate with 

geomagnetic excursions, their intensity at midlatitudes, and the timing of 

events. The procedures followed were first to establish a chronology 

using available literature, textural properties of the core including 

varves and bulk density, and radiocarbon dating of the sediments. 

Beryllium-l0 was then isolated from the "authigenic" component to infer 

the dissolved component of this isotope in the sea. Beryllium-9 along 

with the elements aluminum, iron, calcium, magnesium, and manganese were 

measured to learn if and how sedimentological and oceanographic properties 

influenced lOBe. From this study it was hoped that a broader understanding 

of the magnetic field of the Earth and the environment of the solar system 

could be established. This expectation was fulfilled. 

Climate and Hydrology 

The Gulf of CaJ.ifornia lies between the arid peninsula of Baja 

California to the west and the almost equally arid states of Sinaloa and 

Sonora to the east. The southern part of the Gulf is in open 

communication with the Pacific. The climate is therefore more continental 

than oceanic with large annual and diurnal changes in temperature. The 

Gulf of California is divided by a series of trenches and basins separated 
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by transverse ridges. The basins are deep and are open to the ocean. 

The northern half of the Gulf is dry and desert-like, with average 

annual rainfall less than 10 cm. Along the southeastern part of the Gulf 

the annual rainfall can exceed 100 cm, causing in extensive swamps along 

the coast. Most of the rain in the Gulf occurs between June and October. 

The northern third of the Gulf experiences some winter rainfall (Roden, 

1964) • 

Surface currents are predominately southeasterly in winter and 

spring and northwesterly in summer and fall. The Gulf upwells on its east 

coast at roughly 3.2 m per day (Roden, 1964). The salinity in the surface 

waters above the Guaymas slope (shown in Figure 1.5) is high due to 

evaporation and to southward movement of high-salinity water from the 

northern regions of the Gulf of California. Below the thermocline, the 

water originates primarily from the Pacific (Sverdrup, 1941). Above 500 

meters in depth, the Guaymas Basin (Figure 1.5) is under the influence of 

thermohaline processes originating to the north, and below 600m, the basin 

is affected by Pacific Intermediate Water (PIW) and Pacific Deep Water 

(Bray, 1988). 

Until the contruction of Hoover Dam, the Colorado River supplied 50% 

of the Gulf's sediments (Byrne and Emery, 1960). However, site 480 is in 

the Yaqui River area of influence. The Yaqui River drainage area occupies 

6 per cent of the total drainage area of the Gulf of California. It has 

an average annual flow of over 2,600 ml , and an estimated annual sediment 

load of nearly 27,000,000 tons (Byrne, 1957). The Yaqui river carries 

sediments derived from mixed volcanic and plutonic-metamorphic assemblages 

(Van Andel, 1964) (Figure 1.6). 
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Figure 1.5 Distribution of water masses in the Gulf of California 

(from Bray, 1988). This transect trends northwestward along the axis of 

the Gulf of California. 
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26 

Geology 

The core from this site was selected, in part, because it is varved 

in some sections. Varves are traditionally defined from glacial regions 

where intra-annual changes in sediment flux to nearby basins (fjords) 

produce recognizable changes in textural properties of the deposited 

sediment. The alternations of sand and silt are easily distinguished if 

bioturbation (stirring and vertical movement of sediments by fauna) is 

minimal. Worms, crustaceans, sea cucumbers and the like are absent due to 

a lack of oxygen in the waters of the basin. The success of this study 

not only requires bioturbation to be absent, but also that lateral 

movements of sediments across the bottom by mudslides or bottom currents 

be minimal or non-existent. 

Varves in the Gulf of California are distinguished from those of 

glacial regions by variations in composition rather than by texture 

(Calvert, 1966). In early studies of the Gulf of California Basin it was 

not certain whether the observed laminations were an annual. Therefore 

the term laminations was used rather than varves, which implied yearly 

formation. 

The laminated sediments in the Gulf of California are confined to 

where the sea floor intersects a layer of oxygen-depleted sea water 

oxygen between 450 and 800 meters in depth (Donegan and Schrader, 1982) 

(Figure 1.7). The oxygen minimum is formed by the consumption of oxygen 

by oxidation of settling organic particles. Physical mixing, advection, 

and diffusion act to replenish the supply of oxygen (Wyrtki, 1962). 

The laminations are composed of alternating light and dark deposits. 

Calvert (1966) found no significant difference in thicknesses between 

light and dark lamina though the dark lamina were more variable in 

thickness. 
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Figure 1. 7 Approximate regions in the Gulf of California where 

bottom waters are low in oxygen «0.05 ml/L) (from Van Andel, 1964). 
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Donegan and Schrader (1982), however, found that, on average, the dark 

lamina were approximately 20% thicker than the light lamina. They thought 

the more variable thickness in the dark lamina responded to year to year 

variation in the amount of suspended material supplied by the rivers. The 

bases of the dark lamina are generally marked by an accumulation of 

coarser terrigenous grains. This suggests that the accumulation of 

lighter material was interrupted by an influx of terrigenous material. 

The light lamina are predominately diatoms but also include terrigenous 

material such as quartz, and organic carbon. The dark lamina also include 

diatoms along with an increased percentage of terrigenous and organic 

carbon. The higher organic carbon content and the increased fine grain 

terrigenous material in the dark lamina are probably responsible for the 

darker color of these laminae. The fine-grained terrigenous material 

includes clays such as smectite, illite, and kaolinite. More than 100 

species of diatoms are in the lamina with no differences in faunal 

assemblages between the light- and dark-colored laminae. Cu, Mn, Fe, Zn, 

Ni, Cd, and Al are always higher in the dark laminae and show a strong 

positive correlation to the organic carbon (Donegan and Schrader, 1982). 

Calvert (1966) noted that opal (diatoms) accumulation was constant 

throughout the year and during the summer rains an influx terrigenous 

material diluted the opaline content to form the dark laminae. However, 

it is now thought (Donegan and Schrader, 1982) that productivity in the 

Gulf of California is seasonal, resulting in a higher flux of diatoms to 

the sediments during the dry winter season • 

The laminations are not continuous over the length of the core at 

site 480, but are interspersed with sections of nonlaminated or 

homogeneous sediments. The nonlaminated sediments formed during the 

colder climates of the Pleistocene. 

The nonlaminated sediments contain diatoms and terrigenous clay as 
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do the laminated sediments, but also contain more abundant benthic 

foraminifera and calcareous nannofossils than the laminated sediments 

(Schrader et al., 1980). No basal sands or subtle grading are evident to 

suggest that the nonlaminated sediments are redeposited. The lower 

contact of thick nonlaminated sediments is gradational, whereas the upper 

contact is frequently abrupt. The nonlaminated sediments are sometimes 

burrowed or disturbed. It appears that portions of the nonlaminated 

sediments may have been originally laminated and later bioturbated, while 

other portions were continuously churned by fauna. 

Nonlaminated zones record times when surface production of diatoms 

was lower because of reduced upwelling (Kelts and Niemitz, 1982). This 

was caused by a slightly lower salinity "lid" in concert with the wet 

climate and glacial meltwater influx from the Colorado River. Based on 

diatom sizes Murray and Schrader (1982) suggested that no upwelling 

occurred during periods when smaller sized diatoms (less than 60 microns) 

dominated. On the other hand, upwelling supports populations of larger

sized diatoms. In addition, based on composite microfossils }lSO microns 

Crawford and Schrader (1982) found that benthic foraminifera are 

concentrated in the nonlaminated sediments and have a distribution pattern 

opposite to that of diatoms and radiolaria. This could mean that during an 

absence of upwelling primary productivity in the surface waters would be 

lower, with an ensuing decreased flux of organic carbon to the seafloor. 

Less oxygen would be needed for oxidation of the organic material, and 

oxygen would be available to support a rich benthic life. However, 

Keigwin and Jones (1990) believe that upwelling did not necessarily 

decrease or move farther offshore in response to a lowered sea level 

(Murray and Schrader, 1982). Upwelling still occurred during glacial 

times but the nutrient content was lower, resulting in a reduced abundance 

of "upwelling" diatoms. Juillet-Leclerc and Schrader (1987) present 
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evidence, however, that at least in the Holocene, upwelling intensity 

varied. 

Planktonic foraminifera are sensitive to changes in both the 

surface-water regime and dissolution boundaries. The calcium carbonate 

content curve from site 480 depends on (1) variations in sources, type 

and accumulation rates for planktonic tests, benthic fauna, and the 

shallow-water or land-derived carbonate influx, (2) carbonate dissolution 

at the sediment/water interface or post depositional change, and (3) 

dilution by biogenic silica or terrigenous siliclastics. (LeClaire and 

Kelts, 1982). Diatoms are more efficient nutrient scavengers and have a 

shorter growth period, so they tend to compete better than calcareous 

plankton in nutrient-rich environments. Thus, laminated zones tend to be 

very low in carbonate. If sediments are highly reducing, a rapid increase 

in alkalinity may actually lead to carbonate preservation (Dunbar and 

Berger, 1981). If overlying water is completely anoxic, anaerobic sulfate 

reduction may tend to preserve carbonate. If traces of oxygen persist, 

bottom wa.ter can become completely corrosive (Berner, 1971). Thus, 

LeClaire and Kelts (1982) interpreted CaC03-enriched sediments in the core 

at site 480 as representing rapid short-term perturbations in prevailing 

upwelling or oceanographic conditions. 

In addition, variations in pollen assemblages in the core at site 

480 indicate major changes in vegetation on the surrounding landmass and 

hence major changes in climate. Pollen produced by the vegetation on land 

is carried out to sea by fluvial sources (Heusser, 1982). During the 

Holocene, more arid communities predominated, but during the later 

Pleistocene, assemblages indicative of colder climes (such as spruce) 

dominated. However, from 39 to SO meters in the core, warmer climate 

assemblages became prevalent again (Byrne, 1982). 
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This chapter covers how the chronology or the time scale of the 

marine sediment core at site 480 was determined and what problems were 

encountered. In order to determine whether the lOBe anomalies correlate 

with those observed in ice, a temporal correlation needs to be developed. 

A chronology is also needed for the geomagnetic dipole moment, and 

climatic and oceanographic events. However, it was difficult to determine 

the chronology of the core, in spite of access to radiocarbon analyses in 

the TAMS (Tandem Accelerator Mass Spectrometer) laboratory. The primary 

diffuculty was the presence of a slight amount of modern 14C contamination 

of the organic fraction of the sediment samples contributed to errors in 

the radiocarbon analysis. Changes in past oceanic regimes and uncertainty 

of the past 14C production rates add to the difficulty in calibrating the 

time scale. 

Initially the laminated sediments of the core were used as a means 

of establishing a chronology. Soutar et al. (1982) radiographed the core 

to enable counting the varved couplets along its length. An estimation of 

the sedimentation rate for the homogeneous sections of the core was made. 

This they did by assuming that the sedimentation rate determined by the 

laminations above and below the homogeneous section applied also to the 

homogeneous section. They then converted by assuming that the bulk 

density of the homogeneous sediments were 1.2 times as dense as the 

laminated sediments. As shown later in this study, 1.2 was a low estimate 

for some sediment sections. The average laminae couplet (varve) was 
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10.4±3.6 counts per centimeter. The age of the top, where some sediment 

was presumably lost, was set at 450 years, based on the absence of 

European pollen varieties (Byrne,1982). Thus their chronology put the 

base of the sediments in section 11, the limit of this study, at 

approximately 48,000 years. 

Oxygen isotopes of benthic foraminifera (Shackleton and Hall,1982) 

and of diatoms (Wang and Yeh, 1985) were measured. 

boundary (Holocene-glacial), about 12 meters 

The oxygen isotope 1-2 

in depth, was clearly 

detectable in the benthic foraminifera data. The Younger Dryas event, 

assumed to be a brief cooling interval in the earliest Holocene, lay 

between 10.4 to 11 meters in depth. Unfortunately, the 6180 data for the 

whole core were not measured. This was due to the lack of benthic 

foraminifera in some sections of the core, particularly the laminated 

sediments in the Holocene and partly laminated sediments below 20 meters. 

The oxygen isotope record and the laminated/homogeneous sediment 

structure of the core are shown in Figure 2.1. 

Wang and Yeh (1985) measured 6180 on diatoms from this core, but due 

to the low density of datapoints it was not possible to identify the 1-2 

boundary or to correlate with the data of Shackleton and Hall (1982) • 

Nevertheless, Levi and Karlin (1989) used Wang and Yeh (1985) data to 

place the oxygen isotope 3-4 boundary at the bottom of the sediments in 

section 11. The age of this boundary, 60,000 years B.P., is 12,000 years 

older than that established by varve counting (Soutar et al., 1982). In 

this study, because the data density from Wang and Yeh (1985) was low and 

did not correlate with the Shackleton and Hall (1982) study, only the 

benthic foraminifera oxygen isotope data will be used here. 

No radiocarbon analyses of the core at site 480 were published 

during the first few years of investigations. Radiocarbon analysis of 

several cores in the Guaymas basin (DSDP 477,481) and the Guaymas slope 
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Figure 2.1 Oxygen isotope stratigraphy and lithologic structure at 

site 480. The dark sections in the bar represent varved sediments and the 

light sections homogeneous sediments (Shipboard Scientific Party, 1982). 

The oxygen isotope curve is on benthic foraminifera (Shackleton and Hall, 

1982) • 
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near 480 (DSDP 479) was used by Spiker and Simoneit (1982) in an attempt 

to determine sedimentation rates for the region. They found that at sites 

477 and 478, some deeper sediments had younger dates than shallow sediment 

samples. The sedimentation rate at site 479, calculated from the 

radiocarbon analysis, was much higher than that derived from 

biostratigraphy. Spiker and Simoneit (1982) interpreted these results to 

mean either that the sedimentation rate (cm/yr) increased during the late 

Pleistocene or that younger material was brought in by slumping. They 

suggested that contamination of the sediment samples by modern carbon was 

possibile. 

Keigwin and Jones (1991) selected planktonic foraminifera in the 

core to do radiocarbon analysis from the CaC03 from the shells. Due to the 

quantity of foraminifera needed (several mg), radiocarbon analysis was 

limited to those zones that contained sufficient foraminifera. Thus only 

homogeneous sediment samples from the latest Pleistocene were dated (11 to 

18 meters depth). 

Radiocarbon analyses from surface sediments within the Gulf of 

California were old (Calvert,1966). Organic carbon was dated at 1475±100 

years B.P. at one site. Radiocarbon analysis, of organic carbon 

unseparated from CaC03 from sediments, from two other sites indicated even 

older dates of 3300±150 and 4145±125 years B. P. An apparent surface 

intercept age of 2600 years B. P. was determined from two calibrated 

radiocarbon values at site 479 (Spiker and Simoneit,1982). The old 

sediment surface ages are possibly due to several mechanisms. The 

sediments the top section of the core may be lost during the process of 

coring consequently, the sediments that were sampled and dated were deeper 

and thus older than the lost sediments. Surface sediments were carefully 

collecteded in a study by DeMaster and Turekian (1987) of 210Pb and 14C in 

laminated sediments on the Carmen Basin flank in the Gulf of California. 
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The surface age (0-10 cm) in this case was 790±50 years B.P. The plankton 

on the sediment surface were dated at 760±230 years B.P. 

DeMaster and Turekian (1987) found that the I·C dates from sediment 

were slightly older at depth (80-95 cm) than expected • This was 

• attributed to changes in upwelling in the past. The average AI4C for the 

mixed layer of the ocean is -49.7% (409 years) and for the deep ocean -

190% (1684 years) (Stuiver et al., 1986). The reservoir age of the oceans 

depends on the rate of descent to the oceanic depths of water that has 

been in contact with the atmosphere. At present the waters over the 

laminated sediments in the Gulf of California have a AI4C of -100% 

(DeMaster and Turekian, 1987). But in the past an increase in upwelling 

activity would bring up deeper Pacific water and hence older water 

(Andree, 1986). Benthic fauna would tap the upwelling deep reservoir and 

thus would reflect the older age. The sediments' radiocarbon age then 

would reflect a contribution of old planktonic matter along with that of 

the older benthic fauna. 

Procedures 

Initially, it was thought that it would be a relatively simple 

matter to use radiocarbon analysis to determine the chronology of the 

core. At most, only 60,000 years had elapsed since the initial deposition 

of the sediments in section 11 of the core at site 480, the oldest 

sediments measured in this study. Therefore most of the core above this 

level was thought to be accessible for radiocarbon analysis. 

Unfortunately, problems were encountered which will be discussed more 

thoroughly below. 

Five samples along the length of the core were analyzed in order to 

determine a preliminary chronology. A potential problem was that the 

sediment samples had been treated with formaldehyde in order to prevent 
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further deterioration of the samples by excessive growth of mold, fungi, 

or bacteria. It was found, however, that the simple precaution of drying 

the sample under a vacuum would remove the formaldehyde if present. Later 

work demonstrated that this was not a problem. 

The sediment samples contained 2 to 4% organic matter, therefore 

initially, 100 to 200 mg of crushed, dried sediment were used for 

analysis. CaC03• though negligible in most samples, was as high as 20% in 

others (Leclaire and Kelts, 1982). Therefore, the sediment samples were 

"hydrolyzed" in phosphoric acid and the CO2 that was released from the 

interstitial carbonate was collected and converted into graphite (See 

Appendix A). The 14C was measured at the TAMS Laboratory at the University 

of Arizona. 

After removal of the carbonates, the sediment sample was washed in 

an alkaline solution, reacidified, and dried using standard techniques. 

The pretreated sediment was then placed in a Vycor combustion tube and 

heated to -900 DC by a Bunsen burner until all CO2 was released. The C02was 

then passed through a vacuum system after combustion to remove any 

interfering chemical species such as NOx and SOx. The cleaned CO2 was then 

converted to graphite (Appendix A). 

Radiocarbon results 

It was found that some of these initial samples had the equivalent 

of up to 2% modern contamination. The organic matter in the oldest sample 

from section 11 that should have been 50,000 to 60,000 years old instead 

had an apparent age of no more than 32,000 B.P. Interstitial CaC03 had an 

older apparent age but even this fraction was dated to no more than 34,000 

B.P. Subsequent dating of more samples established the trend shown in 

Figure 2.2 (from Appendix B). This figure shows that the radiocarbon ages 

become relatively constant below 20 meters of depth, or the radiocarbon 



-1ft ... 
lIS 
m 
~ 

1'10 ... -
! 
s:I 

i 
0 .... .., 
~ 

50 

60 

I 
I 

I 
I 

I 
I 

I 
40 

30 

~ 

i 
~ 

V· I I V I ~ i I _3i' 

I I == I $ 

20 

~~ I 
I ~ 

• I .. 
I .. 

10 

I 1:' 
r ... 

i 
! 
I rr! I I 
I 0 

i I o 
o 5 10 15 20 25 30 35 

Depth ,aeters) 

37 

... 

Y 
V 

I 
I • 3: :E 

• 

40 45 50 

Figure 2.2 Radiocarbon age as a function of depth in the marine 

sediment core at site 480. The radiocarbon age for the organic fraction 

of the sediment is indicated by a + enclosed by error bars, the 

interstitial carbonate by a ... and picked foraminifera by a ~ (Keigwin and 

Jones, 1990). The "true age", as derived in the later sections of this 

chapter, is indicated by a solid line. 
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age equivalent of 20 to 30 thousand years B.P. From the beginning of this 

analysis it was assumed that the "flattening" was not due to a significant 

increase in the sedimentation rate (about 10-fo1d). The few laminated 

sections of sediment in the deeper sediments indicated otherwise. 

An attempt was made to clean the samples by methods found in the 

literature (FOwler et al., 1986) (See Appendix A for details). The 

organic fractions of the sediment separated by these methods were then 

dated separately to determine how the sediments were contaminated. Four 

sediment samples were pretreated by these methods and the separated 

organic fractions were dated. One sample 480-1-1 (50cm in depth) was the 

shallowest sample in the study. sample 480-3-3 (1284 cm) was just below 

the Pleistocene/Holocene boundary. The other two samples, 480-10-3 (4586 

cm) and 480-11-1 (4862 cm), were near the bottom of the core and 

presumably should be radiocarbon "dead" (45,000 years for the Arizona 

AMS). 

Table II-l shows the 14C and c5 13C for the organic fractions for the 

four sediments. The fulvic acid fraction is soluble in both acid and 

basic solutions. The humic acid fraction is soluble in alkaline solution. 

The humins, or the remaining residue, are insoluble in either case. 

Fulvic acids are lower molecular weight, more weakly aromatized, poorly 

condensed, and less polymerized than humic acids. The residue, or humins, 

are high molecular weight and may be strongly linked about the mineral 

phase. In addition to the above separations, lipids and amino acids were 

extracted from sample 480-10-3 (4586 cm). Amino acids are the building 

blocks of proteins. Lipids are fats, oils, and waxes that provide 

buoyancy, the required permeability for cell membranes, and protect the 

cell (Rashid, 1985). 

The results appear to show that the shallowest sample is not 

significantly contaminated by more recent radiocarbon. All the radiocarbon 
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Table II-1 Radiocarbon analysis and delta carbon-13 for separated 

fractions of the marine sediments from the core at site 480. Included are 

hydrolysis, standard pretreatment, and organic phases separated by the 

method of Fowler et al. (1986). 

480-1-1 480-3-3 480-10-3 480-11-1 

50 cm 1284 cm 4586 cm 4862 cm 

I·C date c5 u C I·C date c5 u C ,I·C date c5 u C I·C date c5 u C 

~ydrolysis 19700±260 34200±690 36300±1640 -2 

Std. Pretreat 2700±60 12700±90 

Free Lipids 5400±90 -29 

lAmino Acids 10800±90 -23 

Bound Lipids 24100±220 -26 

Fulvates 2830±120 9700±110 -25 15600±540 -23 19428±270 

lHumates 2740±60 11400±130 -23 17700±650 -23 2988l±430 

lResidue 2750±50 13200±120 -22 33400±640 -22 35642±800 

results from the organic fractions are statistically the same. The 

Holocene sediment samples contained insufficient carbonate for 14C 

analysis. However, the Pleistocene sediment samples have significant 

differences in radiocarbon contamination between the organic fractions. 

The fulvate fraction contained over 0.10 more modern contamination than 

the residue fraction from the Pleistocene sediment samples. 

The above result implies that the contamination is diagenetic. If 

the radiocarbon contamination had happened after the core was extracted 

from site 480, either due to formaldehyde, fungal, or bacterial 

contamination, the shallowest sample should be expected to be contaminated 
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to the same degree as the deeper sediment samples. The shallowest sample 

appears to have no radiocarbon contamination. 

Lipids and amino acids were analyzed for one sediment sample (480-

10-3). Fowler et al. (1986) noted that lipids comprise 1% of sedimentary 

matter and amino acids less than 1%. The present study employed methods 

from Fowler et al. (1986), and further subdivided the lipids into those 

that are easily removed and those that are tightly bound in the 

interstices of the mineral matter. In this core the free lipids were much 

more heavily contaminated (0.51 modern carbon) than were the bound lipids 

(0.05 modern carbon). The amino acids were also significantly 

contaminated (0.26 modern carbon). The sources for the addition of modern 

carbon to the older sediments will be discussed later in this chapter. 

With the above results in mind, it was decided to proceed with 

radiocarbon analysis, but only for the sediment samples from the Holocene 

and the latest Pleistocene. This was done because it appeared that the 

standard acid-alkaline-acid pretreatment eliminated most of the modern 

radiocarbon contamination. For instance, the radiocarbon date obtained 

from organic fraction near the oxygen isotope 1-2 boundary is close to 

what was expected. Also the radiocarbon dates younger than 18,000 B.P. 

(approx. 10% modern) were similar to those from foraminifera obtained by 

Keigwin and Jones (1990). Sediment samples from depths in the core below 

16 meters could not be sufficiently cleansed by the standard pretreatment. 

It appears that the modern radiocarbon contamination is possibly 

concentrated in the light molecular weight organic fraction and is more 

easily removed from the shallower sediment samples. In deeper samples, 

more of the modern contamination has condensed onto the high molecular 

weight fraction of the sediments (the humins). 

It might then appear that the way to proceed is to date only the 

caC03 fraction of the sediment or a particular species of foraminifera. 
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Unfortunately, this also presents problems. The CaCOJ radiocarbon dates 

in Figure 2.2 are generally 2000-3000 years older than the radiocarbon 

dates obtained from organic matter. On first appearance these older ages 

are closer to the expected age for sediments below 25 meters. Thus one 

might conclude that the CaCOJ radiocarbon dates are more reliable. 

However, the CaCOJ in the latest Pleistocene sediments (13-20 meters in 

depth) is too old. The sample at 1284 cm in depth, just below the oxygen 

isotope 1-2 boundary, is 3500 years older than it should be. 

Nonetheless, picked foraminifera from sediments of similar depth 

(Keigwin and Jones, 1990) yielded younger dates than the interstitial 

CaCOJ • The radiocarbon dates from the picked foraminifera agreed with the 

results from the pretreated organic matter and with the expected age for 

the oxygen isotope 1-2 boundary. It would appear that dating picked 

foraminifera might be the method to pursue in the future. However, some 

of the unpublished radiocarbon results of picked foraminifera by Keigwin 

and measured at the TAMS Laboratory for sediment depths below 20 meters 

appear to be too old. 

In addition to the modern carbon component in the deep sediment 

samples, another diagenetic process may affect the radiocarbon age. The 

radiocarbon ages for samples older than 18,000 B.P. range both older and 

younger than the expected age (Figure 2.2). Some deeper sediment samples 

younger 14C dates than shallower sediment samples. This scatter may not be 

random. The radiocarbon dates are related to the bulk density of the 

sediment (Figure 2.3). A description of the analysis of bulk density is 

explained later in this chapter. Shallower sediment samples often have 

older radiocarbon dates than deeper sediment samples (in the interval 

between 10 and 25 meters). In almost every case, the bulk density of the 

sediment overlying the "older sediment" is greater than those containing 
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Figure 2.3 The dry bulk density of the sediments as a function of 

depth at site 480. Also shown are the uncalibrated radiocarbon dates from 

the organic fraction of the sediments. 



43 

the "older" sediment. The "younger" dated sediments below in depth the 

"older" dated sediments mayor may not be denser than those containing the 

"older" sediment. 

Carbonates and radiocarbon analysis 

Why are radiocarbon dates for the total carbonate too old at the top 

of the Pleistocene section but, like the organic matter fraction, appear 

to contain about 1% modern radiocarbon deeper (below 20 m) in the core 

(See Figure 2.2)? The explanation may require several processes, some 

competing. Paull et al. (1991) found that radiocarbon ages can vary 

substantially among species of foraminifera from the same sediment. As an 

example, he found that large foraminifera were as much as 3410 years older 

than species of smaller foraminifera. He explained this to be a result of 

surface exchange of carbon between CO2 and calcite. Small foraminifera 

have larger surface-to-mass ratios than the large foraminifera. The 

original radiocarbon content of the smaller foraminifera is then more 

easily altered by the surrounding solution. The movement of pore water 

solutions upward towards the top of the Pleistocene section results from 

compaction and dewatering of the sediments. Thus older carbon from lower 

sediment depths could exchange with more "modern" carbon from foraminifera 

in shallower sediments. 

Contamination of the interstitial carbonate after coring is a 

possibility. The pH of interstitial pore water increases due to the 

release of CO2 upon depressurization (for cores below 500 meters in depth) 

when brought aboard ship (Manheim and Schug, 1978). The calcium carbonate 

saturation level can be exceeded and precipitation of calcium carbonate 

within the sediment could occur. CO2 from the interstitial fluid in the 

sediment or from the atmosphere could be the source. 
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Diagenesis of organic matter and radiocarbon analysis 

Organic matter from a shallow core (3.5 meters in depth) from the 

Guaymas Basin, was found to be predominately of marine autochthonous 

origin (Deroo et al., 1982). Most of the organic matter originates from 

diatom protoplasm. Gilbert and Summerhagen (1982), though, found that up 

to 20% of the organic matter, in some sediment samples, was from a 

terrestrial rather than from a marine origin. Bacteria also contributes 

significant amounts of organic matter (Rullkotter et al., 1982) • They 

found that perylene was the most abundant aromatic hydrocarbon at site 479 

(near site 480). Perylene (C~12) indicates oxygen depletion in a 

depositional environment. 

During diagenesis, organic matter decomposes and alters to mineral 

phases. Organic matter decomposes rapidly under oxic conditions. Under 

anoxic conditions, like those at site 480, decomposition is slower. In 

the absence of molecular oxygen, anaerobes oxidize organic matter by 

utilizing manganese (IV), nitrate, iron (III), sulfate, and bicarbonate. 

Oxidizing agents in anaerobic degradation are utilized in order of 

decreasing energy return. Nitrate reduction (or denitrification) follows 

the depletion of oxygen, and yields CO2, H20, and N02°. When nitrate is 

depleted, sulfate reduction predominates, and CO2, H20, and H2S are 

produced. In organic-rich sediments, like those at site 480, sulfate is 

presumed to be used up rapidly. Then methogens synthesize methane along 

with CO2 and H2 • Figure 2.4 shows the complexity of this process. 

The organic matter in the sediment has distinct carbon isotopic 

compositions. The average isotopic composition for recent marine organic 

matter is -21 per mil, and for terrestrial organic matter, -26 per mil 

(McArthur, 1992). The organic matter (kerogen) in the Gulf of California 

has comparable 513C values between -20.40 and -23.35 (Kodina and 
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Galimov, 1985). The c5 IJC of the humins (kerogen) for site 480 shown in 

Table 11-1 is approximately -22. The humates and the fulvates are 

slightly lighter by 1 to 2 per mil. The lipids are the most isotopically 

light fraction in plankton, and their c5 IJC ranges from -26 to -29. Under 

anaerobic diagenesis in areas of high phytoplankton productivity, all 

functional groups are subject to bacterial decomposition, but the 

proportion of carbohydrates is substantially reduced (Kodina and Galimov, 

1984). Downcore diagenetic fractionation of carbon of up to 4 per mil is 

caused by the selective degradation of carbohydrates. 

The gases released by diagenesis have been measured at site 479, 

which is near site 480. Methane was the predominant gas measured but it 

decreased with depth. Carbon dioxide on the other hand, increases with 

depth from a concentration of 10% of the total gases to 50%. The c5 IJC in 

methane varies between -73 and -61 per mil, which indicates bacterial 

origin (Schoell, 1982). The c5 IJC for CO2 ranges from -5 per mil near the 

surface of the sediment to +7 per mil at 100 meters depth. The 12C_12C 

bonds are more easily ruptured than the 12C_1JC bonds. thus enriching 12C in 

the methane (Galimov, 1973). The CO2, on the other hand, becomes enriched 

inlJC. If considerable carbonate is present, exchange in the system 

CO2 ~ COJ could alter the concentration of the isotope (Bottinga, 1968: 

Galimov and Simoneit, 1982). 

The fractionation of the carbon isotopes during diagenesis of 

organic matter should also affect 14C, though, unfortunately, data on this 

are sparse. The assumption is that 14C may react similarly to 1Jc. During 

diagenesis, 14C, like 1JC, would become depleted in methane and enriched in 

CO2 • 

In addition to the gases in the sediment, organic matter can be 

solubilized to form dissolved organic matter (DOM). During diagenesis this 
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component, like the gases, can be transported and carry a component of 

"modern" contamination. 

The transportation of gases and DOM in solution within the sediments 

is not rapid. Michaelis et al. (1982) thought that diffusional flux 

(movement of ions in the interstitial fluid) was insignificant in the Gulf 

of California sediments. Compaction of older sediments below the 

accumulating sediments over time, however, forces the upward flow of the 

squeezed-out solution. The upward flow velocity is about 30 to 70% of the 

sedimentation rate. In the case of site 480, the compaction-induced flow 

velocity would be 30 to 70 cm/kyr. The deeper solutions never make it to 

the surface. However, these upward-moving solutions may bring up gases 

and DOM from below that react diagenetically with the organic matter 

above. This may explain why that some sediments are older than the 

underlying sediments (Figure 2.3). Upward-moving solutions carrying older 

carbon could be trapped by overlying denser and less permeable sediments, 

in a manner similar to petroleum-bearing formations. The trapped solution 

reacts slowly with the in-situ organic matter creating an apparent older 

sediment than the sediment below. 

The above explanation does not seem to explain why modern carbon is 

found in the older sediments of the core. Bacteria the primary agents of 

early diagenesis, could be involved. In the Black Sea, bacteria can 

compose up to 28.8% of the organic matter in the sediment (Rashid, 1985). 

Bacteria thrive on proteins and sugars, decompose fats, oils, cellulose, 

and other compounds. They are plentiful where plankton are abundant. 

Bacteria utilize enzymes to break down protein molecules into peptides and 

finally amino acids. They then proceed further to mineralize amino acids, 

and liberate COli H2S, organic acids under anaerobic conditions. The 

resulting mass of microbial decay is a complex assemblage of reactive 

compounds. In the second stage of humification the simple compounds and 
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reactive products react through several mechanisms. The major mechanism 

is the addition of amino acids and phenols. The other is the oxidation

reduction reaction of sugars and amino acids. The products of such 

reaction further react to form polymers, copolymerize, and undergo 

condensation reaction that eventually result in complex macromolecular 

humic material. During early diagenesis 30 to 40% of the carbon content 

of the organic substrate in sediments is converted into new compounds 

(Rashid, 1985). The remaining 60 to 70%, which consist of less stable 

material, is liberated as water and carbon dioxide (Zobell, 1964). 

The reactive carbohydrates and amino acids in the sediments 

quickly alter and decrease with depth in the sediment profile (Michaelis 

et al., 1982). The low molecular weight DOM (amino acids etc.) condense 

to higher molecular weight DOM (fulvic acids). Further condensation 

proceeds to form humic substances that precipitate. Microbial and 

biochemical reactions slow significantly but do not cease at depths of 

tens of meters or even to several hundred meters depth. Bacteria have 

flagella, are mobile and can move through sediment independent of density 

currents (Oppenheimer, 1960). Nutrients abet their migration (ZoBell, 

1947) and they can migrate up to 1 to 4 centimeters per day (Oppenheimer, 

1960). Oremland et al. (1982) found methanogenic bacteria down to 12 

meters from sediments from the Gulf of California. Belyaev et al. (1980) 

showed present but low biological products at depths of 90 meters in 

Caspian Sea sediment. 

Even though the number of bacteria decreases with depth, they are 

present and are mobile in marine sediments. A determined bacterium could 

move from the surface of the sediments at site 480 to 50 meters in depth 

in approximately 5 years. More than likely, downward movement of many 

bacteria is the result of diffusive processes. The bacteria would then 

transport downward into the sediment the more modern carbon that had been 
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incorporated into their own cell protoplasm. In support of this 

hypothesis is the 0.5 modern radiocarbon content of the free lipids from 

the sample at 4586 cm depth. Diatoms, the predominant constituent of the 

sediment at site 480, are composed of 24 to 48% protein, and 2-10% lipids. 

However, bacteria generally consist of 40 to 70% proteins, but also 30-60% 

lipids (Rashid, 1985). The bacteria from shallower depths travel to 

deeper depths, die, and in turn become consumed by other bacteria. They 

then contribute a modern component of carbon from shallower depths to the 

organic matter at depth. 

Methods used for the final chronology 

Several procedures were followed to construct a working chronology 

for the core. The radiocarbon dates from the Holocene were calibrated. 

The ice oxygen isotope curve was used to date the Younger Dryas and the 

1/2 boundary. Radiocarbon dates between the 1-2 boundary and 16 meters in 

the core were calibrated against published ongoing work of U/Th analysis 

of corals. The sediments below 16 meters in depth were calibrated against 

a chronology determined from sedimentation rates. 

Radiocarbon dates above 16 meters in depth were calibrated in 

several ways. The sample dated at 8100±70 B.P. and younger dates were 

calibrated from an software program (Stuiver and Reimer, 1993) derived 

from tree ring data. A standard 400-year deduction was made from the 

radiocarbon dates to account for the reservoir age of the mixed layer of 

the ocean (Stuiver et al., 1986). This may not be accurate for the 

upwelling region of the Gulf of California where the reservoir age may be 

older (500+ years) but it is not accurately known. Keigwin and Jones 

(1990) also used 400 years therefore this will make comparison easier. 

The radiocarbon dates from 9370±70 to 15,900±130 years B.P. were 

less accurately calibrated against the tree-ring work of Becker et al. 
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(1991) and U/Th work on corals from Bard et al. (1990). The U/Th dating 

of corals is still preliminary but does not disagree substantially from 

the current ice chronology. Recent work on varved ice from the GISP II 

core at Summit, Greenland (Taylor et al.,1993) has established accurate 

dates, almost yearly in resolution, for the Younger Dryas and the oxygen 

isotc.pe 1-2 boundary. The end of the Younger Dryas at 10 meters in the 

core at site 480, the beginning at 11.2 meters, and the 1-2 boundary at 

12.45 meters in depth are dated at 11,700, 12,900, and 14,700 years B.P. 

respectively. The sediments above 16 meters in depth were calibrated by 

the above methods. 

Below 16 meters modern radiocarbon contamination made radiocarbon 

unreliable. Therefore the chronology was established for the sediments 

below 16 meters by the sedimentation rate. The oxygen isotope 2-3 

boundary (Shackleton and Hall, 1982) may be present (Figure 2.1) but it is 

not as easily located as the 1-2 boundary (it could be as shallow as 20 

meters instead of 24). In addition a SOOO-year discrepancy exists in the 

published dates for the 2-3 boundary (Martinson et al., 1987). Therefore 

the 2-3 boundary was not used for the present chronology. 

The sedimentation rate in this study was calculated in terms of 

grams/cm2/kyr. Previous work such as the one by Levi and Karlin (1989) 

calculated the sedimentation rate in terms of meters/kyr. However, lOBe 

and the major elements were measured as number of atoms per gram. It was 

then necessary to convert the sedimentation rate to grams/cm2/year to 

determine the deposition rate of these elements. 

The in situ wet-bulk density of the sediments wO'.1ld be preferable to 

that of dry-bulk density, but only a few such measurements were made at 

sea. During drying the sediments may compact and crack and perhaps alter 

the dry-bulk density from what it could be under ideal conditions. It was 

assumed, nonetheless, that drying had little effect on the dry-bulk 
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density. otherwise, sediment structures such as varves would be more 

disturbed than what was observed. 

The dry-bulk density was measured by a simple procedure. The 

sediment samples obtained from the ODP were usually sent as blocks of 

sediment measuring 1x2x5 cm (10 cm3 ). These blocks of sediment were dried. 

A razor blade was used to trim the blocks into even and measured 

dimensions. The block was then weighed, and the dry-bulk density was then 

determined from the calculated volume. This procedure, upon replication, 

sometimes dividing blocks into smaller ones, gave surprisingly accurate 

results. The dry-bulk density for the core is shown in Figure 2.3 along 

with the radiocarbon dates. This procedure, unfortunately, was done after 

the lOBe and 14C analysis, so some low-density samples from the Holocene 

could not be measured. 

It is obvious from Figure 2.3 that the dry-bulk density of the 

sediments varies dramatically along the core. The dry-bulk density varies 

from less than 0.5 g/cm3 to almost 1.6 g/cm3 • In general the homogeneous 

sediments are much denser than the laminated sediments. The compositions 

not substantially of the homogeneous and laminated sediments are 

different, though the homogeneous sediments might contain a greater 

proportion of terrigenous sediments. Instead, it is proposed that during 

bioturbation the homogeneous sediments are much more thoroughly compacted. 

The entire mass of sediment in the core per cm2 was next calculated 

in order to determine the sedimentation rate. Initially the bulk density 

from the measured sample was assumed to be representative for the interval 

of sediments one half the interval of depth between it and the samples 

above and below it. The mass per cm2 was added incrementally from the top 

of the core to the bottom. The results are shown in Figure 2.5. 
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Two procedures were used to determine the interval of time between 

which the sediments were deposited. Varves in the laminated samples were 

counted to obtain the number of years per centimeter. This was 

supplemented by the varve counts from soutar et al. (1982) • The 

sedimentation rate (cm/yr) obtained from the varves varied widely (by 

about 200% in the Holocene). Each sediment sample block was only 1 cm 

thick and the Holocene samples were collected about 1 meter apart. Only 

1% of the section is represented. Therefore, the sedimentation rate 

obtained from the varves may not be considered typical of the whole 

sediment section. However, they can serve as a check on the radiocarbon

derived sedimentation rates. The varved sedimentation rate is 

significantly different between the Holocene and the Pleistocene. This 

section of the core, below 20 meters, is where homogeneous sediments are 

interspersed with varved sediments. The massive homogeneous sediments, 

between 13 and 20 meters in depth, formed when the sea level was lower. 

The sedimentation rate for the uppermost Pleistocene may be different from 

the Holocene above and the partly varved sediments below. The 

sedimentation rate, measured as cm/yr, in the Pleistocene, like that of 

the Holocene, varies substantially from point to point, but in general it 

is 90% higher than that of the Holocene. 

Of the 12 measured samples, from the Holocene sediments, the average 

sedimentation rate is 0.10 (±0.04) cm/yr and for the 11 measured samples 

from the Pleistocene, 0.19 (±0.07) cm/yr. This higher sedimentation rate 

for the Pleistocene, as measured by cm/yr, does not include changes in the 

bulk density of the sediment. There is an inverse relationship (corr. 

coef. = -0.72) between bulk density and the sedimentation rate (cm/yr), as 

measured in the varves, where; Sed Rate (cm/yr) = (-0.4) Bulk density 

(g/cm3 ) + 0.4 (g/cm3 ). The ratio of diatoms to terrigenous material or the 

packing of the sediment may vary as the sedimentation rate changes. The 
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average bulk density calculated for the Holocene is 0.76 g/cm3 , and for 

the Pleistocene laminated sediments, 0.53 g/cm3 • Then the actual 

sedimentation rate measured in terms of g/cm2/yr, is higher in the partly

laminated Pleistocene sediments by about 30% than in the Holocene 

laminated sediments (103 g/cm2/kyr compared to 78 g/cm2/kyr). 

The sedimentation rate for Holocene sediments above the Younger 

Dryas, calculated by using the calibrated radiocarbon dates for the 

interval, was 81 g/cm2/kyr. This sedimentation rate compares favorably 

with that derived from the counting of varves of 78 g/cm2/kyr. Over a 

section of the core (10.38-11.81 meters), that includes the Younger Dryas, 

the difference in the uncalibrated radiocarbon dates was 1350 years. The 

time interval calculated from laminations and a bulk density correction 

implies a minimum time interval of 1700 years. The discrepancy might be 

due to the drop in atmospheric 14C observed during the Younger Dryas 

(Edwards et al., 1993). A time span of over 1600 years was obtained from 

the calibrated 14C dates used in this study. 

The sedimentation rates derived for the latest Pleistocene, between 

15.9 to 13.7 meters, by radiocarbon analysis are more equivocal because of 

some uncertainties in the radiocarbon dates and no varves to count. The 

sedimentation rate may have been as high as 187 g/cm2/kyr for this interval 

of the core. The sea level presumably was at its lowest, about 125 meters 

(Curray and Moore, 1964). The higher sedirnentation rate may not be 

indicate increased erosion from the nearby landmass. Instead, due to the 

lowered sea level, a higher proportion of sediments was deposited on the 

slope rather than on the continental terrace (Curray and Moore, 1964). 

The minimum sedimentation rate of 51 g/cm2/kyr was measured over the 

interval 11.8 meters to 13.7 meters. The oxygen isotope curve implies 

that the sea level was rising rapidly during this interval. One might 

assume that the increased glacial meltwater wo~ld, instead, increase 
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erosion and hence the sedimentation rate. Erosion by glacial meltwater 

might have simply been restricted to the Colorado River basin. The 

removed material was deposited in the Colorado River delta, far from site 

480. 

The sedimentation rate is the most uncertain from 16 to 21 meters in 

depth due to the lack of laminated sediments and reliable radiocarbon 

dates. The radiocarbon dates are scattered over this interval. As a 

result, the calculated sedimentation rates in this interval also vary 

between 72 and 112 gjcm'-jkyr depending on which radiocarbon date one 

chooses. Nonetheless, below 16 meters and through to 50 meters, the 

sedimentation rate has been set at 100 gjcm2jkyr. This sedimentation rate 

is close to that derived from the laminated sediments lower in the section 

(103 gjcm2jkyr). With the above qualifications in mind, the chronology was 

determined for this core and is shown in Figure 2.6. 
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Figure 2.6 The chronology established for the top 50 meters of the 

core at site 480. Within the region of the curve indicated by (1) the 

radiocarbon dates were calibrated by dendrochronology. In (2), the 1-2 

oxygen isotope and Younger Dryas boundaries were calibrated against the 

varved-ice chronology from the GISP2 core at Summit, Greenland. Within 

(3), the radiocarbon dates were roughly calibrated. For deeper depths (4) 

the chronology was estimated from the extrapolated F.edimentation rate of 

100 g/cm2/kyr. 
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This chapter covers the geochemistry and history of the sediments at 

site 480. It was decided that supplementary data on the major cations 

from the authigenic fraction of the sediment could be easily obtained. 

This was done in order to understand the history of the sediments at site 

480. The composition of the sediments deposited at the site reflect 

several sources whether terrigenous, atmospheric, oceanic, or 

hydrothermal. After deposition, diagenesis can alter sediment chemistry. 

The elemental data should help understand the complex processes that go 

into making the sediment as observed today. Beryllium and lOBe in the 

sediment are not independent of source or diagenetic influences. It was 

hoped by studying the elemental data, the sources for lOBe (Chapter 4) and 

how it is affected by diagenesis will become clearer. 

The basic procedure used for all of the sediments processed was to 

separate the "authigenic" fraction of the sediment. This procedure was 

taken from the work of Bourles et al. (1989a). They obtained what they 

assumed was a "purer" cosmogenic lOBe signal from the authigenic fraction 

of the sediment. The operationally defined "authigenic" fraction is 

separated from the total sediment by leaching with 0.04 M hydroxylamine 

HCl in 25% acetic acid (See Appendix C). The "authigenic" fraction 

contains exchangeable cations, carbonates, soluble iron and manganese 

hydroxides. The "authigenic" fraction is thought to reflect seawater 

composition better than the residue or the total sample. The residue is 

composed of silicates, organic matter, and biogenic opal. The silicates 
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are largely of terrigenous origin and therefore the wSe contained in the 

residue may have a terrestrial source. The biogenic opal and most of the 

organic matter do not have a terrigenous origin, but are planktonic in 

origin. lOSe, carried down to sediments by plankton is assumed to have a 

seawater source because plankton live primarily in surface water. Sourles 

et al. (l989a) found that IOSerSe ratios in deep-sea sediment, for biogenic 

opal and organic matter, were similar to IOSerSe ratios in the "authigenic" 

fraction. This was not found to be the case for the hemipelagic sediments 

at site 480, as later demonstrated in this study. 

The carbonate phase of the "authigenic" fraction is composed of 

planktonic and benthic foraminifera. Calcite has been found to scavenge 

lOSe inefficiently(Sourles et al., 1984). This phase of the authigenic 

fraction acts mostly as a diluent of the wae. 

In addition to beryllium, five other elements, were measured from 

the "authigenic" fraction of the sediment. Aluminum was measured because 

of its similarities to beryllium in chemistry and transport through the 

environment. Manganese indicates redox conditions and is enriched in 

hydrothermal fluids. Though iron is less sensitive to redox conditions 

than manganese, it still is sensitive to diagenesis. Calcium is in the 

carbonate phase of the authigenic fraction. 

concentration of magnesium in pore fluids. 

Diagenesis influences the 

Experimental methods and error analysis 

All sediment samples were pretreated to remove the "authigenic" or 

leachable fraction. The sediment samples arrived in rectangular blocks. 

In order to preserve the blocks for further study of structure and bulk 

density, I removed the minimum sample needed. Thus, one end of the blocks 

was removed and crushed for analysis. This left the rest of the block 

intact and in condition to return to the Ocean Drilling Program (ODP). 
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Unfortunately, this could present problems if the sample was laterally 

inhomogeneous. That is, if the sample had been burrowed, or underwent 

slumping during coring, the composition could change from one point of the 

sample to another point horizontal to it. This may explain some 

discrepancies in some samples. 

After crushing, one to two grams of sediment powder were pretreated 

or leached for 6 hours in 0.04 M hydroxylamine HC1. (For more details see 

Appendix C). The sediment and solution was centrifuged, the solution was 

pipetted off, evaporated to dryness, dissolved in a solution of HNOJ + HC1, 

and evaporated to approximately 2 ml. This remaining solution was then 

diluted to 20 ml, and two 1 ml aliquots were taken from the diluted 

solution. One aliquot, designated for beryllium analysis, was placed in 

a 1 oz. polyethylene bottle and diluted with 5% HNOJ solution to 3 ml. 

This was determined to be the minimum dilution necessary for analysis on 

the ICPAES in the University of Arizona's Soil and Water and Engineering 

(SW&E) department. (The measured concentrations for beryllium lay between 

1 and 10 ppb). Another 1 ml aliquot was taken for the other elements (Ca, 

Mg, Fe, Mn, Al) and then was diluted to 26 cc. The concentrations 

measured for these elements ranged from 50 ppm for the manganese to 20,000 

ppm for some of the calcium samples. The remaining 90% of the solution 

(18ml/20ml) was further processed for wBe. 

Errors in the experimental procedure arose in several ways. As 

stated in Chapter 2, in selecting a sample, lateral inhomogeneities in the 

sediment sample could pose difficulties. One section of the sediment 

sample may not be typical of another section. The dissolution of the 

authigenic fraction of the sediment may not be consistent. Bourles et al. 

(1989a) found that the amount of lOBe and 9Be removed from the sediment 

depended on the number of leaches. A single leach (regardless of time) 

always removed less than two combined leaches. It was thought that the 
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second leach may have partially attacked the non-authigenic component. In 

the present study, two leaches covering a total of 6 hours, of less than 

15 ml (due to confinement of a centrifuge tube), were used. Bourles et 

al~ 1989a leached one for 6 hours in 20 ml of solution. Error could 

arise for differing degrees of dissolution, even though the exact times 

procedures were always adhered to. The different phases in the authigenic 

fraction dissolve at different rates. Each phase has a distinct elemental 

composition. As a result, the elemental composition of the leachate will 

change with time. Hopefully, as the reaction goes to completion, the 

composition of the leachate approaches a constant value. 

One sample (9-1, 109-110 cm) was processed five times to obtain an 

estimate of the errors involved for each element. Errors (as measured at 

one standard deviation) were substantial: Al (±12.6%), Fe (±8.5%), Mn 

(±17.2%), Ca (±22.9%), Mg (±15.5%), and Be (±25.4%). Aluminum, iron, 

manganese, calcium, and magnesium were all measured on the ICPAES from the 

same solution. Beryllium, because of its low concentration, was measured 

separately. The precision of the ICP was better than ±1%. The blanks 

were below the limit of detectability for each element. The limit of 

detectability for beryllium was 1 ppb. Since the beryllium in the 

leachate was diluted as little as possible, only 3 cc was available for 

analysis. Even then, the beryllium concentration in the solution was only 

1 to 10 ppb. Measurements of 9Be at such levels may be sensitive to 

unforeseen problems. Two one-cc aliquots were taken from the 20 cc of the 

leachate. Even though the solution was stirred, and the aliquot was 

pipetted from the same location in the graduated cylinder each time, the 

sampled solution may not precisely represent of all of the solution. The 

pipetted solution was then diluted (26 fold) and uncertainties in this 

process could amplify the error. 
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It was decided to normalize the measured elements to aluminum to try 

to reduce the experimental error. Aluminum was chosen because it is not 

sensitive to redox conditions as are iron and manganese, it is less 

soluble than magnesium and calcium, and it is not the element under study 

(i.e., beryllium). Aluminum is also slightly less soluble than beryllium 

and, unlike beryllium, which has a large hydrothermal component, aluminum 

has a predominantly terrigenous source. Normalizing the elements under 

study to aluminum does reduce the procedural error for most of them: Fe 

(±8.5%), Mn (±7.2%), Ca (±12.3%), Mg (±5.5%), and Be (±16.5%). 

An attempt was made to partition two sediments into their separate 

mineral phases for analysis. A Holocene laminated sediment (2-3 18-20) 

and a Pleistocene non-laminated sediment (6-1 68-70) were analyzed to 

obtain a general idea of the differences and similarities between the two. 

The procedures used (Appendix C) were those adopted from Bourles et ale 

(1989a) who, in turn, adopted earlier work from Tessier et ale (1979) and 

Eggiman et ale (1980). The procedures partition the sediment into six 

fractions: exchangeable cations (Step I), carbonates (II), Fe-Mn 

oxyhydroxides (III), organic matter (IV), biogenic opal (V), and the 

silicates residue (VI). This was done in order to understand how the 

elements are partitioned in the sediments. The behavior of the elements 

during transport to site 480, and during diagenesis afterwards should be 

reflected in the data. 

The "authigenic" fraction of the sediment, that was analyzed for all 

the samples, contains phases I+II+III. The iron and manganese hydroxides 

(III) are the likely scavengers for lOBe. The exchangeable cations in 

phase I sample the surrounding pore fluids in the sediments. Unlike the 

Fe-Mn hydroxides, the carbonates (II) have been shown to scavenge only low 

concentrations of wBe (Bourles et al., 1989a). 



62 

The residue left after the standard analysis contains phases 

IV+V+VI. The residue contains not only terrigenous and perhaps authigenic 

silicates (VI), but biogenic opal (V), and organic matter (IV). Because 

biogenic opal (diatoms) is the dominant component of the sediments it was 

thought that it should be examined more closely. These sedimentG are also 

organic rich (2-3% of the total sediment) and the chelation of metals by 

the O.M. is a possibility. 

Unfortunately, a number of problems in the procedures used allowed 

only a rudimentary analysis of the two sediment samples. Both of the 

reagents used to separate phase II (carbonates) and V (biogenic opal) 

contain Na, (NaOAc (II), Na2COJ (V». Solutions containing substantial 

amounts of sodium were diluted for ICP analysis at the S.W.& E. 

laboratory. Excess sodium is corrosive to the quartz within the ICP 

analyzer. Data that have been noted as an upper limit «) in this study 

had been diluted. 

Another problem became apparent after analysis of the data. For 

step I, the separation of the exchangeable cations, MgC12 was used (a 

standard procedure). This obviously makes measurement of Mg for this step 

useless. Unfortunately, it appears that enough residual Mg may have been 

left to contaminate the following steps (Possibly II and III). The MgC12 

may also contain enough CaC12, at ppm levels, to call into question steps 

I, II, and III. Since beryllium is measured to the sensitivity of a few 

ppb, it would not take much beryllium (BeC12 ) in the MgC12, to contaminate 

the results. 

The whole procedure for the separation of the six phases of the two 

sediments was designed to obtain a quick overview of the partitioning of 

the elements in the sediments. It was decided, because of the labor 

involved, to analyze only two sediments without the use of a blank or 

control. However, a blank would be necessary for future analysis even 
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though it was not specified in Bourles et al. (1989a) procedure. Even so, 

the iron and manganese data for this procedure seem to be the most 

reliable. The results are presented in Table III-l and will be presented 

in conjunction with the discussions of each separate element. 

Table III-1: Elemental distribution among separated fractions of a 

laminated (1) and homogeneous (2) sediment (elements normalized against 

aluminum) • 

I II III Authi IV V VI Residue Total 

Al.ppm (I) ::;264 ::;5550 1082 951 6064 ::;5550 64340 32180 56270 

(2) ::;246 --- 1385 671 5201 ::;5200 64880 77310 60090 

MnlAI.(1) ::;0.125 ::;0.025 0.049 0.069 0.009 ::;0.025 0.0026 0.0028 0.004 

(2) 0.333 --- 0.016 0.071 0.005 ::;0.025 0.0026 0.0029 0.004 

Fe/AI.(1) ::;0.250 ::;0.250 6.64 4.90 0.74 ::;0.25 0.292 0.298 0.392 

(2) 2.17 --- 13.63 14.57 0.81 ::;0.25 0.238 0.294 0.481 

Co/AI.(1) ~31.4 ~5.0 1. 45 11.96 0.25 ::;5.0 0.05 0.21 0.38 

(2) 49.4 --- 0.89 4.86 0.34 ::;5.0 0.11 0.25 0.26 

Mg/Al.(I) --- ::;5.0 2.1 8.68 0.48 ::;5.0 0.15 0.16 0.31 

(2) --- --- ::;0.9 4.54 0.30 ::;5.0 0.11 0.14 0.20 

Bel AI. (1 0--) 1.84 1. 73 8.9 5.16 0.44 --- 0.30 0.45 0.40 

(2) 7.32 --- 4.9 4.56 0.31 --- 0.24 0.15 0.22 



Phase I 

II 

III 

Exchangeable cations 

Carbonates 

Fe-Mn Oxyhydroxides 

IV -- Organic Matter 

V -- Amorphous Silica (bio. opal) 

VI Silicates 

Authigenic Fraction (Phases 1+11+111) All phases separated at once, 

Used for all the sediments in this study 

Residue Fraction (Phases IV+V+VI) --The remainder after the authigenic 

has been removed 

Total -- The entire sample dissolved in one step 

Note* -- Step II and V used a Na-bearing reagent. The solutions had to be 

diluted so they could be run on the ICP. 

The solution was lost or not measured because of excess Mg 

Aluminum 

Aluminum was chosen for normalization of the other elements. 

Aluminum has similarities with beryllium in chemistry and transport 

through the environment. These similarities and differences should help 

one understand the 9Se and lOBe cycles better. In addition, 26Al, like lOSe, 

is another cosmogenic radionuclide under present study elsewhere. This is 

an opportunity to understand how 9Se , lOBe, and aluminum are interrelated 

in the environment. 

Table 111-2 shows endmember composition in several reservoirs of 

aluminum and the other elements normalized to aluminum. Aluminum is a 

major component of the crust of the earth but it is a minor constituent as 

a dissolved species in fluvial waters and particularly seawater. As river 

water reaches estuaries, about 20% of aluminum is removed. This is 

thought to occur by flocculation of high-molecular-weight dissolved humic 

acids, and clays that aluminum resides on as a exchangeable cation 

(Sholkovitz, 1978). 
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Table III-2: Major elemental endmember compositions normalized to 

aluminum and MORT (Mean Oceanic Residence Time) for each element. 

crust Fluvial seawater iAtmosphere Hydrotherm MORT 

average dissolved open sea ~ust(sol. ) Guaymas B. years 

Al pg/g 8.4 x 104 5.0 X 10.2 8.0 X 10-4 9.0 X 10.2 9.5 X 10.2 6.3 X 

Mn/Al 1.7 x 10.2 1.4 X 10.1 3.8 X 10.1 1.0 X 10.1 8.1 X 101 3.2 X 

Fe/Al 8.4 x 10.1 8.0 X 10.1 7.5 X 10.2 8.3 X 10.1 2.7 X 101 7.0 X 

Mg/Al. 3.8 x 10.1 8.2 X 101 1.6 X 106 1.1 x 103 0.0 x 10° 5.0 X 

ca/Al 6.3 x 10.1 3.0 X 102 5.2 x lOs 2.2 X 102 1.5 X 104 1.3 X 

Be/Al 1.8 x 10's 2.0 X 10.4 2.5 X 10.4 2.7 X 10.4 1.2 X 10.2 6.3 X 

Data for Al (atmosphere) in pg/cm2/y 

Data for the crustal abundances, dissolved fluvial and sea, and MORT 

derived from Faure (1991). 

101 

101 

10.1 

107 

106 

101 

Data for the Guaymas Basin hydrothermal vents derived from campbell and 

Gieskes (1984) and Von Damm et al (1985). 

Data for the atmosphere derived from Chester (1990). 

At sea, aluminum removal is a direct function of particulate 

concentration. It is depleted in coastal waters (Measures et aI, 1984). 

Even though two-thirds of aluminum enters the sea by streams and rivers 

most of it is removed along the coast. The residence time of aluminum, 

shown in Table 111-2, is an average for the entire ocean (MORT, Mean 
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Oceanic Residence Time). In reality, the residence time for dissolved 

aluminum can vary by several orders of magnitude. The residence time can 

be as short as 35 days in surface waters of an upwelling region, like the 

Gulf of California (Moran and Moore, 1988), to 200 years in Pacific Deep 

water (Moran and Moore, 1992). One third of the aluminum in the open sea 

arrives on dust (Orians and Bruland, 1986). Of this, about 8 to 10% of 

the aluminum brought to the open ocean is water soluble (Maring and Duce, 

1987) • Hydrothermal fluids released on the sea bottom are enriched in 

aluminum, but this provides less than 3% of the total dissolved aluminum 

to the sea. 

In upwelling regions of the sea, such as the Gulf of california, 

aluminum is removed from the surface waters by biogenic particles (Moran 

and Moore, 1992) and is carried to the sediment below. Some of the 

dissolved aluminum in seawater just above deep-sea sediments is thought to 

originate during early diagenesis within the top meter of the sediments 

(Moran and Moore, 1992). Aluminum in the interstitial waters of sediment 

is enriched over that in the overlying water by 3 to 30 times (Cashetto 

and Wollast, 1979). Alkalinity in the anoxic pore waters is high due to 

release of CO2 from decaying organic matter. The consequent dissolution 

of the biogenic amorphous silica releases aluminum to the surrounding 

porewaters. Aluminum is the most abundant trace metal in biogenic opal, 

1 to 10 mg Al/g Si02 (Stoffyn-Egli, 1982). Most of the aluminum adheres on 

or is incorporated just within the surface of diatoms. Dissolution of the 

opaline phase may remove this aluminum. The dissolved aluminum in the 

pore waters may then precipitate as aluminum hydroxide or as an alumino

silicate. 

The data for aluminum in Table III-1 are inconsistent in some 

sediment fractions, due to some of the problems outlined earlier in this 

section, but some generalizations about aluminum can be made. Only 1 to 



67 

2% of the aluminum resides in the authigenic fraction, the rest in the 

residue. The aluminum in the authigenic fraction resides primarily in the 

Fe-Mn oxyhydroxide phase, perhaps as Al (OHb. Most of the aluminum in the 

residue is in the alumino-silicate minerals. However, as much as 10% of 

the aluminum may be trapped in the organic matter, and less than 10% is 

left in the biogenic opaline phase. 

Figure 3.1 plots the authigenic aluminum at site 480 as a function 

of depth. Most conspicuous is a "spike" of aluminum at 11. 8 meters 

depth, or just above the oxygen isotope 1-2 boundary. The aluminum in the 

authigenic phase may derive from the partial dissolution of biogenic opal. 

Therefore, the "authigenic" aluminum concentration may reflect the 

concentration of aluminum in the surface waters of the Gulf of California. 

It is proposed that the aluminum spike at 11.80 meters results from a 

large fresh-water discharge from the Colorado River at the terminus of the 

glacial period. The dissolved aluminum in fluvial waters is 60 times 

higher than seawater, Table III-2. At this depth, Keigwin and Jones 

(1991) had noted an oxygen-isotope anomaly which they attributed to a 

large incursion of fresh water into the Gulf of California from glacial 

meltwater. Another possibility for a significant aluminum increase is 

through the addition of aluminum to the sea by a greatly increased 

atmospheric input (25 times as much as the present). However, studies of 

dust concentrations in glacial ice show that the atmosphere was quite 

dusty throughout oxygen isotope stage 2 not just at the 1-2 boundary 

(Thompson and Mosely-Thompson, 1981). Stage 2 in this core, 12.5 to 20 

meters in depth, shows no significant aluminum increase. Therefore, an 

increase in aluminum input from dust into the ocean is not noticeable at 

site 480. 
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Figure 3.1 The concentration of aluminum in the authigenic fraction of 

the sediments per gram of total sediment as a function of depth at site 

480. 
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In oxygen isotope stage 3, from 20 to 40 meters in depth at site 

480, are several aluminum spikes smaller than the one at the 1-2 boundary. 

This section of the core is interspersed with laminated and non laminated 

sediments. Glacial meltwater from the Colorado River and/or an increased 

rainfall in the Gulf of California drainage basin could be responsible. 

However, it is presumed that in the Southwest the rainfallwas also higher 

during the glacial maximum, stage 2. But during this interval, the 

sediments between 15 and 20 meters, the aluminum content in the surface 

waters was no higher than during the Holocene. This would indicate little 

more runoff than that of the present or that runoff from increased 

precipitation does not significantly increase transport of aluminum to the 

Gulf of California. This would imply that the aluminum "spikes" are of 

glacial meltwater origin. During this period of time, the GISP2 ice core 

oxygen isotope record indicates that the climate warmed and cooled 

rapidly, and this could lead to rapid melting of glacial ice in the 

Colorado River basin. However, damming of the Colorado River by basalt 

flows (Vulcan's throne) occurred at least once during the last 50,000 

years ( P.E. Damon, personal communication). 

The aluminum concentration in the sediments below 42 meters is lower 

than that of the Holocene. The water of the California current is lower 

in dissolved aluminum than in the surface waters of the Gulf of California 

(Orians and Bruland, 1986). The California Current has been thought to 

have made incursions into the Gulf of California in the past (Keigwin and 

Jones, 1991). It is suggested that the laminated sediments below 42 

meters were deposited under marine conditions more like the open ocean 

than the present. 

Manganese 

Manganese is widely used as a model element for studies of redox 

chemical cycles in the sea (Johnson et al, 1992). It will be used as such 
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in this study since it was found that diagenesis of the authigenic phase 

of the generally sediment masks the manganese origin. Manganese is common 

in the crust (about 2% of the aluminum concentration). The fluvial 

dissolved flux of manganese to the sea is approximately 17% of the total 

flux from manganese in fluvial particulate matter, and about 3.5% of 

hydrothermal sources (Chester, 1990). Flux of manganese from dust and 

fluvial input each contribute about 10% of dissolved manganese to the sea. 

The profile of manganese concentration versus depth in the open sea 

is source dependent. Hydrothermal sources increase manganese in deep 

water, eolian and fluvial sources increase the manganese concentrations in 

surface water, and an increase also occurs at oxygen minimum zones. 

Horizontal advection and diffusion of manganese from nearshore sediments 

has been proposed as a major source of dissolved manganese in the O2 

minimum zone (Klinkhammer and Bender, 1980). Anoxic and sub-oxic 

hemipelagic sediments in this zone are thought to provide a net flux of 

manganese to the water column above (Trefey and Presley, 1982). However, 

Johnson et al (1992) found that sediments were not the predominant source 

of manganese in the oxygen minimum zone. The flux of manganese from the 

sediment actually decreased with decreased oxygen content in the water. 

Johnson et ale (1992) speculated that the excess manganese in the water 

column was generated in situ by reduction of manganese on falling 

particles or a reduction of the rate of manganese scavenging in the zone. 

A major source for manganese in the seas is from hydrothermal 

sources at the bottom of the seas. Site 480 is not far from active 

hydrothermal sources in the Guaymas Basin. The hydrothermal vents in the 

Guaymas Basin are 1900 meters below sea level and approximately 40 km 

southwest of site 480. Hydrothermal clouds, deeply enriched in dissolved 

silica, barium, manganese, and beryllium, emanate from chimneys or smokers 

within the troughs in the Guaymas Basin (Campbell et al., 1988). The 
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bottom waters of the Guaymas Basin were thought to be composed of at least 

0.1% hydrothermal fluid. The residence time of manganese released from 

these hydrothermal vents in the sea above is thought to be only about one 

to two weeks (Campbell et al., 1988). Bacteria oxidize the dissolved 

manganese and convert it into a particulate form which then settles out of 

the sea. Most of the manganese settles out within 5 km of the trough. 

The residence time of manganese in the open ocean is longer than in the 

Gulf of California (up to SO years) because of the relative absence of the 

bacterium, Metallogenium. 

At site 480, from Table III-l, the MnlAl ratio is more than an order 

of magnitude higher in the authigenic fraction than in the residue. About 

one third of the manganese in the total sediment sample resides in the 

"authigenic" fraction. This is due in part to the increase of aluminum in 

the residue. However, even in the organic matter and diatoms, the MnlAl is 

lower than that in the "authigenic" phase. This, perhaps, indicates a 

surface seawater source for these phases. The highest MnlAl is in the 

exchangeable cation phase, and is similar to the MnlAl of seawater. The 

MnlAl in this phase is lower in the laminated sediment than the 

homogeneous sediment, perhaps a result of deposition under more reducing 

conditions. The other phases, II-IV, are depleted in manganese with 

respect to the endmember compositions (Table 1II-2) of seawater. 

Apparently some manganese was lost to the overlying water column. The 

MnlAl is the same for the silicate phase for both laminated and 

homogeneous sediments and indicates a similar source for the detrital 

fractions of these sediments. The overall MnlAl for the total sediment is 

0.004 as compared to the ratio of 0.005 for detrital sediment at the mouth 

of the Gulf (Gieskes et al., 1982). Slope sediments in the oxygen-minimum 

zone are presumed to have low ratios of 0.002 (Campbell et al., 1988) as 

a result of the loss of manganese to the overlying reducing waters. The 
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Mn/Al of 0.004 at site 480 indicates less manganese loss to pore waters 

and to the overlying seawater. 

An enriched source of manganese from the hydrothermal vents in the 

Guaymas basin is pC1ssible (Mn/Al-60). It appears, though, that throughout 

most of the core, the reducing conditions in the water column above the 

sediments, even in the homogeneous sediments, prevents significant 

manganese deposition from the seawater column above the sediments to the 

sediments below (two exceptions, are discussed below). Manganese in the 

"authigenic" faction does not correlate with the other major cations, even 

iron. This seems to indicate that the concentration of manganese in the 

authigenic fraction at site 480 is largely independent of source but 

depends on diagenesis. 

The concentration of manganese varies little between the homogeneous 

sediments in the Pleistocene and the laminated sediments in the Holocene 

(Figure 3.2). Manganese seems to decrease in sediments shallower than 7 

meters, perhaps due to enhanced anoxic conditions. 

Two "spikes" of manganese concentration can be observed at 46 and 

37 meters in depth in the sediment core (Figure 3.2). One possible 

explanation for these spikes is that manganese concentrations in the 

sediment increased due to changes in the redox conditions within the 

sediment (Froelich et al., 1979). Manganese reduced to Mn+2 and dissolved 

under anoxic conditions in the sediment, will enter the surrounding pore 

fluids. The manganese in the pore fluids moves upward in response to 

compaction of the sediment or diffusion. Upon entering more oxic pore 

water in sediments at the seawater/sediment interface, the manganese will 

be oxidized to Mn+4 and precipitate. Over time, the concentration of 

manganese will increase in the oxic sediments, producing a spike. The 

above scenario is probably not the case for the two spikes of manganese at 

site 480. The sediments at 45 meters are laminated and were deposited 
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Figure 3.2 The concentration of manganese (top figure) and 

manganese normalized to aluminum (bottom figure) in the authigenic 

fraction of the sediments. 
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under anoxic conditions. As a result, there never was an oxic sediment 

layer in which Mn+2 would precipitate. At 37 meters, the sediments are 

homogeneous and perhaps were deposited under slightly more oxic 

conditions. However, iron concentrations decrease in the same interval of 

sediments. The iron concentrations would be expected to increase or 

perhaps stay the same (Froelich et al., 1979) with an increase in the 

oxygen content in the sediments. 

Manganese spikes have also been noted in deep-sea sediments at the 

Glacial-Holocene boundary (Berger et al., 1983). Mangini et al. (1990) 

noted an increase of manganese in nodules at the beginning of 

interglacials. They hypothesize that during glacial stages the 02 

concentration was lower in the water column of the deep sea above the 

nodules and sediment. This was due to greater biological productivity in 

the sea and the resulting increase in transport of organic matter to deep 

water. At the end of the ice age, productivity decreased and the deep sea 

became more oxic. subsequently, the excess dissolved manganese in the 

seawater precipitated in the sediments below. However, at site 480, there 

is no manganese spike at the glacial-Holocene boundary. The site is not 

in deep waters but presently within an oxygen minimum. Therefore, the 

chronological sequence may be reversed. The sediments below 42 meters, 

even though laminated and formed under anoxic conditions, may have been 

deposited when the water column above site 480 was becoming more 

oxygenated. This is evidenced by the non-laminated sediments above the 

manganese spike. The excess manganese in the water column precipitated 

and deposited in the sediments below. The two manganese spikes might 

result from relatively rapid changes in the oxygen content of the 

overlying waters above the sediments at site 480, perhaps in response to 

the changing water masses as indicated by the aluminum concentration (see 

previous section). 
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The sharpest increase in manganese concentration was at 37 meters, 

and it coincides with the largest beryllium (9) increase (see section on 

beryllium). Both elements are enriched in hydrothermal fluids. Therefore 

the possibility that the manganese spike at 37 meters has a hydrothermal 

origin has to be left open. 

Iron 

Iron is also sensitive to changing redox conditions of the 

surrounding solution but is less so than manganese. Iron carbonate, 

sulfides, silicates, and hydroxides are less soluble than the 

corresponding manganese compounds and react with oxygen more readily 

(Krauskopf, 1957). Iron and manganese can be separated during transport, 

precipitation, and later alteration. 

The Fe/Al in river water is about the same as that found in the 

average crust (Table 111-2). Nevertheless, only about 1% of iron is 

transported in solution. Iron is mostly transported in the form of 

hydrous Fe (III) oxides stabilized by high-molecular weight humic acids. 

Iron, upon reaching estuaries, is almost completely removed (-95%) by the 

flocculation of the humic acid colloids (Sholkovitz, 1978). In contrast, 

only 25-45% of manganese is removed. 

Almost as much iron is delivered to the open sea from atmospheric 

dust as that delivered by rivers (Chester, 1990). Hydrothermal fluids 

release 108 times as much iron to the deep sea as streams do. However, the 

iron is precipitated rapidly upon mixing with sea water in tbe vents or on 

the sea floor. Nevertheless, iron is enriched with respect to average 

seawater in the waters directly over the Guaymas hydrothermal vents (Table 

III-2) • 

The Fe/Al of the exchangeable cations is high in the non-laminated 

sediment (Table 111-1). The enrichment of iron could result from mixing 
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of hydrothermal fluids and seawater. More likely, however, the difference 

in iron enrichment between the laminated and the non-laminated sediments 

result from diagenesis. Partial dissolution of iron (III) from 

particulates in the overlying anoxic seawater and reprecipitation within 

the pore fluids of the sediments as iron (III) and iron (II) is the major 

source for iron in the sediment. The iron is enriched in the authigenic 

fraction of the sediments becau6e of formation of hydrogenous 

ferromanganese coatings on particulates. 

The Fe/Al for organic matter, like that for manganese, and for that 

matter for Ca, Mg, and Be, is much lower (1/14) than that of the 

authigenic fraction and closer to that of the residue (3 times higher). 

Apparently, organic matter in the surface-waters of the Gulf adsorbs an 

aluminum-rich, terrigenous component from the water. It then transports 

this component downward to the bottom sediments along with the other 

elements from the surface. In doing so, it may also adsorb some elements 

from the deeper waters and sediments to produce a surface-water dominated 

mixture. 

The iron concentration that was measured in the "authigenic" 

fraction of the sediment is particularly sensitive to the experimental 

methods. The reagent (Hydroxylamine HC1), used in this study, removes the 

authigenic component from the sediment by reducing Fe (III) to Fe (II) in 

a mildly acidic solution (25% acetic acid). Unfortunately, this method 

had limitations. During diagenesis under anoxic conditions, some of the 

iron will be reduced to form sulfides. The chemical method thus employed 

will not release this "authigenic" iron. Bacteria use sulfate to oxidize 

organic matter, 2CH20 + SO"~4 -t H2S + 2HCO"Jt and the H2S reacts with iron. 

Pyrite forms early, within the top meter of the sediment, until sulfate 

reduction is complete or excess reducible iron is used up (Gieskes et al., 

1982). At deeper sediment depths, pyrite forms slowly from iron removed 
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from layered silicates (Canfield et ale 1990). How much FeS2 is in the 

sediments at site 480 is unknown. Therefore the amount of iron measured 

in the "authigenic" fraction is only that in the oxyhydroxide phase and 

not i~ the sulfide phase. Iron, like manganese, is sensitive to the redox 

conditions. Unlike manganese, little iron is lost to the porewater fluids 

and consequently to the seawater above. Instead, iron is converted into 

a form (FeS2) in the sediment that was not directly measured. It was only 

indirectly measured when it was dissolved in the strong acid that was used 

to dissolve the silicates. 

Figure 3.3 shows the plot of iron versus aluminum (Al (ppm}=O.lFe 

(ppm) + 220 (ppm}). As can be seen, iron is not strongly correlated with 

aluminum (r=0.51). Some of the iron, like aluminum, has a terrigenous 

source. The correlation may have been higher if the iron sequestered as 

FeS2 had been measured, but this is not certain. The correlation could, 

instead, indicate a more indirect relationship between iron and aluminum. 

For instance, more oxygenated waters of the glacial period may result from 

pulses of aluminum-rich fresh water to the Gulf. 

Figure 3.4 shows that the iron (oxyhydroxide) is low in the 

laminated sediments in the Holocene and in those below 40 meters. The 

iron concentration is high in the homogeneous and partly-laminated 

sediments. The plot of Fe/Al should deemphasize the terrigenous iron 

component (that is the iron that correlates with Al) and highlight the 

diagenetic (redox) behavior of iron in the sediments. The Fe/Al is high 

for the laminated sediments below 40 meters primarily because of the 

decrease of Al in the seawater at this location at that time. It is very 

low at 11.8 meters because of the aluminum spike. 
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Figure 3.4 The concentration of iron (top figure) and iron 

normalized against aluminum (bottom figure) in the authigenic fraction of 

the sediments. 
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The homogeneous sediments between 13 and 20 meters in depth were 

deposited during the height of the glacial stage when the sea level was 

concentration lowest. The Fe/Al is high in these sediments. The 

aluminumof the sea was similar to that of the Holocene but the iron 

concentration in the sediments increased. The increase in iron 

concentration in the authigenic fraction was due to increased oxidizing 

conditions in the sediment and those conditions allowed more iron to 

remain oxidized, and in a measurable form. Less iron had been reduced to 

the non-measured iron sulfides as opposed to those sediments in the 

Holocene. 

The increased iron concentration in the homogeneous sediment may, in 

part, be due to the increased deposition of iron at site 480 from the 

overlying waters. The sedimentation rate (g/cm2/y), based on radiocarbon 

analysis, was higher at the time of the deposition of the homogeneous 

sediment than in the Holocene or earlier in the Pleistocene. The higher 

sedimentation rate, however, is not accompanied by an increase in 

aluminum. The increase of the aluminum concentration, as noted earlier, 

correspond with increased meltwater to the Gulf of California. But the 

increased discharge (with the entrained aluminum) is not associated with 

a significant increase in the sedimentation rate or iron concentration in 

the sediment. The increased dissolved aluminum in the Gulf of California 

would suggest that the associated sediments were deposited in the Colorado 

delta or along the shore, rather than at site 480. The significant 

increase in the sedimentation rate between 13 and 20 meters in depth was 

due to the lowered sea level. Site 480 was then closer to the shoreline 

and more sediments were deposited on the slope rather than on the 

continental terrace like in times of raised sea levels (Curray and Moore, 

1964). The continental terrace was almost fully exposed during periods of 

maximum glacial extent. 
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The lowered sea levels could also increase the flux of iron from the 

shoreline to site 480 over that of the present time. Van Andel (1964) 

noted that the sediments along the coast, to water depths of about 250-300 

meters, contained large particle grains covered by iron oxide coatings 

(Figure 3.5). These coatings are missing on grains in the more anoxic 

waters at greater depths. This would, in effect, be a source of dissolved 

iron to the surrounding waters. During lower sea-level stands, that 

source of iron would be closer to site 480. The greater flux of iron to 

the sediments along with the slightly more oxic waters at site 480 

In general, the Fe/Al is higher in the homogeneous sediments than in 

the laminated sediments for the sediments between 22 and 32 meters in 

depth. This would seem to indicate slightly higher oxidizing conditions 

in the non-laminated sediments. Most prominent is a Fe/Al spike at 24.45 

meters in depth. Presumably, the sediments at 24.45 meters deposited 

under the most oxidizing waters. 

Calcium 

Calcium is a conservative element in the sea. Its residence time in 

the sea is much longer than the mixing time of the sea but much shorter 

than that of chlorine. Therefore, the concentration of calcium in the sea 

is much less source dependent than the nonconservative elements discussed 

earlier (Al, Fe, Mn). Calcium is abundant in the crust (Table III-2) and 

because of its greater solubility than aluminum, it is greatly enriched in 

stream water with respect to aluminum. It is also enriched in atmospheric 

dust (Chester, 1990). Hydrothermal systems along the sea bottom release 

calcium but at concentrations less than that of seawater. 

Excess calcium is removed from the sea mainly by incorporation into 

organisms in the ocean such as foraminifera, coccolithophorids (plants), 

and pteropods (pelagic mollusks). Carbonate removal from the sea by 
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Regional distribution of red-stained detritals in the 

Gulf of California, in per cent by number of the 0.06-0.25 mm fraction. 

Light shading, 3-9 per cent; dark shading, 10-20 per cent (from van Andel, 

1964) could have increased the amount of iron precipitated as a iron 

oxyhydroxide. 
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carbonate-secreting organisms is greater than the addition of calcium to 

the oceans by all sources. The budget of calcium is balanced by the 

dissolution of calcium carbonate in the deep sea. The upper waters of the 

sea are supersaturated with respect to calcium carbonate. Both calcite 

and aragonite are soluble in deeper sea water and the solubility increases 

with increasing pressure and decreasing temperature. As sinking carbonate 

particles approach the calcium carbonate compensation depth (CCO), 

dissolution increases. Below the (CCO) dissolution might reach 

completion. Carbonate sediment oozes usually are limited to topographic 

highs in the ocean (above 3 to 5 km in the Pacific for calcite, and 1 to 

2 km for aragonite). 

The production of calcium carbonate is geographically distributed. 

High fertility areas, such as along upwelling coastlines, are dominated by 

siliceous diatoms. In low-fertility areas, such as the central gyre of 

the Pacific, coccoliths dominate production. The concentration of calcium 

in the underlying sediments is a function of productivity and water 

conditions (temperature, depth, alkalinity, etc.). 

Within sediments, CaC03 can continue to dissolve. But under anoxic 

conditions, anaerobic sulfate reduction tends to preserve carbonate 

(Dunbar and Berger, 1981). Decaying organic matter, releases CO2, this 

increases dissolution of CaC03 but the interstitial pore waters become 

saturated with caC03 and dissolution of CaC03 decreases (Crawford and 

Schrader, 1982). Unless the CaC03-bearing pore waters are removed, 

dissolution of CaC03 in the sediments becomes an equilibrium process. 

The data presented for calcium in Table III-1 is questionable for 

the reasons outlined in the earlier procedural section. Calcium is 

enriched in the authigenic phase, obviously due to the presence of calcium 

carbonate. In addition, a significant amount of exchangeable calcium from 

the pore waters is present. As noted before, the organic matter carries 
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Figure 3.6 The concentration of calcium (top figure) and calcium 

normalized to aluminum (bottom figure) in the authigenic fraction of the 

sediments. 



85 

a more detrital Ca/Al signature than does the authigenic fraction. 

Because of the problems with Na, it cannot be determined whether the 

carbonate phase also carries a surface-water component. 

LeClaire and Kelts (1982) studied the CaC03 distribution in the core 

at site 480. The distribution of CaC03 is very similar to the distribution 

of Ca in this study (Figure 3.6). Calcium carbonate production was 

highest in the latest Pleistocene in the homogeneous sediments. Also 

concentrations increase at depth, notably in the laminated sediments below 

43 meters. It was thought that the pulses of CaC03 production resulted 

from perturbations in upwelling or oceanographic conditions (LeClaire and 

Kelts, 1982). The calcareous-rich sediments are thought to represent 

times of lower productivity in the surface waters (Crawford and Schrader, 

1982). Kelts and Niemitz (1982) hypothesized two reasons for this: (1) 

reduced upwelling was due to lower salinity "lid" resulting from increased 

discharge from a wet climate or glacial meltwater input decreasing 

production, (2) or an increased terrigenous input to the sea which dilutes 

the diatom population in the sediment making it appear that the 

productivity increased. The sedimentation rate did increase during the 

latest Pleistocene when the homogeneous sediments were laid down. This 

would dilute the diatom population in the sediment. The aluminum data 

suggest that meltwater increased discharge into the Gulf of California in 

the past and, perhaps, produced a low salinity lid. However, it is 

important to that note calcium carbonate was not deposited at the same 

time as the "low salinity lid". 

Figure 3.7 shows the relationship of calcium (and hence CaC03 ) to 

that of aluminum (presumed to be dissolved aluminum). It is apparent that 

for almost all cases, only was formed or preserved CaC03 when the dissolved 

aluminum concentration in the surface waters was low. If the dissolved 
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Figure 3.7 The concentration of calcium (~ and aluminum (+) in 

the authigenic fraction of the sediment at site 480. 
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aluminum concentration exceeded some threshold, CaC03 was not deposited. 

During the Holocene both CaC03 and aluminum concentrations in the 

authigenic phase of the sediment were relatively low. 

The increased discharge of fresh water, as indicated by the 

dissolved aluminum, inhibited CaC03 formation. Unfortunately, silica data 

was not obtained for the whole sample, so the effect on diatom production 

is not known. Diatom population would reflect productivity and upwelling 

intensity. A study of diatoms and foraminifera populations (Murray and 

Schrader, 1982) near the oxygen isotope 1-2 boundary showed an 

anticorrelation. Diatom populations were high when those of 

foraminiferawere low. Since diatoms transport aluminum to the sea bottom, 

it might be reasonable to expect an increase in aluminum content 

proportional to the diatom population. Therefore the aluminum would 

anticorrelate with CaC03 • However, in the diatom-rich laminated sediments 

from the Holocene and below 42 meters, the aluminum concentration is low. 

It is presumed in this thesis that the diatoms transport aluminum in 

proportion to the aluminum concentration in seawater. Even so, it cannot 

be determined whether glacial meltwater events had any effect on local 

upwelling with the present data. 

LeClaire and Kelts (1982) thought that the CaC03 pulses were due to 

an incursion of the California current. An outside water source is 

supported by a lower aluminum content than the rest of the core below 42 

meters along with increased CaCOJ • In the Holocene, however, both aluminum 

and caC03 concentrations are low. Upwelling has perhaps been more intense 

during the late Holocene. 

Alternatively, calcium carbonate and aluminum may be anticorrelated 

due to reasons other than oceanic circulation. Surface waters high in 

aluminum may have been too turbid, too fresh, or too acidic for 

substantial cacoJ production. 
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Magnesium 

Magnesium, like calcium, is largely source independent in the sea. 

It is slightly less abundant in the crust and much less abundant in stream 

waters than calcium. However, in sea water, because no organisms make Mg

minerals, magnesiums residence time is longer than calciums, and 

consequently magnesium has a higher concentration in the sea than calcium. 

It, like calcium, is a major, salinity contributing element in sea water 

(Chester, 1990). 

Only 5% of carbonate is composed of magnesium. About 40% is removed 

to the sediments through ion exchange, glauconite formation, Mg-Fe 

exchange and burial of interstitial water (Drever, 1974). Most of the 

remaining magnesium is removed by basalt-sea-water reaction (precipitation 

as sepiolite). 

From Table 111-1 it is apparent that magnesium is enriched in the 

authigenic phase. For reasons explained earlier (the use of MgClz), the 

data for the separated phases I, II, and III are not reliable. The 

magnesium in the combined authigenic phase (I+II+III) is high with respect 

to aluminum. The concentration of magnesium is comparable to that of 

calcium in this phase. Since magnesium composes only 5% of typical 

carbonates, a significant fraction of the authigenic magnesium is presumed 

to be partitioned in the exchangeable cation phase. 

Figure 3.8 shows that magnesium, in general, decreases with depth. 

Magnesium ion exchange in the sedimentary column is important. In surface 

sediments 40% of the total available exchange sites of the sediments are 

occupied by magnesium (von Breyman et al., 1990). Magnesium depletion 

with depth in pore fluids is well known (Sholkovitz, 1973). Magnesium is 

removed from pore fluids by ion exchange processes (Bischoff et al., 

1975). In reducing conditions, iron oxide coatings on clay minerals are 

removed to form sulfates. Previously blocked exchange sites on the 
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Figure 3.8 The concentration of magnesium (top figure) and 

magnesium normalized to aluminum (bottom figure) in the authigenic 

fraction of the sediment. 
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mineral become available for Mg+2 uptake (Sholkovitz, 1973). On the other 

hand, when sulfate is depleted and CO2 and ammonium (NH4+) is strongly 

enriched, magnesium can be released to the pore waters when NH4+ replaces 

Mg+2 on the exchange sites. 

The magnesium released to pore fluids in the sediments is assumed to 

stay in the sediment upon drying of the sediment core onboard ship. 

Therefore, the analysis of magnesium in this experiment should include 

magnesium from pore fluids and that in exchangeable sites on the mineral 

phases. Magnesium must be lost to some phase other than phases I, II or 

III. Dolomitization has been suggested for the removal of magnesium from 

pore fluids but the magnesium in the authigenic fraction of the sediments 

(that contain carbonates) decreased. When magnesium was displaced to the 

surrounding pore fluids, the fluids may have carried the excess magnesium 

to sediments or the water column above. In addition, Drever (1971) 

suggested that magnesium was removed from the pore fluids by it replacing 

iron in the silicate phase. As iron is reduced in the silicate minerals, 

magnesium will exchange with the iron. 

Beryllium 

Unlike the other elements mentioned previously, beryllium is a minor 

element. Its composition in the average crust is about 1.5 ppm, higher (3 

ppm) in granites, and lower (0.7 ppm) in basalts. In Table 111-1, the 

average composition of the rocks surrounding the Gulf of California is 

taken as that of the average crustal composition. Beryllium is slightly 

enriched in stream waters with respect to aluminuln (Table 111-2). In 

estuaries beryllium behavior depends on the salinity and the pH of the 

mixing river and sea waters (Measures and Edmond, 1983). The 

concentration of dissolved beryllium is higher in acidic river water. 

Upon reaching the estuarine mixing zone, beryllium absorption on 
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flocculating particulate matter removes most of the beryllium, the 

remaining dissolved ber.yllium behaves in a more conservative manner. The 

concentration of dissolved beryllium is already low in alkaline river 

waters, therefore less beryllium is removed in estuarine mixing than in 

acidic river waters. About 90% of the particulate matter transported into 

the estuaries is deposited there under present-day hydrological conditions 

(Chester, 1990). As a result, the beryllium that reaches the sea adsorbs 

onto the remaining 10% of the particulate matter or is in solution. The 

net estuarine retention is estimated to be above 80% (Measures and Edmond, 

1983). 

Atmospheric input of beryllium to the sea has been estimated to be 

as high as 80% of all the beryllium entering the ope~ sea (Kusakabe et 

al., 1991). The estimation used in this study for the dissolved input of 

beryllium to the sea is closer to 40% of the total. 

An important (10%) source for beryllium to the sea (Kusakabe et al., 

1991) is from hydrothermal systems. Beryllium is strongly enriched in 

hydrothermal fluids, up to 1000 times higher than in seawater. Much of 

this beryllium is scavenged at the hydrothermal vent, like iron. Even so, 

the Guaymas Basin bottom waters are enriched in beryllium over seawater by 

70 to 500% (Campbell and Gieskes, 1984). The dissolved beryllium is 

removed to the bottom sediments adsorbed on terrestrial or biogenic 

particulates directly from seawater, and into or onto growing authigenic 

mineral and or oxyhydroxide phases. Once in the sediments, beryllium is 

relatively immobile. During diagenesis and dissolution of silica some 

beryllium is released into the pore water solutions. But only 0.02% of the 

total authigenic beryllium is in the pore waters at anyone time (Bourles 

et al., 1989b). 

The measured beryllium concentration (Table 111-1) in the silicate 

minerals is about 2.25 ppm, slightly higher than in the average crust (1.5 



-'0 
~ 
I'll 

e.() -I'll e c ... 
~ 

\C ... = ,..-4 --e = .---~ .. 
~ 

~ 

5.5 
+ 

5 

4.5 

4 

3.5 

3 

2.5 

I + 

I 
i + : 
! l+ ... _____ --L. :t:. .. ----....•. . - - ------ ---. 

+1 ~ 
I 
1+++ + I i+ 

j+:~++ ~ 
"+ 

2 

1.5 

J~J 
~I+++~I +. + + 

_ .• --.~ I #+ I +_~l 

1 

0.5 
o 

+ 
+ 

+t- + : 
I I 

±: , 
I I 

500 1000 1500 
Aluminum (ppm) 

92 

~ 

",..... ~ 

m.e. 

2000 2500 

Figure 3.9 Beryllium versus aluminum from the authigenic fraction 

of the sediments. Beryllium (atoms/g)= (O.OOl)Al (ppm)+1.53 Correlation 

(r)=O.34 



93 

ppm). This could be a result of a larger contribution of granitic rocks 

in the source area. However the source area has a higher percentage of 

volcanic rocks (beryllium poor) (van Andel, 1964) which might be expected 

to lower the concentration of beryllium. Like magnesium, beryllium could 

substitute for iron in the silicate phase during diagenesis (Bourles et 

al., 1991). 

Beryllium does not correlate with calcium, magnesium, or manganese 

in the samples. It is weakly correlated with aluminum (r = 0.34, Figure 

3.9) but slightly less so than the correlation of iron to aluminum. The 

slight correlation between aluminum and beryllium probably indicates a 

small component of beryllium is brought in by terrestrial sources, whether 

fluvial or dust (see Table 111-2). Beryllium also correlates slightly 

with iron in the hydrolysates (r = 0.25, 'Figure 3.10). If a small 

population of points (6) are removed from the data, the correlation 

coefficient increases to r = 0.51. The distribution of data points then 

looks similar to that of iron versus aluminum. This distribution probably 

reflects a terrigenous source. The small outlying population of 6 data 

points, where beryllium is high with respect to the iron content, could 

represent another source for beryllium. 

Figure 3.11 shows the distribution of beryllium versus depth in the 

core at site 480. In general, the concentration of beryllium is slightly 

higher in the homogeneous and partly laminated sediments than those of 

iron and aluminum. However, the Be/Al reveals that major increases of 

aluminum (presumably from a fluvial source) are not accompanied by a 

corresponding increase of beryllium. Instead, the distinct increases or 

spikes of beryllium are only slightly associated with that of aluminum. 

Since the beryllium content is greater near the top of the Holocene 

sediments, it was investigated whether the beryllium spikes are due to 

diagenesis at present and in the past. Diagenesis can increase the 



-'0 
~ 
rI.l 

Cil -rIl e 
Q .... 
~ 

\C -= ....c -e 
= •• --~ 
1-1 
~ 

~ 

94 

5.5 

5 

1 

! 1+ 
I 

"---I-- I 
4.5 

4 

i J + 

! I 
+, ! 

3.5 

3 

1 I + ! 
I + f.t. 

I 
, 

I 
, 

f+++ I + + + 
i 

1 

+ I I 
+ ++ + .--::::::::. + + 

j i + + ~ 2.5 , 
! ++~~ + 
I + I 

I !~~ 2 I. T 

~-+++ ~r+-
.t I~ ± 1.5 

1 
~I + 

. 
. -- -- --._+-- ---± --...;--

+ 

0.5 
2000 

I 
I 

3000 

I 
1 

4000 

I I I 
5000 6000 7000 

Iron (ppm) 

4-

tt" 

+ 

8000 9000 10000 

Figure 3.10 Beryllium versus iron in the authigenic fraction of 
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Figure 3.11 The concentration of beryllium (top figure) and 

beryllium normalized to aluminum (bottom figure) in the authigenic 

fraction of the sediment. The beryllium data point at 7.5 meters was left 

out of the figure because of severe contamination during ICP analysis that 

raised its beryllium concentration by more than 2 orders of magnitude. 
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concentration of elements in the pore waters toward the surface of the 

sediments, as they are liberated from deeper sediments, and flow towards 

the sediment/seawater interface. Bourles et ale (1989b) found that the 

flux of beryllium out of the sediments in North Pacific bottom waters was 

about 1.5 pmol/cm2/yr (9 x1011 atoms/cm2/yr). The top sample contained 3.9 

x 1016 atoms. Thus it would take more than 40,000 years to accumulate the 

beryllium in this sample from pore water fluids. This assumes that all of 

the beryllium goes into the top sample and is not lost to the above 

sediment or seawater. The sample is only 2700 years old, however. 

It was investigated whether beryllium in the sediments had a 

component of hydrothermal origin. The core at site 480 is 1300 meters 

above and 40-50 kilometers to the northeast of the hydrothermal vents in 

the Guaymas Basin. It is not inconceivable that these vents influence the 

concentration of beryllium at site 480. Manganese is also enriched in 

hydrothermal fluids but a hydrothermal manganese signal was more 

problematic. The manganese is thought to be removed or scavenged close to 

the hydrothermal vents (within 5 krn). In addition, diagenesis under 

anoxic water conditions has obscured any residual manganese hydrothermal 

signals (except, perhaps, one at 37 meters) by removing some manganese 

from the sediment column. 

Bourles et ale (1991) assumed that beryllium released from the 

Guaymas hydrothermal vents is scavenged within a few kilometers from the 

vent. If so, almost no beryllium would reach site 480 from this source. 

If this was true, the sediments surrounding the Guaymas hydrothermal vents 

should be highly ~nriched in beryllium. However, Bourles et ale (1991) 

measured one surface sediment sample near the vents and the authigenic 

fraction contained approximately 2. 3x1016 atoms/g of beryllium-9. This is 

essentially the same concentration as that measured in the authigenic 

fraction of the sediments at site 480. Apparently little or no loss of 
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beryllium occurs in the water column between the Guaymas hydrothermal 

vents and site 480. The sedimentation rate of 100 cm/kyr (Einsele and 

Kelts, 1982) is also similar to that at site 480. Dilution or 

concentration of 9Be due to changes in the sedimentation rate should not 

be significant. 

The hydrothermal effluent is dispersed by the general circulation 

100 to 200 meters above the vents (Edmond et al., 1982) and can extend a 

kilometer or more laterally (Campbell et al., 1988). Dissolved manganese 

has a residence time of no more than two weeks and has a maximum range of 

5 km from the Guaymas hydrothermal vents. Calculation shows that bottom 

currents and/or diffusion of manganese are transporting it at no less than 

15 meters a day. Beryllium from the Guaymas hydrothermal vents could 

reach site 480 in less than 10 years. Since the concentration of 

beryllium in the sediments at the Guaymas basin and at site 480 are 

essentially the same, then the residence time of beryllium in the deep 

waters of the Gulf of California must be significantly longer than 10 

years. For comparison, it can stay as long as 750 years in open sea 

(McHargue and Damon, 1991). 

A case can be made that in addition to the contribution from land a 

significant fraction of beryllium that is deposited at site 480 is 

hydrothermal in origin. Beryllium "spikes" along the length of the core 

at site 480, could be either due to increased hydrothermal activity or 

simply due to more efficient transport of beryllium by currents to site 

480. The Be/Al for the authigenic fraction typically has a minimum of 

around 3.3x10-4 and ranges up to 1.3x10·3 • The Be/Al end-members for 

seawater is 2. 5x10-4 and for hydrothermal fluids at the Guaymas basin, 

around 1. 2x10·2
• Therefore, at this site, the Be/Al is slightly higher 

than normal seawater values. If aluminum and beryllium are considered to 

act conservatively over a period of 10 years in deep water, then normal 
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mixing of seawater implies that the percentage of beryllium in 

hydrothermal fluids that makes it to this site varies from 0.7 to 8.7%. 

This, in effect, can more than double the concentration of beryllium in 

some sediments at site 480. If aluminum acts less conservatively than 

beryllium, the percentages would be less since the Be/AI ratio would 

effectively increase. 

It is interesting to note that the Be/AI for the aluminum spike at 

the oxygen isotope 1-2 boundary decreases below that of the seawater 

endmember and approaches that of the fluvial end-member. This might be 

expected from a large incursion of fresh water into the Gulf of 

California. 

summary 

The discussion on the elemental data is summarized here along with 

pertinent literature data. This is done in order to understand the next 

chapter on lOBe. Hopefully, this will put the behavior of lOBe in the sea 

and its deposition at site 480 in better context. Unfortunately, with the 

elemental data from the "authigenic" fraction only statements on the 

behavior of the major elements in their dissolved form in the Gulf of 

California can be made. Total and biogenic silica were not measured in 

this study but would have helped in the interpretation. The silica 

composition of the whole sediment would help understand the 

interrelationship between terrestrial fluxes of sediment, diatom blooms, 

and the general circulation patterns of the Gulf. 

A brief outline of the marine geochemistry and history of the core 

at site 480 will begin from the oldest sediments measured in this study. 

Figure 3.12 is a schematic of the authigenic chemistry of the core. The 

dark bands below the listed element represent periods of time that 

concentrations of the element was greater than a selected concentration. 

This was done to show when the element was concentrated in the water 
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A summary of the elemental data from the authigenic 

fraction of the sediments at site 480. The dark bands represent sediments 

that contain more than a selected concentration of a given element. 



100 

column above, or by diagenesis in the core. A quick comparison then can 

be made with the other elements along the same time frame. As an example, 

for the Younger Dryas (10-11.4 meters in depth) the sediments were mostly 

homogeneous in texture, iron, manganese, magnesium, beryllium, and 

aluminum poor and calcium rich in the authigenic fraction of the sediment. 

Starting from the oldest sediments, less than 52,000 B.P. to about 

47,000 B.P. (Figure 3.12) the sediments were laminated (and iron poor) 

but the data indicates change. The pollen (Byrne, 1982) indicates a 

relatively warm climate. The aluminum and beryllium concentrations were 

low but increasing. This was discussed earlier in the text and 

interpreted to mean that an outside source of seawater was of greater 

importance at that time. A manganese spike, as stated before, might 

indicate rapidly changing or more oxygenated waters above the sediment as 

the sea level fell. Calcium (carbonate) enrichment would indicate periods 

of lower biological productivity in the water column above. The sediments 

are varved and apparently diatom rich (on inspection). This has been 

taken by some authors to mean high productivity due to upwelling. The 

reasons are not clear without the silica data but a simple model of 

upwelling, higher productivity, more diatoms and conversely non-upwelling, 

lower productivity, more foraminifera may not be a sufficient explanation. 

From 47,000 to 37,000 B.P, the sediments become mostly homogeneous 

but contain a couple of small laminated sediment sections. Water 

conditions are more oxic in the sediment as indicated by elevated iron 

levels in the iron oxyhydroxide phase. Calcium carbonate is rare, but 

some intervening aluminum anomalies indicate increased meltwater discharge 

from the Colorado River basin. A large spike of beryllium at 42,000 B.P 

may be of hydrothermal origin. Another manganese spike might indicate 

rapidly changing redox conditions in the water column above the site but 

could, instead, be from the same hydrothermal event. 
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The time period from 37,000 to 26,000 B.P. appears to be an era of 

rapidly changing oceanic and perhaps climatic conditions. Laminated and 

non-laminated sediments are tightly interspersed. Calcium carbonate 

deposition is limited. A number of aluminum anomalies are, possibly, the 

result of short glacial meltwater events in response to short (less than 

1 ka) cold periods followed by rapid warming (Dansgaard et al., 1993). A 

beryllium spike at 32,000 B.P. could be due to increased hydrothermal 

activity but it has no associated manganese spike, as at the 42 kyr 

manganese spike. 

Maximum glacial conditions are indicated between 26,000 and 15,000 

B. P. The sedimentation rate was higher (as indicated by radiocarbon 

analysis). The sediments are strictly homogeneous and dense. Iron, in 

the oxyhydroxide phase, is high indicating continual less anoxic pore 

water conditions. An additional source of iron from nearshore sediments 

was probably due to the decreased sea level. Erosion and transportation 

of sediments from the mainland may not have increased. Instead, more 

sediments deposited on the slope rather than on the continental terrace. 

Aluminum concentration in the authigenic fraction is low due to the lack 

of meltwater events emanating from the Colorado basin. The climate stayed 

cold enough to prevent much melting, but rainfall may have increased in 

the area. Perhaps even dust deposition increased, but this also had 

little effect on aluminum concentrations. Calcium carbonate production 

was high due to decreased upwelling and lower productivity and perhaps to 

lower dissolved aluminum concentration in the surface waters. Beryllium 

concentrations, unlike aluminum, stay high because of a more climatically 

independent hydrothermal source. 

At the oxygen isotope 1-2 boundary (14,700 B.P.) the most notable 

feature is a very large aluminum spike. It is proposed that it formed as 

a result of a large freshwater incursion into the Gulf of California from 
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the Colorado River. Salinity in the Gulf of California was reduced 

(Keigwin and Jones, 1990). Calcium carbonate production was significantly 

decreased, but diatoms apparently thrived (Crawford and Schrader, 1982). 

Significantly, sediments show no evidence for an increase of beryllium at 

this time in the deeper waters. The Be/AI approaches that of a fluvial 

end-member. 

The characteristics of the Younger Dryas were stated as an example 

earlier. The sediments are homogeneous, like those in the glacial-era 

sediments below, but notably the iron concentration is low unlike the 

glacial-era sediments. The lack of iron and manganese would seem to 

indicate that the oxygen content in the water stayed lower than that in 

the late Pleistocene. Broecker et al. (1988) suggested that evidence for 

decreased sea levels during the Younger Dryas is lacking. The iron data 

at site 480 seem to support this. Calcium carbonate production was high 

and aluminum concentration was low (no freshwater incursions). The 

evidence supports a sea level that did not drop but did not rise quickly 

either. 

From the Younger Dryas to just below an unconformity or hiatus at 

8,000 B.P., all elements, with the possible exception of calcium, 

increased gradually in concentration. This might be simply a result of a 

slowing of the sedimentation rate as hinted at by the varve count. The 

terrigenous to biogenic opal ratio may also have increased. Above the 

hiatus at 8,000 B.P., the sedimentation rate doubled (more diatoms?) and 

the concentration of all measured elements decreased. Beryllium and 

aluminum concentrations increased near the top of the core (less than 2 

meters in depth). The lowest manganese and iron concentrations in the 

core, above the hiatus, indicate more severe anoxic water conditions, 

perhaps due to vigorous upwelling to the present. 
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The topic of this chapter covers the geochemistry of lOBe in the 

sediments at site 480. The purpose of this dissertation is to understand 

how the production of lOBe has changed in the past. Nevertheless, it is 

important to understand how non-production processes influence this 

cosmogenic isotope. An attempt is made, as done for the other elements in 

Chapter 3, to seek out the possible sources of wBe, its transport to the 

study site and the processes that modify its concentration within the 

sediments of the core. This will be accomplished by comparison of lOBe 

with the other measured elements and the other isotope of beryllium, 9Be. 

Beryllium-10 is a cosmogenic isotope that is produced primarily in 

the atmosphere by spallation of oxygen and nitrogen by cosmic-ray 

interaction with the atmosphere (Lal and Peters, 1967). wBe is produced 

in the atmosphere at a rate of 10 moles/year (McHargue and Damon, 1991). 

Seventy percent of the production occurs in the stratosphere (Lal and 

Peters, 1967). It has a long enough half-life [tin = (1.51±0.06) x 106 

years; Hofman et al., 1987] to be of geological interest. Deposition of 

lOBe onto the surface of the Earth depends primarily on precipitation. 

The lOBe deposited on land is either fixed in soils, is carried away 

in overland flow through the fluvial system, or is locked in ice. Most 

lOBe is transported adsorbed on particulates of the sediment load in 

rivers. The lOBe that stays in solution shows a strong pH dependence and 

is highly mobile in organic-rich continental waters. Most of the lOBe in 

sediments and river water is quickly deposited in nearshore sediments 
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along the coastlines. A small amount of lOBe is released to seawater from 

the sediment in dissolved form and is dispersed to the deep sea. The lOBe 

deposited directly from the atmosphere to the sea, usually by rain, 

accounts for 75% of the total input of lOBe to the sea. Fluvial input from 

the continents of lOBe accounts for 21% (mostly to nearshore sediments), 

adsorbed on dust (3%), and released by glacial meltwater (1% at present). 

About 5% of the fluvial input of lOBe to the sea (or about 1% of the total) 

is dissolved in solution (McHargue and Damon, 1991). 

The average residence time of lOBe in the ocean is about 300 years. 

The residence time of lOBe actually varies widely from over 750 years in 

the open sea to a few weeks or less in estuaries. In the open sea, lOBe is 

transported to deeper water scavenged on particulate matter, mostly 

biogenic. Due to the long residence time of lOBe in the open sea, lOBe 

becomes more thoroughly mixed throughout the ocean. 

near the coastline lOBe is quickly scavenged by 

On the other hand, 

the high flux of 

particulate matter. The widely varying sedimentation rates and 

depositional conditions along the continental margins significantly affect 

the lOBe deposition rate. 

Since site 480 is in the Gulf of California and within 100 km of the 

coast, the effects of sedimentation on lOBe deposition must be taken into 

consideration. However, the sediments at site 480 were transported 

through and deposited below the Pacific Intermediate Waters (PIW) (Bray, 

1988) rather than in shallow coastal waters (Figure 1.5). It is expected, 

then, that most of the lOBe deposited at site 480 originates from the open 

sea rather than within the Gulf of California. 

Another potential problem for lOBe analysis for site 480 is the close 

proximity of hydrothermal vents of the Guaymas Basin. As shown in Chapter 

3, a significant component of 9Be is contained in the authigenic fraction 

of the sediments. Bourles et al. (1991) showed that lOBe can be recycled 
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to the sea above from sediments covering vent areas of the Guaymas Basin. 

It may be possible that hydrothermally recycled lOBe was deposited at site 

480. 

Procedures and error analysis 

Beryllium-10 was separated from the same one-to-two gram samples as 

were the major elements After pretreatment with hydroxy1amine-HCI in 25% 

acetic acid, the solution was centrifuged, separated, and diluted to 20 

mI. Two one-milliliter aliquots, as previously explained in Chapter 3, 

were pipetted, one for beryllium analysis, and the other for Mg, Ca, AI, 

Fe, and Mn. This left 90% (18 ml) of the solution for lOBe analysis. A 

0.5 mg beryllium carrier was added to the supernatant. Interfering 

cations, such as Fe, Ca, AI, etc. in the supernatant were removed through 

a standard solvent extraction technique with 0.5 cc acetylacetone in a 10% 

solution of EDTA shaken with immiscible CCl4 in a separatory funnel. The 

Be-acetylacetonate was separated from the CCl4 in another separatory funnel 

in a 8.sN HCI solution. The solution was dried, treated with aqua regia, 

dried again, and taken up in 2 ml of 0.1 N HCI. The beryllium was then 

precipitated in a NH4QH solution, centrifuged, decanted, redissolved and 

reprecipitated as Be(QH)2. The Be(QH)2 was then dehydrated to BeQ in a 

quartz combustion tube over a bunsen burner at -950°C. The primary problem 

was separation of beryllium from boron because of the lOB isobar. A much 

more detailed experimental procedure and the problems involved are listed 

in Appendix C. The BeQ powder was pressed with silver into a copper 

target holder for analysis at the Tandem Accelerator Mass Spectrometry 

Laboratory at the University of Arizona. 

Sample 9-1 109-110 cm (39.1 m) was processed five times in order to 

understand the errors involved in the procedures as was done for the major 

cations in Chapter 3. It was found that the weighted average standard 

deviation of lOBe was 3.3%. This error was much less than that for the 
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other elements, 9% (Fe) to 25% (Be). One reason may be that the sample 

size (18 ml) was much larger than the 1 ml aliquot used for all the 

elements. In addition, a beryllium spike of known size (0.5 mg) was added 

to the supernatant which helps normalize lOBe against experimental errors 

and loss of solution. It was found in Chapter 3 that normalizing the 

elements against aluminum reduced the error by 50% or more. However, 

normalizing lOBe against aluminum actually increased the error from 3.3% to . 
over 10%. The reason for this is due, in part, to aluminum and lOBe being 

separated from different fractions of the supernatant and also by using a 

different analytical technique. This problem was also present when lOBe 

was normalized against 9Be ( IOBe/9Be), which increased the error to over 

20%. (It seems that, in the literature, the error given for 9Be is often 

based on the precision of the analytical instruments rather than 

procedural error.) The average deviation for all the sediment samples in 

the core at site 480 for 9Be is ±36%. The average for the one sediment 

sample processed five times was 25.4%. It seems that procedural error for 

9Be is large with respect to the deviation in 9Be concentrations along the 

length of the core. Therefore, only large anomalies or consistent changes 

in the concentration of 9Be along the cores length would be reliable enough 

to comment on, as in Chapter 3. It is suggested to improve the precision 

of the 9Be data, that an extract from an entire gram sample be devoted to 

beryllium analysis (and also perhaps for the other elements). 

The lOBe error, on the other hand, for the sample processed five 

times is 3.3% • The standard deviation for all lOBe samples along the 

. length of the core was 52.6%. Clearly the procedural error for lOBe is 

small compared to the observed deviation between the individual samples 

along the cores length. Therefore, the variations in lOBe concentrations 

observed in the core are real and not due to procedural errors. 
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Partitioning of lOBe in the Sediment 

Table IV-1 shows how lOBe is distributed among the various phases of 

the sediment for a laminated (1) and non-laminated sediment (2). Also 

included in the table are the ratios IOBe/9Be, and 10Be/A1. For comparison, 

Table IV-2 shows the typical endmembers for 10BerBe and 10Be/Al. 

Table IV-1: lOBe, 9Be, 10BerBe, and 10Be/Al distributions among separated 

fractions of a laminated (1) and a homogeneous (2) sediment. 

I II III Authi IV V VI Residue Total 

lOBe (1) 0.70 0.51 1.68 1.67 0.29 0.24 0.48 1.64 3.68 

(2 ) 1.16 ---- 2.74 4.36 0.40 0.26 0.53 3.12 6.53 

9Be (1) 0.33 ---- 6.41 3.28 1. 77 ---- 12.69 9.79 14.93 

(2 ) 1.20 ---- 4.58 2.05 1.07 ---- 10.48 7.67 8.70 

IOBe/9Be 2.15 ---- 0.26 0.51 0.17 ---- 0.04 0.17 0.25 

(1 ) 

(2) 0.96 ---- 0.60 2.13 0.38 ---- 0.05 0.41 0.75 

IOBe/Al >1.10 >0.04 0.67 0.76 0.02 >0.02 0.0032 0.022 0.028 

. (1) 

(2) >2.04 ---- 0.85 2.80 0.03 >0.02 0.0035 0.017 0.047 

I --- Exchangeable Cat~ons 'UBe (X10° atoms/g sed~ment) 

II --- Carbonates 9Be (X1016 atoms/g sediment) 

III -- Fe-Mn Hydroxides IOBerBe (x10's) 

IV Organic Matter IOBe/Al. (XlO·ll) 

V Biogenic Opal 

VI Silicates 



Authi-- Phases I+II+III separated at same time 

Residue -- Phases IV+V+VI separated at same time 

Total --- All phases separated together 

Table IV-2: IOBe/9Be and 10Be/Al End-members 

Endmember 10BerBe 10Be/Al 

Crust (radiogenic lOBe) 10.14 5 x 10.19 

Crust (+ in situ lOBe) 3 x 10.12 10.16 

Old Soils(ab.atm. lOBe) 10-8 5 x 10.13 

Fluvial (dissolved lOBe) 7 x 10.9 10.12 

Dust (leachable lOBe) 4 x 10.9 10.12 

Hydrothermal (Guaymas) 2 x 10.9 3 X 10.11 

seawater (Open Sea) 10.7 7 x 10.11 

108 

Hydrothermal data from Bourles et al. (1991) and Von Damm et al. (1985) 

Fluvial IOBe/9Be from Kusakabe et al. (1991) 

Aluminum data from Faure (1991) 

Other data calculated from McHargue and Damon (1991) 
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As seen in Table IV-1, lOBe is more enriched in the non-laminated 

sediments than the laminated sediment. The authigenic fraction of both 

sediments contain 45-65% of the total lOBe but only 20-25% of the total 9Be. 

Approximately 25% of the lOBe in the authigenic fraction of the sediment is 

in the exchangeable cation phase. In contrast, only 1% of the lOBe is in 

the exchangeable cation phase in lOBe-enriched deep-sea sediments (Bourles 

et al., 1989a). However, the actual lOBe concentration (0.1 to 1 x 108 

atoms/g), is similar to that at site 480. Apparently, in areas of low 

sedimentation, such as the deep sea, the excess lOBe is partitioned 

preferentially into the Fe-Mn hydroxide phase and not into the 

exchangeable cation phase where exchange sites might be limited. Only 15% 

of authigenic lOSe is in the carbonate phase (of the laminated sediment) 

and this is similar to that of deep-sea sediments (15-30%) (Bourles et 

al., 1989a). 

Another difference between deep-sea sediment and those at site 480 

is that the IOBe/ 9Be for the organic and biogenic opal phases for deep-sea 

sediments are similar to the IOBe/ 9Be of the authigenic phase unlike at site 

480. At site 480, in the organic matter, and presumably the biogenic opal, 

the IOBe/9Be ratios are 3 to 6 times lower than those of the authigenic 

phase for the sediments. Presumably, the organic matter and the biogenic 

opal (diatoms) at site 480 have adsorbed lOBe and 9Be from the surface 

waters of the Gulf of California which are quite different with respect to 

the deeper waters over site 480 than those out in the open ocean. This is 

best seen in the IOSe/Al where the authigenic IOBe/Al is 40 to 90 times 

higher than that of the organic matter or biogenic opal. Detrital 

aluminum, in addition to lOBe and 9Se, adsorbs onto diatoms in the surface 

waters (Chapter 3). The authigenic phase therefore is adsorbing more lOSe 

(and 9Be) from deeper waters (PIW). There is a hint (IOSe /Al > 0.04) that 
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foraminifera (the carbonate phase) also pick up a detrital signal from 

surface waters, but this phase comprises of only 15% (at most) of the 

total authigenic lOBe. In conclusion, the procedure used in this study has 

an advantage that it does separate not only the detrital phase (silicate) 

but, in addition, those "authigenic" phases (organic matter and diatoms) 

that are "contaminated" by detritally influenced surface waters. In the 

future, however, it might be better to remove the carbonates to obtain a 

"purer" deep-water lOBe signature in the Fe-Mn phase. 

The lOBe concentrations/g for detrital sediments (the silicate phase) 

were measured at 5 x 107 atoms/g, about 100 times higher than the average 

in situ production for all sediments worldwide (McHargue and Damon, 1991). 

This is even in excess of that for very-old high-altitude rocks. This 

might indicate that lOBe exchanges within crystal lattices of the 

terrigenous silicates for aluminum during diagenesis or an authigenic 

source for some silicate minerals. 

mBe concentrations along the core at site 480 

Figure 4-1 shows the relationship of mBe versus depth in the marine 

sediment core at site 480. As seen in Figure 4-1 there is a prominent mBe 

anomaly occurs at 26 meters, and a lesser mBe anomaly at 40 meters. Two 

less prominent but broader increases of lOBe lie between 17 and 45 meters. 

Before it is assumed that the lOBe anomalies are due to production changes 

in the cosmogenic isotope, some caution is required. In Chapter 3 every 

element had anomalous increases (or spikes) somewhere along the core. 

None of these elemental anomalies were due to production changes, but 

rather were due to diagenesis or significant increases in their input from 

their source (s). Albeit, the major source for lOBe is from the atmosphere 

(primarily cosmogenic production), but terrigenous and hydrothermal 
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Figure 4.1 The concentration of lOSe from the authigenic fraction 

from a gram of total sediment as a function of depth at site 480. 
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sources for I,OSe are possible. Therefore some effort will be made to 

distinguish lOSe features in Figure 4.1 that are due to production changes 

of this cosmogenic isotope and those from recycled lOSe. 

In Figure 4.2, lOSe is normalized to 9Se , which has been standard 

practice for a number of studies. First, the assumption is that, in the 

deep-sea lOSe and 9Se are roughly equilibrated. secondly, the IOSe/9Se ratio 

is thought to track, and thus remove, lOSe anomalies caused by terrigenous 

influx to the sediments. Thirdly, the 10SerSe ratio is used to protect 

against vagaries in the chemical procedure such as loss of leachate. The 

idea is that 9Se would be transported with the lOSe, and the ratio would be 

similar. 

The scatter of data, though, in Figure 4.2 is higher than that in 

Figure 4.1. This is due, in part, to the greater error in obtaining 

reproducible results for 9Se . As shown before in Chapter 3, the error for 

9Se is about ±25% as compared to less than ±5% for lOSe. Sesides 

exper imental error, lOSe and 9Se appear not to be coupled together due to 

differences in their sources. An example of that is the interval of 

sediments in the core below 40 meters, The 10BerBe ratio is high primarily 

because the concentration of 9Be is lower there than elsewhere in the core. 

On the other hand, the concentration of lOBe drops to no lower than that of 

the Holocene sediments. Aluminum concentrations are also low in this 

interval and all the elements normalized to aluminum in this interval 

appear high (Chapter 3). 

lOSe is weakly correlated with 9Be (Figure 4.3). The two regression 

lines show two possibilities. The correlation is slightly worse if six 

points that are associated with the two lOSe anomalies are left out. (Most 

of these six data points are not associated with the anomalous six points 

left out in the beryllium analysis in Chapter 3.) Those six points appear 

to increase artificially the correlation. (It cannot be ruled out that 
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the correlations would improve somewhat if the assumed errors (±25%) of 

the 9Se analysis were smaller.) It would be reasonable to suppose that 

some correlation is due to lOSe and 9Se being isotopes of the same element. 

However, the correlation is no better than the correlation of 9Se with iron 

and aluminum. The fair correlation of 9Se with iron and aluminum was 

thought in Chapter 3 to result from their having a shared terrigenous 

component. Unlike 9Se , though, lOSe does not correlate with iron and heLS 

only a very poor correspondence with aluminum (r = 0.17). wSe does not 

correlate with calcium, magnesium, and manganese. The poorer correlation 

of lOSe with aluminum and iron than 9Se correlation with the same element 

would seem to indicate that lOSe is only weakly associated, if at all, with 

terrigenous sediments. The slightly better correlation of lOSe with 9Se is 

probably due to seawater infusion into the Gulf of California. lOSe 

hydrothermally released from sediments is also a possibility. 

Diagenesis 

The lOSe spikes may possibly originate from diagenesis. Dissolution 

of lOSe-bearing biogenic opal releases lOse, along with aluminum, to the 

surrounding pore fluids. Exchange of lOSe with NH4+ during decay of organic 

matter may free lOSe to the interstitial fluids. Another process, just 

touched on in Chapter 3, is the conversion of iron oxyhydroxides into iron 

sulfides. From the data in Table IV-1, it is apparent that the iron and 

manganese hydroxide phase scavenges most of the IDEe available to the 

authigenic fraction of the sediment. Reduction of Fe3+ to Fe2+ dUl:ing 

diagenesis may release some of the lOSe in the Fe-Mn hydroxides into the 

pore fluids. How much of the lOSe would stay in pyrite is not known. 

Diagenesis could remove wSe from the measured "authigenic" fraction and 

partition it into the non-measured (in this study) iron sulfides. Or, 
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hopefully, almost all of the lOBe released simply stays with the remaining 

Fe-Mn oxyhydroxides. 

In Chapter 3 it was shown that the 9Be spikes could not have been 

caused by diagenesis. A similar calculation for lOBe shows similar 

results. The flux of 9Be into the water column in the Pacific from the 

sediments below was measured at 1.5 pmol/cm2/yr (Bourles et al., 1989b). 

If the IOBe/9Be in the leachable "authigenic" fraction of the sediments is 

about 10-8 , then the flux of lOBe through the sediments is approximately 104 

atoms/cm2/yr. If all the lOBe in the interstitial fluids, below the highest 

lOBe anomaly, was transported and deposited only in the 1 cm of sediment 

represented by the highest portion of the lOBe spike (1.4 x 109 atoms), it 

would take 140,000 years to reach the measured concentration. The 

sediment at the spike is only 32,000 years old, therefore diagenesis is 

not a reasonable explanation for the spike. 

Furthermore, the excess lOBe (that over the average lOBe concentration 

prior to the anomaly) integrated over the whole 1600 years of the lOBe 

"event" amounts to over 4 x 1010 atoms of lOBe. To accumulate that much in 

32,000 years would require the flux of lOBe to be over 106 atoms/cm2/yr, or 

100 times the flux measured in Bourles et al. (1989b). The highest 

equivalent flux for lOBe was lOS (atoms/cm2/yr) measured by Bourles et al. 

(1989b) for sediments 'actively being leached by hydrothermal fluids. 

Hydrothermal lOBe 

The 9Be anomalies, along the sediment core, shown in Chapter 3, can 

be easily attributed to the hydrothermal activity in the nearby Guaymas 

Basin. Since 9Be was correlated, though weakly, with lOBe, it is not 

unreasonable to suppose that the lOBe spikes might originate from the same 

source. Hydrothermal fluids from mid-ocean ridges are a poor source of 
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recycled lOBe to the above sea. The ridge-axis generally lacks a lOBe-rich 

sediment covering that would act as a source for recycled lOBe. Bourles et 

al. (1991) found that over the East Pacific Rise, the lOSe concentration in 

hydrothermal fluids is about 1/2 of that of typical seawater. They 

speculated that some lOBe in the hydrothermal fluid is lost during 

interactions with the hot basalt crust. However, they found that covering 

the Guaymas hydrothermal vents is a thick layer of lOBe-bearing sediments. 

Some of this sediment gets recycled in the hydrothermal system. They 

calculated that 3% of the 9Se carried out in the hydrothermal fluids was 

recycled from the sediments. The lOSe concentration in the hydrothermal 

fluids was ten times higher than that of the sediment-starved ridge axis. 

The average concentration of lOSe in the hydrothermal fluid was 23,000 

atoms/g, about 10 to 20 times that of seawater. The maximum 10Sej9Se 

measured was approximately 2.3 X 10.9, much less than that of seawater (10.7 ) 

because of the primary hydrothermal fluid source for 9Se . 

It was calculated in Chapter 3, that typically a minimum of 0.7% of 

the seawater above site 480 had a hydrothermal fluid beryllium component. 

Hydrothermal fluid is enriched in beryllium with respect to seawater. The 

largest 9Se spike suggested an increase of hydrothermal activity or a 

change in bottom water transport. This increase was calculated to be no 

more than 8.7% based on the SetAl of hydrothermal fluids and seawater. 

The largest spike of 9Se , nearly two meters above the smaller lOse spike at 

39 meters in depth, exceeds 3 x 1016 atoms/g over "background". Since the 

9Se spikes are thought to be largely of hydrothermal origin (Chapter 3), 

they will also be associated with hydrothermally recycled lOse. The IOBe/9Se 

ratio for hydrothermal fluids was 2.3 x 10.9 (Sourles et al., 1991). The 

maximum amount of wSe derived from a hydrothermal fluid source would be 

located at the 9Se spike at 37.25 meters (it is not associated with a lOSe 
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spike). These sediments may contain 6.9 x 107loSe atoms/g, or about 18% of 

the lOBe in those sediments. On the other hand, a minimal 0.7% 

hydrothermal fluid contributes only 1% of the total authigenic lOSe. 

The hydrothermal fluid IOse/9se of 2.3 X 10-9 is less than the typical 

IOSe/9Se measured at site 480 of 10-8 (the IOSe/9se spike is 3 x lOs). A spike 

of 9Se coincides with the prominent lOSe spike at 32,000 S. P. The IOSerse 

is slightly greater than 3 x 10-s, a significant increase over the typical 

10-8 for the rest of the sediments. A 10% addition of hydrothermal fluid 

would lower a typical sediment IOSe/9Se at site 480 from 10-s to 9.2 X 10-9• 

It must be acknowledged that the hydrothermal fluids were measured 

(Sourles et al., 1991) recently under possibly "normal" conditions. In 

the past, as the 9Se spikes indicate, hydrothermal activity of the Guaymas 

Sasin may have increased substantially. In doing so, the assumed vigorous 

hydrothermal activity may have leached out and reprocessed much more of 

the lOSe from the overlying sediments. The lOSe concentration in the 

authigenic fraction of the sediment samples near the hydrothermal vents 

was measured to be about 3 x lOS atoms/g (Sourles et al., 1991), or similar 

to site 480. The IOSe/9Se was 1. 2 x 10-s, above that of the 2.3 X 10-9 

measured for the hydrothermal fluids. The ratio of 1.2 x 10-s is the 

maximum limit one could expect if primary hydrothermal 9Se is not added 

during increased hydrothermal activity. sut the lOSe spike slightly 

exceeds 3 x 10-8, therefore it does not seem that even enhanced 

hydrothermal activity is responsible for the lOSe spikes. 

Recycled terrigenous lOSe 

Erosion of the surrounding landmass and 

terrigenous lOSe to the largely enclosed Gulf 

transportation of 

of California was 

investigated as a possibility for the lOSe anomalies at site 480. The 
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origin for terrigenous sediments at site 480 is thought to be, generally, 

the Yaqui River basin (van Andel, 1964). Attention also must be paid to 

the deposition of biogenic sediments. Diatoms adsorb lOBe in the surface 

waters and carry it to the sediments below and this lOBe may originate from 

all of the surrounding drainage basins of the Gulf of California. For 

instance, the Colorado River Basin (68% of the total drainage area of the 

Gulf of California basins) may contribute lOBe to the surface waters of the 

Gulf. For this reason, it will be assumed that, potentially, the entire 

drainage basin of the Gulf of California contributes to the lOBe flux to 

the sediment below the Gulf of California's waters. 

Prior to the construction of the Hoover Dam, the sediment yield for 

the Colorado River was 161,000,000 metric tons/year. It will be assumed 

that the sediment load for the total drainage basin of the Gulf of 

California was not atypical of the Holocene. In addition, the present 

sediment load for the Yaqui River basin is about 27,000,000 tons/year and 

for the entire Gulf of California drainage basins, 375,000,000 tons/year. 

The drainage areas for the Colorado River is 246,700 km2 , for the Yaqui 

River basin 22,000 km2 , and for the total Gulf of California drainage 

basins, 363,000 km2 (Van Andel, 1964). Thus the inferred average erosion 

rate over the drainage basins, is for the Colorado River, 60 g/cm2/kyr, the 

Yaqui River basin, 110 g/cm2/kyr, and the Gulf of California drainage 

basins, 90 g/cm2/kyr. The average erosion rate for the Gulf of California 

drainage basins is conveniently comparable to the average Holocene 

deposition rate at site 480, about 80 g/cm2/kyr. 

For a steady state, the lOBe precipitated over the entire Gulf of 

California drainage basins is 1.42 x 101~atoms/s (derived from the average 

atmospheric deposition rate of 0.039 atoms/cm2/s, (McHargue and Damon, 

1991) ) • The area of the Gulf of California is approximately 1.9 x 1015 cm2 

(Einsele and Kelts, 1982); therefore the average lOBe depositional rate 
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from terrestrial sources is 0.075 atoms/cm2/s. This would imply that the 

drainage basin may concentrate the deposition of terrigenous lOSe into the 

Gulf of California by 1.9 times the atmospheric deposition rate. The 

average concentration of lOSe in the total Holocene marine sediments at 

site 480 is approximately 4 x 108 atoms/g. The average Holocene sediment 

depositional rate at site 480 and around the Gulf of California is 0.09 

g/cm2/yr. Then an average lOSe deposition rate at site 480 and the Gulf of 

California is 1.15 atoms/cm2/s, much higher than the deposition rate of 

0.075 atoms/cm2/s from terrigenous sources. 

The same calculation made for 9Se (1.5 ppm in the average crust) 

results in an average deposition rate of 5.3 x 108 atoms/cm2/s in the whole 

sediment. This value for the 9Se deposition rate is essentially the same 

as that measured at site 480. Therefore all of the 9Se deposited at site 

480 could have derived from local terrigenous sources, unlike lOSe. 

However, more than 50% of the beryllium can come from hydrothermal 

sources. Therefore, the excess 9Se is probably deposited in estuaries near 

the shoreline. The same could be said for lOSe originating from 

terrigenous sources. 

Nevertheless, the lOSe anomalies might represent non-steady state 

conditions. That is, the soils in the drainage basins collect lOSe for 

long periods of time, then release it all during a brief erosional event. 

There is an excess of 4.3 X 1010 atoms/cm2 of lOSe in the lOSe spike at 32,000 

S.P. This number was derived from the sediments between 24.13 and 25.74 

meters. The excess lOSe is assumed to be the concentration of lOSe greater 

than 3 x 108 atoms/g (the base of the peak) in the authigenic fraction of 

the sediment. That is the equivalent of a steady state flux for the 1600 

years of 0.85 atoms/cm2/s (compared to the average from land to site 480 

of 0.075 atoms/cm2/s). To accumulate that much lOSe and release it in 1,600 
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years would require no lOBe to be removed from the Gulf of California 

drainage basins for more than 16,000 years. However, the lOBe spike at 

43,000 years B.P. shows that, at most, there was 11,000 years of 

deposition prior to the lOBe anomaly at 32,000 B.P. With lIO erosion, no 

sediments would accumulate and that would produce a long, invisible 

hiatus. 

In order to keep the sedimentation rate fairly constant it must be 

pleaded that only 5 to 10% of the drainage basin was not eroded so as not 

to be noticeable in the sediment record at site 480. Then the soils 

sequestered in these restricted areas would meed to be 160,000 to 320,000 

years old. Soils of this age are not unusual but studies (pavich et al., 

1986) of lOBe in old soils show that less than 20% of the lOBe that was 

available to be fixed in the soils was actually present. Therefore only 

under special pleading for the preservation of million-year-old soils in 

10% of the drainage basins can one produce the spike of lOBe at 32,000 B. P. 

Summary 

The previous analysis demonstrates that the lOBe deposited at site 

480 originates largely from the sea. All of the 9Be, on the other hand, 

could originate from terrigenous or hydrothermal sources. On average 

about 6% of lOBe originates from terrestrial sources, and 1 to 18% of lOBe 

or iginates from hydrothermal sources. The amount of lOBe from the sea 

measured in the authigenic fraction of the sediment ranges from 75% to a 

more typical 93%. The component of lOBe from the sea is thought to be 

largely of atmospheric origin and consequently the concentration of wBe 

can be thought to reflect the production rate of lOBe in the atmosphere. 

The largest lOBe anomaly at 32,000 B.P. coincides with the second 

largest 9Be anomaly as seen in the data. The evidence presented earlier 

shows that this 9Be has a hydrothermal origin. A pulse of terrigenous 

material to the Gulf of California basins would not produce a Be/Al spike. 
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Instead, the lower Be/Al of terrigenous material would act as a diluent, 

as shown by the large aluminum spike straddling the oxygen isotope 1-2 

boundary. lOBe from the Guaymas hydrothermal vents could be expected to be 

added to the lOBe spike. However, the lOBe released from sediments by the 

hydrothermal source can account for no more than 5% of the total lOBe in 

the anomaly (and the anomaly at 39 meters). Therefore, the lOBe anomaly at 

32,000 B.P. was not formed by diagenesis, hydrothermal activity, or 

increased terrigenous deposition. 
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Chapter 5 

lOBe Production and Modulation 

Introduction 

This chapter reviews the mechanisms for the production of lOBe in the 

atmosphere and consequences related to the data in this study. As the 

previous two chapters have shown, approximately 90% of the lOBe deposited 

at site 480 comes from an open sea source. The lOBe in the open sea 

originates from production in the atmosphere. After deposition in the 

sea, the lOBe resides in the deep sea from 300 to 1000 years. This allows 

it to become reasonably well mixed throughout the deep sea. The 

concentration of lOBe in deep-sea water varied as the deposition of lOBe 

into the sea from the atmosphere varied. In turn, the production of lOBe 

in the atmosphere is modulated by the geomagnetic field and solar 

activity, and change in the primary cosmic-ray flux. 

Solar modulation 

Prior to reaching the magnetic environs of the earth, the cosmic-ray 

intensity already has been modulated by the sun. Within the heliosphere 

(the region of solar wind influence), cosmic rays interact with 

interplanetary magnetic fields conducted outward by the highly conducting 

solar-wind plasma (Lal, 1988). This leads to scattering, diffusion and 

energy losses of the cosmic rays. The energies of cosmic-ray particles 

(102 to 5 X 103 MeV/nucleon) are modulated by this mechanism. The 

intensity of this solar modulation affects the cosmic-ray spectrum 

arriving at the Earth significantly. The differential spectra g(T) from 
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Lal (1988) is 

~ T(T+2Eo) (T+m+~)-Y 
g(T, ) =A (T+~) (T+2Eo+~) 

where g (T) = proton differential spectra (particles/s/m2/sr/MeV) 

T = proton kinetic energy (MeV) 

Eo = rest energy 

~ = modulation parameter (MeV) (or the energy lost by particles in 

traversing the heliosphere while reaching the Earth) 

A = 9.9 X 108 (protons) 

1.8 x 108 (alpha particles) 

m 780exp(-2.5 x 10~) (for protons) 

660exp(-1.4 x 10~T) (for alpha particles) 

y = 2.65 (protons) 

2.77 (alpha particles) 

sr = steradian (unit solid angle) 

A typical value of ~ is 450, and for an active sun, 900 (Castagnoli 

and Lal, 1980). During the past, the sun exhibited long quiet periods, 

such as the Maunder Minimum (1645-1715 A.D.) (Eddy, 1976). During the 

Maunder Minimum, solar modulation was low and equivalent to ~ = 100. In 

the interstellar environment beyond the heliopause, the modulation 

parameter would be o. 

Figure 5.1 shows the number of protons versus the cosmic-ray energy 

per nuc leon. The incident cosmic-ray flux at the Earth contains 98% 

totally ionized nucleons, and 2% electrons and positrons. Particles above 

104 MeV are little modulated by the sun and the differential flux is 

represented by dN = const (E~) : where E = kinetic energy per nucleon 

(Lal, 1988). 
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Modulation of lOBe production by the geomagnetic field 

Upon approach to the Earth, a cosmic-ray particle first encounters 

the magnetic field of the Earth (Elsasser et al., 1956). When a charged 

particle moves with velocity v in uniform magnetic field B, it experiences 

a force, m(dv/dt) = q(vXB); where q = charge of the particle and m = mass 

of the particle. In general, the velocity, v, has components both 

perpendicular and parallel to B. The particle spirals around a line of 

force, with a radius r,. If the centripetal acceleration of the particle 

is greater than the acceleration produced from the magnetic field, then 

the particle can "escape" from the magnetic field (and reach the Earth's 

surface) • The cut-off rigidity or the minimum energy needed to reach the 

Earth as a function of latitude is R(a) = Rocos4 (a); where a = geomagnetic 

latitude, and Ro = equatorial cutoff (14.9 Gev) (Blinov, 1988). The 

magnetic rigidity (Br,) of the particle is defined as Br, = p/q, where p is 

the relativistic momentum. 

The Earth's magnetic field has been modeled as a dipole field with 

non-dipole components. The cosmic rays are largely affected by the dipole 

field but not the local field (Lal, 1988). 

Production of wSe in the atmosphere 

When entering the Earth's atmosphere those cosmic-rays that have 

passed through the heliosphere and geomagnetic filter undergo various 

nuclear reactions. The mean free path, the distance between interactions, 

is equivalent to penetration through an atmospheric density of 80 g/cm2 for 

high energy particles. Therefore, most of the interactions of cosmic rays 

take place in the upper atmosphere (atmospheric depth = 1000 g/cm2 ) (Figure 

1.2). The primary cosmic-rays produce a series of disintegration 

products, high energy protons and neutrons, which, in turn, give rise to 

other collision products in a cascade process. 
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The thermal neutrons produced in these cascades can react with 

nitrogen to produce 14C, 14N(n,p)14C. Less than 4% of CI4 is produced by 

spallation (Lal, 1992). Spallation is a nuclear breaking or fragmentation 

of the target atom into nucleons or groups of nucleons. The production of 

14C during the past century is 2.5 (fO.S) 14C atoms/cm2/s (Lal, 1992). 

The production of lOSe, on the other hand, is much lower due largely 

to a spallation origin. The primary spallation reactions for lOSe are 

14N(N,5X)IOSe or 160(N,7X)IOSe (Slinov, 1988). N is the incident nucleon and 

5X and 7X are possible nucleon combinations that total up to masses 5 or 7. 

The production rate for lOSe is much lower than for 14C by more than 60 fold 

(0.039 lOSe atoms/cm2/s) (McHargue and Damon, 1991). The production of lOSe 

as a function of cosmic-ray energy and solar modulation is shown in Figure 

5.2. 

Unlike the effects of solar or geomagnetic modulation of the 

production of lOSe, the effects on the production of lOSe due to the 

atmosphere does not change with time. The atmospheric mass, obviously, 

stays essentially constant with time. However, the transport of lOBe 

through the atmosphere can change with time. From Figure 1.3 it can be 

seen that about 2/3 of the production of the lOBe occurs in the 

stratosphere. Furthermore, 2/3 of the lOBe produced in the stratosphere is 

transferred to the troposphere through the tropospheric break at mid-

latitudes. Latitudinal movement of the tropospheric break or vertical 

movement of the height of the tropopause would affect lOBe deposition on 

surface of the Earth. In addition, the lOBe deposition rate on the surface 

of the Earth depends on local or regional precipitation that carries wBe 

to the surface of the Earth. Any change in precipitation patterns can vary 

lOSe deposition at a particular site. This can be seen in the ice record 

in the polar regions (Raisbeck et al., 1987; Beer et al., 1992). The 

concentration of lOBe is directly related to the precipitation rate of snow 
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Figure 502 The energy dependence of the '''Be production rate in the 

absence of geomagnetic field for three solar activity levels (from Blinov, 

1988)0 
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and may vary as the troposphere/stratosphere circulation in the glacial 

age varied (McHargue and Damon, 1991). Unlike ice, the sea mixes lOBe 

deposited onto the Pacific and perhaps the global ocean surface more 

thoroughly, so that the record of lOBe deposited at site 480 is more 

representative of changes in the production rate of lOBe in the atmosphere 

and less dependent on local depositional rates imposed by atmospheric 

circulation. 

In summary, the production rate of lOBe in the Earths atmosphere is 

a function of the modulation of the geomagnetic field and solar activity 

of primary cosmic rays. The deposition of lOBe at any location on the 

Earth depends on atmospheric transport processes. Figure 5.3 shows a 

derivation from Lal (1988) of the production rate of lOBe as a function of 

geomagnetic field strength and solar activity. Figure S.3 will be used in 

this and the next chapter for analysis of the production rate of lOBe 

derived from site 480. 

lOBe concentration at site 480 as an analog to worldwide lOBe production: 

As shown in Chapters 3 and 4, approximately 90% of the lOBe deposited 

at site 480 originates from the open sea. Therefore lOBe anomalies in the 

sediments are unlikely to have formed as a result of bioturbation, 

terrigenous or hydrothermal deposition, diagenesis, or changes in 

upwelling and scavenging intensity. other studies, experimental and 

theoretical, show that the lOBe in the open sea originates mainly from 

production in the atmosphere (McHargue and Damon, 1991). The question of 

whether the lOBe deposited at site 480 is proportional to past production 

variations of the isotope needs to be addressed. 

The above question can be partially answered by comparing the lOBe 

concentration data in this study from the Holocene against the expected 

lOBe production rate during the same time period. Studies of the intensity 
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Figure 5.3 The production rate of lOBe as a function of the 
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normalized to the present moment (Mo)' The average modern production rate 

for lOse is assumed to be 3.9 x 10.2 atoms/cm2/s (McHargue and Damon, 1991). 
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Figure 5.4 The lOBe concentrations from the "authigenic" fraction in 

Holocene varved sediments at site 480 (upper curve). The lower curve 

traces the strength (M) of the geomagnetic dipole field (inverted for 

comparison) to the present field (Mo) (McElhinny and Senanayake, 1982). 
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of the geomagnetic dipole field (McElhinny and Senanayake, 1982) and its 

relationship with 14C production (sternberg and Damon, 1979) for the 

Holocene can serve as a basis for comparison against the lOBe data at site 

480. Figure 5.4 shows the comparison of the lOBe data at site 480 and the 

global average dipole field from McElhinny and Senanayake (1982). 

The time scale for the study at site 480 was calibrated as shown in 

Chapter 2. McElhinny and Senanayake (1982) averaged 1000-year time 

intervals. For example, the data point at 9,500 B.P., is actually between 

9,000 and 10,000 B.P. Therefore, the error in their time scale is ±500 

years. In addition, data older than 8,000 B.P. in their study were not 

calibrated. Also the residence time of wBe in the deep sea is several 

centuries, therefore deposition of wBe at site 480 lags its production in 

the atmosphere. 

With the above limitations between the two chronologies in mind, it 

can be quickly seen, that the two curves have the same gross features. A 

maximum in the lOBe concentration at site 480 between 6000 and 7000 B.P., 

corresponds to a maximum in the production rate calculated from McElhinny 

and Senanayake (1982). The concentrations of lOBe, are low between 2,000 

and 3,000 B.P. and at approximately 9,000 B.P. There is even an analogous 

flat spot lies between 4,000 and 5,000 B.P. Both curves show an increase 

earlier than 9,000 B.P. However, the wBe concentration remains high at 

11,000 B.P. but decreases at the same time interval for the calculated 

production curve. Also, the wBe concentration data (not shown) show a 

drop beyond 11,000 B.P. The differences simply could be due to the errors 

in chronology or the residence time of lOBe in the sea. From this visual 

inspection it can be seen that the lOBe concentration in the sediments at 

site 480 roughly follow the expected Holocene dipole field. 

At first glance, the changes in production of lOBe in the atmosphere 

are proportional to the concentration of lOBe in the sediments of site 480. 
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The top figure (a) shows the lOBe concentrations/g-sed 

from the authigenic fraction of the Holocene varved sediments at site 

480. The bottom figure (b) displays the calculated range of the lOBe 

production rates derived from the data of McElhinny and Senanayake (1982). 

For ~ = 450, the error in their data is shown, but for ~ =100 or 1000 only 

the maximum range in the production rate is shown. 
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However, it must be decided whether the two are quantitatively related. 

Variation of sedimentation rate might dilute or concentrate lOBe in the 

sediment with respect to its actual production rate. Figure 5.5 shows the 

calculated production values for lOBe at ~ = 450, including the error in 

the dipole moment (McElhinny and Senanayake, 1982). But also shown is the 

envelope for the production values of lOBe between a solar minimum (~ =100) 

and a solar maximum (~ = 1000). As can be seen, the solar modulation can 

greatly alter the production rate. A solar minimum tends to heighten the 

differences in the production rate of lOBe caused by changes in the dipole 

field. The radiocarbon record reveals periods of solar minima, such as 

the Maunder Minimum, but they typically last less than a century. The 

residence time of lOBe in the sea can be as long as 750 years, thus short-

term variations in the lOBe production rate will not be seen. However, 

these short-term variations will average out. A solar modulation of 450 

was picked as typical for the present Sun (Lal, 1988). It may be added 

that the production rate of lOBe for any given solar modulation is known 

only within 20% (Lal, 1992). 

Given the above limitations, the change in the production rate for 

lOBe between 3000 and 6000 B.P. within error, decreased between 21 and 50% 

(averaging about 35%), assuming solar modulation of 450. The lOBe 

concentration in the sediments at site 480, for the same time period, 

decreased between 40 and 76% (58%). The calculated production rate 

increased, between 9000 and 6000 B.P. somewhere between 0 to 30% (15%). 

The lOBe concentration increased between 47 and 90% (69%). The lOBe 

concentration decreases to a greater degree between 6000 and 9000 B.P. 

than is indicated by the limited data of McElhinny and Senanayake (1982). 

Otherwise, the lOBe concentrations do not depart too far from the predicted 

production values for ~ = 450. If the error in the known production rate 

(±20%), the differences in chronology, in the samples between the two 
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studies, mixing of lOSe in the sea, solar variations, are taken into 

account, the lOSe concentrations are a reasonable prediction of past 

production rates. The differences in the production of lOSe between ~ = 
1000 and ~ = 100 is approximately 80%. This wide range easily covers the 

variations in the lOSe concentrations within the Holocene. Realistically, 

the solar modulation parameter ~, is probably not exactly 450. For 

example, for ~ varying between 350 and 550 (for Mo = 1) the production rate 

varies by 15%, and by 20% for Mo = 0.25. 

In summary, the lOSe concentration could be accounted for by the 

intensity of the dipole moment in conjunction with solar activity. Since 

the lOBe concentration variations appear to be slightly greater than 

expected for a solar modulation parameter of 450, it might imply that the 

average solar activity over the past 1000 years is lower than 450. A 

worse case scenario would be that the divergence of lOSe from expectation 

(~ = 450, Mo = known dipole moment) is due to experimental errors or 

sedimentation changes. In this case, such deviations in Figure 5.5 result 

from variations in the lOSe concentrations of approximately 0.3 x 108 

atoms/g sediment in the authigenic fraction. This possible error may 

account for ±15% of the variation in the calculated dipole field. 

The late Pleistocene geomagnetic field 

There have been several recent studies of the paleointensity of the 

geomagnetic field during the late Pleistocene (Tric et al., 1992; 

Meynadier et ale , 1992; Thouveny et ale , 1993) • If the lOSe 

concentrations/g within all the sediments (including homogeneous 

sediments) tracks the geomagnetic dipole field, allowing for modulation by 

the sun, it should track the late Pleistocene geomagnetic 

paleointensities. The relative intensity of the geomagnetic field was 

determined from sediments from the Mediterranean (Tric et al., 1992), the 
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Indian ocean (Meynadier et al., 1992) and the Lac du Bouchet, France 

(Thouveny et al., 1993). All the studies report paleomagnetic field 

intensities paleomagnetic field inferred by normalizing NRM (natural 

remanent magnetization) against ARM (anhysteretic remanent magnetization) . 

NRM is the summation of all the components of a specimen's remanent 

magnetization acquired by natural processes (Tarling, 1983). ARM is 

laboratory induced magnetization that is acquired when a ferromagnetic 

particle is subjected to simultaneously alternating and direct magnetic 

fields. ARM is directly related to susceptibility of the sample due to 

the samples composition, grain size, and texture of the sample. The 

normalization of NRM against ARM is thought to give the relative changes 

in the geomagnetic field intensity. 

Figure 5.6 displays the results from the previously mentioned three 

papers. Also shown is the intensity of the geomagnetic field calculated 

from the wBe concentration/g in the authigenic fraction of the sediments 

from site 480. It was assumed that solar activity was constant (~ = 450). 

Two gaps were left in the data corresponding to the Mono Lake and Laschamp 

geomagnetic excursions. The reason for this is to be explained later 

because the production values inferred from the lOBe anomalies do not 

conform to normal solar and geomagnetic modulation parameters. 

A comparison among the four paleomagnetic intensity curves (Figure 

5.6) shows similarities and differences. They all show a decrease of the 

dipole field between 50,000 and 40,000 years. The dipole field in the 

Tric et ale (1992) and Meynadier et ale (1992) papers stays low until 

nearly 10,000 B.P. This is in contrast to the present study and that of 

Thouveny et ale (1993) that shows the dipole field increasing to 

approximate modern values prior to 20,000 B.P. In general, the 

geomagnetic field as presented by both Tric et ale (1992) and Meynadier et 

ale (1992) are somewhat similar to one another. Whereas, the dipole 
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Figure 5.6 The strength of the geomagnetic field as derived from 

the production of lOSe (d) for normal solar activity, with the assumption 

of no variation due to sedimentation, and smoothed by 3-point averaging. 

For comparison, the paleointensity of the geomagnetic moment for three 

studies, (a) Tric et ale (1992), (b) Meynadier et ale (1992), and (c) 

Thouveny et ale (1993), are included. 
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fields from this study and Thouveny et al. (1993) are quite similar after 

20,000 B.P. All studies show a common feature, that is, a sharp decrease 

in the geomagnetic field after approximately 48,000 B.P. In addition, 

three studies indicate two prominent lows in the geomagnetic field 

separated by approximately 20, 000 years. The study of Thouveny et al. 

(1993) also shows two lows in the geomagnetic field but they are separated 

by 10, 000 years. However, the dipole field lows do not correspond 

chronologically. The difference could be due to differing chronologies, 

but that is uncertain. If the chronologies are accurate, which appears to 

be the case at ca. 48,000 years, then the differences might be due to 

differing regional or non-dipolar fields as recorded in sediments in the 

paleomagnetic studies. In that case, the lOBe record might be preferable 

to the paleointensity studies because of the way it is obtained. The wSe 

is mixed in the sea after its production in the atmosphere so its record 

might reflect the global intensity of the field better than the 

paleointensity studies. 

For the late Pleistocene geomagnetic field, as shown earlier for the 

Holocene dipole field, the wBe concentration in the sediments at site 480 

does not depart significantly from the paleointensities derived 

independently by other means. The minimum dipole field as determined for 

the lOBe concentration is calculated to be 20 to 25% of the present field, 

similar to the three paleointensity studies cited previously. In 

addition, the maximum dipole field, calculated to be 130 to 150% of the 

present dipole field, is only slightly higher than the maximum in the 

other studies. This occurs at 48,000 years where the underlying varved 

sediments from core 480 indicate the absence of bioturbation. If the lOSe 

concentrations/g were the result of sedimentation processes only, it would 

be reasonable to expect that the dipole field derived from lOse to have 

little or no correspondence to the other three papers. 
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Geomagnetic excursions 

Figure 5.7 shows the lOBe concentration/g versus depth and time at 

site 480. Also shown is the inclination of the geomagnetic field at site 

480, adapted from Levi and Karlin (1989). It is obvious that the 

geomagnetic excursions of the Mono Lake and the Laschamp excursions are 

associated with the lOBe anomalies. 

An excursion was defined by Barbetti and McElhinny (1976) for a VGP 

(virtual geomagnetic pole) movement of more than 400 from the geographic 

pole and the dipole field does not change polarity afterward. The 

Laschamp excursion was found by Bonhommet and Babkine (1967) in the 

Laschamp and Olby lava flows from France. The Mono Lake excursion was 

first seen in Pleistocene sediments at Mono Lake, California (Denham and 

Cox, 1971). Evidence for such geomagnetic excursions is inconclusive. At 

some locations, one sees a departure of the inclination and declination of 

the geomagnetic field lines from normal. In some cases, the departure is 

great enough to indicate that the magnetic poles had wandered into 

different hemispheres of the Earth. However, some studies do not "see" 

such excursions. For example, Tric et ale (1992) and Thouveny et ale 

(1993) found no evidence for the Laschamp excursion in the sediment 

profiles they studied. Nevertheless, Tric et ale (1992) and Thouveny et 

ale (1993) noted that the time resolution of their data was no better than 

400 years. Geomagnetic excursions of shorter duration may not have been 

visible. Tric et al. (1992) stated that "the Laschamp event may not be 

governed by similar processes as reversals". 

The origin of the geomagnetic field has been thought to involve some 

form of electromagnetic induction (Jacobs, 1987). Otherwise the Earth's 

magnetic field, if not self generating, would decay to l/e of the initial 

value in 100,000 years. The changing magnetic field can be described by 

dB/dt = VX(UXB) + Vm~B where V is the del operator, and vm = l/~oo = 
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magnetic diffusivity. The first term (VX(UXB» is the source term where 

magnetic induction is "created" through the flow of fluid across the lines 

of force. The second term (Vm~B) describes the tendency of the field to 

decay through ohmic dissipation by the electric current supporting the 

field. The balance between these two terms, at a particular point, 

determines how the magnetic field changes with time. If the first term is 

0, it implies that the field decays. If the second term is 0, it implies 

that the field lines are frozen into the fluid. When neither term is 

negligible, the lines of force tend to be carried about the moving fluid 

and at the same time leak through it. If transport dominates leaking, 

then Lv» vm where L is length of the region, and v is the velocity of the 

fluid. The magnetic Reynolds number (Rm = Lv/vm ) for the Earth is Rm > 

10. This is necessary so that the magnetic field can be distorted enough 

by the fluid motion to reinforce the large-scale flow. But it is also 

necessary that the magnetic field lines diffuse sufficiently through the 

fluid and dissipate rapidly enough to keep the field lines from "tangling" 

too much. For the Earth, the velocity of fluid flow has to be relatively 

rapid to generate the observed field. This is accomplished when the 

velocity exceeds the distance ro/n in less than 25,000 years (ro = Earth' 

radii) (Jacobs, 1987). A more complete analysis must add the 

hydrodynamical equation of fluid motion in the Earth's core to the 

electromagnetic equations to yield the Navier-stokes equation. The 

solutions to the equation and applications to the observed geomagnetic 

field can be complex. 

At present, the Earth's interior is thought to contain a strong 

toroidal (latitudinal) field many times greater than the poloidal field 

(longitudinal) (Jacobs, 1987). The Earth's dynamo has been modeled as a 

simple dynamo or more complex dynamos. For example, the complexities that 

can go into describing the field was modeled by Yukutake (1981) where the 
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core is divided into an outer layer where toroidal fluid motions are 

predominant, while in the deeper regions part of the motion is two

dimensional, forming Taylor columns. The outer spherical shell of the 

core rotates westward at a uniform rate (perhaps accounting for the 

observed westward drift of the Earth' field) while the central part 

contains two-dimensional columnar motion. The toroidal motion in the 

outer spherical shell interacts with the dipole field to induce a drifting 

field and the columnar motion generates a standing field through 

interaction with a toroidal field. The point of this digression is to 

point out the non-linear behavior of the generation of the geomagnetic 

field. 

Reversals of the geomagnetic field are well established and are 

thought to result from the non-linear behavior of the generating mechanism 

of the dipole field. Reversals are well known because the field reverses 

over long intervals of time, and in consequence, is recorded throughout 

the world in volcanic sequences, including oceanic basalts. Even though 

the last reversal, the Brunhes-Matuyama, occurred 700,000 years ago, the 

characteristics of the geomagnetic field during a reversal are better 

known than during more recent excursions. At first, the dipole field 

decreases by a factor of 3 or 4 for several thousand years while 

maintaining its direction. The magnetic vector then usually executes 

several swings of about 30° (over 1000 to 4000 years) before moving along 

an irregular path to the opposite polarity, the intensity is still 

reduced, but then rises to normal values later. The whole process may 

take up to 10,000 years (Jacobs, 1987). Reversals have been modeled as 

(1) the main dipole field diminishes while at least parts of the nondipole 

field do not or (2) the reversal process spreads through the fluid core 

from a localized zone or point of initiation. 

In the case of the Laschamp geomagnetic excursion, the geomagnetic 
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dipole field did decrease prior to it. Unlike a reversal, it involved 

only one abrupt change in direction. It must be noted that the 

paleointensity of the geomagnetic field as determined by Meynadier et al. 

(1992) extends back to 100,000 years B.P. and during that time the field 

intensity was low about 50% of the time. In that case, the probability of 

an excursion during a low field is also about 0.5, even with no 

relationship between geomagnetic field strength and excursions. The Mono 

Lake excursion, on the other hand, takes place 11,000 years after the 

Laschamp excursion, and occurred when the dipole field had increased to 

about 60% of the present field. The Mono Lake excursion is not similar to 

what is expected from an aborted reversal. 

After both the Mono Lake and Laschamp geomagnetic excursions 

ended, the inclination returned to "normal" values of about +50°. The 

Mono Lake excursion had a sharp easterly change (30°) in declination 

associated with the change in inclination. The Laschamp excursion, on the 

other hand, had a 30-40° westward swing in declination associated with the 

inclination change. 

Levi and Karlin (1989) observed what they thought was an excursion, 

about 23.0 m in depth, similar to that observed at Summer Lake, Oregon 

(Negrini et al., 1984). The Summer Lake excursion was characterized by a 

sharp change in declination (about a 60° eastward swing) rather than a 

significant change in inclination (less than 10°). They observed no wBe 

anomaly at that depth. It should be noted that, in addition to the above 

excursions, a 40° change in inclination occurred at approximately 30 

meters. Robert Karlin (personal communication) said that later analysis 

proved it to be an artifact of the coring process near a core section 

boundary. Thus, the two established sharp changes in inclination (Figure 

5.7) and declination are associated with the lOSe anomalies. A change of 

declination with no associated change in inclination (the Summer Lake 
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excursion) does not correspond a lOBe anomaly. 

The changes in inclination precede the maximum lOBe concentration/g 

by the equivalent of 200 to 300 years of sedimentation. This can be 

accounted for in two ways. Magnetic particles, such as magnetite, are not 

finally aligned and set in the sediment with the geomagnetic field until 

all mixing effects due to bioturbation have ceased. In addition, the 

residence time of lOBe in the sea is approximately 300 years. A major 

increase in the production of lOBe in the atmosphere will not be "seen" in 

the marine sediments until after cycling through the sea. 

The sharp changes in inclination last less than 200 to 300 years. 

The lOBe anomalies last between 1000 and 1500 years. Bioturbation (Berger 

and Heath, 1965) could mix the lOBe in the sediment above an anomaly but 

this affects, at most, 10-20 centimeters of sediment, rather than the 1 to 

1.5 meters observed. In addition, small sections of laminated sediments 

deposited during the lOBe anomaly intervals. Any bioturbation would have 

disturbed these laminations. It appears that the lOBe anomalies last 

longer than the major directional changes in the dipole field. The 

maximum change in the field direction corresponds with the maximum lOBe 

concentration/g in the sediment. 

It would be a simple matter to associate the lOBe anomalies with a 

decrease in the magnetic field during an excursion. However, the 

production of lOBe, as indicated by its concentration in the sediment, is 

too high to be attributed to this. One could argue that these peaks are 

due to some depositional process related to an erosional event, upwelling 

and scavenging, diagenesis, bioturbation or hydrothermal activity. It was 

shown in Chapters 3 and 4 that the lOBe anomalies are not associated with 

the above processes but originate principally from production increases of 

lOBe. If the lOBe anomalies were caused by depositional processes, why do 

they correlate with the geomagnetic excursions (that are measured in a 
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totally different manner) so well? In addition, as shown earlier in this 

chapter, the rest of the sediment core at site 480 tracks the known 

variations in the dipole field intensity. 

Production of lOSe and geomagnetic excursions 

If one accepts the dipole field intensity chronology from Figure 

5.6, then the dipole field intensity prior to the Laschamp excursion was 

30% of the present field and about 60% prior to the Mono Lake excursion. 

A decrease of the total dipole field to 0%, would produce only a 25% 

increase in the lOSe concentration at both the Mono Lake and Laschamp 

excursions. If this decrease was coupled with the unlikely event of a 

Maunder-like minimum low solar activity (~ = 100), the lOSe concentration 

for the Laschamp would increase by 75%, still less than the 120% observed. 

Under the same conditions, lOSe production during Mono Lake excursion would 

increase by 110%, much less than the 430% observed. Even if an extreme 

case is considered, where the dipole field dropped precipitously from 

normal intensity (M = Mo) to 0, and the solar activity at exactly the same 

time decreased from maximum (~ = 1000) to a minimum (~ = 100), the lOSe 

increase would be less than 270%. Only if this unlikely extreme case is 

coupled with a 25% increase of lOSe precipitated due to depositional 

changes can the Mono Lake anomaly be simulated. The record shows no 

evidence for such large coincident geomagnetic, solar modulation, and 

depositional changes in the lOSe production rate. 

Siscoe et al. (1976) suggested that, during an excursion, the 

tilting of the geomagnetic poles toward the plane of the ecliptic might 

enhance auroral activity. If so, a possibility exists that a greater 

percentage of the anisotropic solar cosmic-rays will reach the Earth's 

atmosphere (Steven Lund, personal communication). Only the solar cosmic 

rays from an occasional flare have the energy required to exceed the 
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minimum energy threshold <> 40 MeV) to produce lOSe. Most of the production 

of lOSe occurs at approximately 1 GeV (Figure 5.2) and its production is a 

function of the primary galactic cosmic ray flux and nuclear cross

section. Solar flare particles, integrated over time, produce 1% of the 

present 14C (Lal, 1988) or perhaps as much as 16% of the 14C production 

(Ligenfelter and Ramaty, 1970). Lal (1988) estimates that solar-flare 

production of lOSe is five-fold less than that of 14C. Therefore, while 

tilted towards the Sun, the geomagnetic dipole axis would presumably raise 

the production rate of lOSe by an amount much less than the 430% observed 

for the Mono Lake excursion. 

The extensive magnetosphere of the Earth could focus the solar 

cosmic rays to the geomagnetic dipole axis. An area encompassing 10 Earth 

radii (about the maximum width of the magnetosphere) could serve as a 

large enough catchment area for the solar cosmic-ray flux to increase lOSe 

production by a factor of 200 to 400. However, most of the solar cosmic

ray particles of sufficient energy to produce lOSe would pass through the 

outer magnetosphere without being "funneled" to Earth. If the foregoing 

argument had some validity, the isotropic galactic cosmic-rays, at 

present, would also be funneled into the polar regions. The production of 

lOSe is only 5 to 6 times higher in the polar regions and this would set 

the upper limit to funneling of the solar cosmic-rays during an excursion. 

Therefore, it is concluded that geomagnetic excursions would only increase 

the flux of solar cosmic-rays to the surface of the Earth by at most only 

a few percent of the total flux. 

Production of wSe in the atmosphere during a geomagnetic excursion 

During a geomagnetic excursion there may have been no net increase 

in the total production of lOSe in the atmosphere. The variation of the 

production of lOBe between the stratosphere and the troposphere will 
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significantly alter the deposition patterns of lOBe on the surface of the 

Earth. At present, the production of lOBe in the geomagnetic polar regions 

(in atoms/cm2/s on the Earths surface) is nearly 5 times that at the 

geomagnetic equator. During a postulated excursion, the geomagnetic polar 

regions could briefly be situated over the equator. On average, the 

tropopause is higher at the equator (at an atmospheric depth of 90 g/cm2, 

18 km) than over the polar regions between 70 and 90° N (302 g/cm2, 10 km, 

Lal, 1988). At present most of the lOBe in the polar reg ions is produced 

in the stratosphere just above the tropopause. The maximum production 

rate of lOBe is at 15 km in height in the atmosphere (McHargue and Damon, 

1991). Less lOBe is presently being produced at equatorial latitudes and 

the majority of this is in the troposphere just below the tropopause. 

Movement of the geomagnetic poles over the equator would shift a 

significant fraction of the world's production of lOBe to the troposphere. 

At present, about 70% of mSe is produced in the stratosphere and 30% in 

the troposphere (Lal and Peters, 1967). With the geomagnetic poles over 

the equator, the ratio of lOSe produced in the stratosphere to that of the 

troposphere changes to about 50/50 (derived from Table VI, Lal, 1988). At 

the low latitudes (less than 30°) the difference would be more extreme, 

about 70% of the lOSe would be produced in the troposphere, and 30% in the 

stratosphere. 

lOSe produced in the stratosphere has a residence time in the 

stratosphere of about a year, becomes thoroughly mixed in the lower 

stratosphere, and eventually is transferred to the troposphere through a 

break in the tropopause at mid-latitudes. The lOBe in the troposphere is 

quickly scavenged, and precipitated out, resulting in a tropospheric 

residence time of less than 3 weeks. Hence, a change in the production of 

lOSe to the troposphere at low latitudes, would greatly increase the 

deposition rate of lOBe produced in the troposphere at those latitudes, by 
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about 400%. Since this increase is comparable to that of the Laschamp and 

the Mono lake increases of lOBe, this must considered. 

Some evidence supports the above scenario. The lOBe anomalies are 

associated only with excursions that involve inclination of the 

geomagnetic field. The Summer Lake excursion, if real, involved 

principally a major change in declination and little change in 

inclination. The geomagnetic pole presumably did not approach the 

equator. Site 480 is situated at a low latitude of 26° N and would receive 

the increased deposit of tropospheric wBe. 

Nonetheless, some evidence disfavors a simple redistribution of the 

lOBe production between the stratosphere and troposphere during an 

excursion to account for the increase of lOBe concentration at lower 

latitudes. The strongest evidence is data from ice core. An increase of 

precipitated lOBe in the low latitudes would decrease the precipitation of 

lOBe in the polar regions. The lOBe anomalies observed between 30-35 kyr 

B.P. in the ice cores, would indicate the reverse. A basic assumption is 

that the Mono Lake lOBe anomaly correlates with the lOBe anomaly found at 

Vostok, Antarctica. An increase of lOBe at both low latitudes and high 

latitudes would indicate a worldwide production increase instead of 

redistribution of lOBe production in the atmosphere. 

The lOBe increase would last only as long as the excursion if the 

excursion were the primary cause for the increase in the production of lOBe 

at low latitudes. The duration of the lOBe anomalies in ice (up to 2000 

years) is similar in magnitude to the lOBe anomalies found in the sediments 

(up to 1500 years in duration) but much longer than the geomagnetic 

excursions (about 200 years or possibly shorter). This would argue 

against an excursion being the sole cause of the increase in the 

production of lOBe in the atmosphere. Nevertheless, an excursion might 

enhance the production of lOBe at low latitudes. 
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It is not clear that enhanced deposition of lOBe from the atmosphere 

on the sea at low latitudes would be detectable in the marine sediments 

below as compared to high latitudes. The lOBe deposited in the sea at low 

latitudes would presumably be mixed in the sea before deposition into the 

sediments below. The relatively lOBe-poor waters of the high latitudes 

would mix with the lOBe-enriched waters of the low latitudes. In evidence, 

the lOBe precipitated at present at mid-latitudes is about 4 to 5 times 

greater in precipitation than at the equator, but the lOBe concentration in 

the deep sea at both locations are roughly similar (103 atoms/g water). 

For an isolated lake or mountain glacier, the above effect cannot be 

ignored. 

Conclusions 

The lOBe concentration/g in the authigenic fraction does compare 

favorably with the expected lOBe production rate. As shown, the lOBe 

concentration/g in Holocene sediments closely follows the variations of 

the geomagnetic dipole moment. The production rate of lOBe during the 

Holocene, as derived from the lOBe concentrations, diverges by no more than 

15% from the expected calculated geomagnetic modulated production rates. 

Relative geomagnetic field intensities for the latest Pleistocene, 

obtained from the lOBe concentration data, also generally agree with three 

other studies of the paleointensity of the dipole field. All the evidence 

suggests that the lOBe data, throughout the core, even in the homogeneous 

sediment, does track lOBe production that is modulated by the changing 

geomagnetic dipole moment. Little evidence suggests long periods (ca. 

1000 years) of low solar modulation. 

The strong correspondence between the lOBe anomalies and the Mono 

Lake and Laschamp geomagnetic excursions is more problematical. As shown, 

the worldwide production of lOBe increased rapidly in association with the 
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excursions. However, the simplest explanation involving a movement of the 

geomagnetic poles over the equator and the subsequent redistribution of 

the production of lOBe throughout the world was shown to be inadequate. 

Therefore, it is concluded that geomagnetic, solar, or atmospheric 

modulation cannot explain the lOBe anomalies. The evidence suggest a 

worldwide increase in the production of lOBe by an increase in the primary 

cosmic-ray flux. 
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Chapter 6 

The Primary Cosmic-Ray Flux 

Introduction 

In Chapter 5, it was shown that the lOSe concentrations/g in the 

authigenic fraction of the sediment track the changing modulation of the 

production of this isotope in the atmosphere by the geomagnetic dipole 

moment of the Earth. It was also shown that the two lOSe anomalies 

associated with the Mono Lake and Laschamp geomagnetic excursions could 

not be produced by solar or geomagnetic modulation of the primary cosmic

ray flux. Instead, this chapter reviews the possibility that the lOSe 

anomalies were produced by an enhancement of the primary cosmic-ray flux. 

Cosmic-rays originate from solar and galactic sources, but only a brief 

mention of solar cosmic-rays will be presented here for reasons outlined 

below. 

The Solar Cosmic-Ray Flux 

Solar cosmic-rays will be covered here for completeness. A series 

of nuclear reactions in the solar atmosphere (Figure 6.1) produces 

particles that are accelerated as solar cosmic-rays. There is no uniform 

picture on how these particles are accelerated by the solar flares with 

which they are associated. It is possible that (1) they are accelerated 

in DC electric fields, (2) by stochastic acceleration in turbulent 

plasmas, or (3) by shock acceleration (Fluckinger, 1991). 

Large solar events (10~ ergs) can introduce numerous particles (105 

particles/cm2/s for particles above 10 MeV) into the Earth's environment. 
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Figure 6.1 A schematic of nuclear reactions in the solar 

atmosphere (from Kocharov, 1988). 
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Large flares, such as those measured over 450 MeV (protons) G.L.E. (ground 

level events) produce enough high energy solar flare particles to affect 

lOSe formation in the upper atmosphere. However, only 50 such events have 

been measured between 1942 and 1990. 

Large flares, typically, last at most only a few hours. Time 

integration of solar cosmic-rays yields only a low average flux of 

particles sufficient to produce lOSe. From Chapter 5 it was mentioned that 

solar flares contribute only 0.2 to 3% of the global production of lOSe. 

To produce the wSe anomalies by solar-flare cosmic-rays, the solar-flare 

activity would have to increase by several hundred fold for nearly 1,000 

years. The 14C tree-ring chronology does not record this happening over 

the last 9,000 years. Such extreme solar activity over the last 50,000 

years also has not theoretical justification. 

Galactic Cosmic-Rays and Supernovae 

At present, the events surrounding supernovae are thought to produce 

the majority of the cosmic-ray flux up to lOiS eV in energy (Figure 5.1). 

Cosmic rays of higher energies, up to lOw eV, have a different power 

spectrum. The highest energy cosmic rays are thought to originate from 

sources other than supernovae. Particles accelerated along the galactic 

field lines or accelerated at the galactic-wind shock front are a couple 

of proposed possibilities. These very high energy cosmic-ray processes 

are unlikely to produce the wSe anomalies observed in this study. The 

galactic cosmic-ray intensity would have to increase by more than 2 to 4 

fold to produce the lOSe anomalies at the Laschamp and the Mono Lake 

excursions. Figure 5.1 shows that the source for the very high energy 

particles must increase by orders of magnitude, which seems unlikely. 

A supernova hypothesis has the most observational and theoretical 

backing for a "local" increase in the galactic cosmic-ray intensity. In 
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order to increase the "local" interstellar cosmic-ray intensity, a 

supernova would have to be relatively close to generate the observed 

increase in the cosmic-ray flux. The production of cosmogenic isotopes on 

the Earth could proceed from two direct processes of supernovae. 

Initially, the supernova itself emits a pulse of gamma radiation 

(Konstantinov and Kocharov, 1965). It is generated when neutral and 

charged pions decay in the formative envelope of the supernova. The light 

curve would peak 1 to 6 years after the explosion (Harding et al., 1991). 

Povinec (1979) thought that a supernova would have to be within 200 pc (1 

parsec (pc) = 3.26 light years = 3.086 x 1018 cm) for such a mechanism to 

produce a measurable increase in 14C production. Such a short, analogous 

increase in the lOBe production rate, however, would be noticed only in the 

high resolution archive of ice and not in marine sediments. 

Supernovae are presently thought to be the predominant source for 

cosmic rays reaching the Earth. The cosmic rays from a supernova have 

been thought to arrive by diffusing from the site of the original 

explosion (Kocharov, 1991) or are entrained in the expanding shock wave 

(Sonett, 1987). Recent literature emphasize the role of shock waves in 

generating cosmic rays and consider the diffusion of cosmic rays from the 

initial explosion to be of minor importance. Diffusion of cosmic rays 

from the original source as modeled by Kocharov (1991) would produce a lOBe 

anomaly derived from the cosmic rays. But as modeled, diffusion of the 

cosmic rays would produce an anomaly close to 5,000 years in duration and 

lower in intensity compared to a shock-wave-generated anomaly duration of 

1, 000 to 2, 000 years (Kocharov, 1991). The short duration of the lOBe 

anomalies observed at site 480 would favor, as does most of the 

literature, a supernova shock mechanism. Nevertheless, diffusion of 

cosmic rays from the initial explosion might still be considered a source 

for an enhanced background production of lOBe. This should be taken into 
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consideration in interpreting paleomagnetic intensity in the lOBe data in 

sections of the IOBe-anomaly-free sediment core. 

The duration and the intensity of the lOBe anomalies are consistent 

with the predominant theory of cosmic-ray generation by supernovae shock

wave acceleration. Nevertheless, a shock wave also limits the distance 

from the solar system where the supernova explosion took place. A shock 

wave will "stall" or dissipate within SO to 300 pc's of the site of the 

explosion, depending on the ISM (Interstellar medium) density. Therefore, 

what is the probability that a supernova will occur within 100 pc of the 

Earth? Sonett et ale (1987) assumed a probability of 0.03 supernovae per 

galaxy per year. This leads to an estimate of 1 supernova within 100 pc 

of the solar system every 160 ka. A recent estimate of 0.005 

supernovae/galaxy/yr, yields an estimate of approximately 1 million years 

within 100 pc of the solar system (van der Bergh and Tamman, 1991). 

However, the solar system may reside in a superbubble, which is a large 

void surrounded by filamentary hydrogen gas (Heiles, 1979). It forms as 

a result of explosions of up to 100 supernovae during several million 

years. These 100 supernovae are close in proximity because of their 

formation together in OB (large massive bright stars) associations from an 

original nebular cloud (Heiles, 1979). Only a few supperbubbles are known 

in the Galaxy at present, thus their formation is considered to be rare, 

about one every 107 years. The presence of a superbubble alters the a 

priori statistics in favor of an explosion of a supernova near the solar 

system within the past 100 ka (Clayton et al., 1986). 

More direct evidence for a nearby supernova is the reality of the 

Geminga pulsar (Gehrels and Chen, 1993). Its estimated age of 340 ka. is 

based on the pulsars' spin down rate from energy lost through the 

interactions of the pulsars' magnetic field with surrounding medium. 
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Distance estimates to the pulsar lie between 10 and 60 pc (Gehrels and 

Chen, 1993). It may be 100 pc from the original site of the explosion due 

to a high asymmetric velocity component added during the explosion 

(Berezhko et al., 1993). If 340 ka for the age of the supernova explosion 

of Geminga is correct, it may be too old for the events in this study (see 

later) • 

Another more indirect evidence for a recent supernova is as follows: 

Cox and Anderson (1982) determined that the solar system is immersed in a 

soft x-ray background. This was thought to result from the hot low 

density medium (0.004 particles/cm3
) within a supernova "bubble". Their 

calculation gives a blast radius of 100 pc, and an age of approximately 10~ 

years. 

Clayton (1984) suggested that the 1.81 MeV gamma-ray line that is 

generated by the decay of uAl is too intense to be produced by the average 

concentration of uAl in the interstellar medium (ISM). The excess uAl is 

postulated to have formed by the production of 10·~ solar masses of uAl in 

a supernova and then spread out into the ISM. They calculated that the 

event was within 15 pc of the solar system and the past 140 ka. In 

conclusion, there is evidence for a nearby supernova within the past 100-

200 ka. 

Sonett et al. (1987) proposed the North Polar spur (NPS) (a feature 

of the Loop I superbubble that surrounds the solar system) as a remnant of 

a recent supernova. The age of the NPS was calculated to be 75 ka 

(Davelaar et al., 1980). Several arguments disfavor the NPS being a 

remnant however (Lozinskaya, 1992): (1) It is too large (-230 pc); most 

remnants are less than 100 pc in radius. (2) It lacks optical nebulosity. 

(3) It has a low expansion velocity. These objections can be partly 

explained if the explosion took place in an already evacuated bubble 

produced by an earlier explosion. Because of the low density in the 
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preexisting bubble (0.01 cm-3 ) the remnant would spread fast and far, 

sweeping up little material that would make it more optically "dense". 

Types of Supernovae 

Two basic types of supernovae explosions are designated Type I and 

Type II. Type I supernovae show little evidence for hydrogen, unlike Type 

II. Abundant hydrogen is thought to indicate an unevolved star that has 

consumed little of its hydrogen envelope. Type I supernovae can further 

be subdivided in to Type la, that shows the spectral lines of silicon, and 

Type Ib which does not (Filippenko, 1989). 

Type Ia supernovae occur in all galaxies, including old elliptical 

galaxies. This implies that Type Ia forms from oid stars because 

elliptical galaxies have minor star formation. The spectra of all Type 

la's indicate a similar mass of the progenitor star. The rapid decline in 

the light curve of Type Ia supernovae also suggests that they did not have 

an extensive envelope of hydrogen prior to the explosion. Models suggest 

the Type Ia supernovae progenitor stars are white dwarfs in binary 

associations with more massive stars. A white dwarf accretes matter at a 

rate of 4 x 10-8 to 3 X 10-6 solar masses per year from its companion. The 

white dwarfs' mass grows and eventually its accumulated mass within its 

small radius exceeds the Chandrasekhar limit. At that time carbon 

detonation or deflagration will destroy the star and perhaps its 

companion. 

Type II supernovae are found almost exclusively in spiral galaxies 

and mostly within the star-forming spiral arms. The data suggest Type 

II's are massive young stars with extensive hydrogen envelopes prior to 

the explosion. This relatively high density envelope is produced by a 

stellar wind that removes 10-6 to 10"" solar masses a year from the 

progenitor star. Such stars have a short lifetime and cannot move far from 
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their birthplaces. Eventually, a Type II progenitor I3tar experiences non

degenerate carbon ignition and build up iron-group elements in the core. 

The core collapses, and a reverse bounce (involving neutrino pressure) 

blows the outer star into an outgoing mass of ejecta proceeded by a shock 

wave. Type Ib supernovae are thought to be massive stars like Type II, 

except that they have lost their hydrogen envelope earlier. 

About 1053 ergs of energy are released during a supernova explosion. 

Of that, about 1051 ergs of energy are released in the form of kinetic 

energy· from the ejected debris. The ejecta released from a Type Ia 

explosion has an initial velocity of 10,000 km/s, a mass of 0.5 solar 

masses, and a total energy of 5 x 1050 ergs. The ej ecta for Type I I 

supernovae, on the other hand, have a velocity of 5000 km/s, a mass of 5 

solar masses, and 1051 ergs of total energy. The preexisting envelope of 

gas can "muffle" the explosion somewhat. The average recurrence interval 

of Type II supernovae is slightly higher in the galaxy than Type la, 1 per 

40 years and 1 per 60 years respectively (Chevalier, 1977). 

Shock wave generation and evolution 

The consequent effects of the ejected material from the supernovae 

are presented here. The two parameters that govern the evolution of the 

supernovae shock waves are the initial energy (E) of the explosion and the 

density of the interstellar medium (p). The evolution of the supernova 

shock goes through several phases, the timing of which depends on the 

density (p) of the ISM. 

Initially the ejecta will freely expand away from the point of 

origin. The massive shell pushes a shock wave into the ISM at a constant 

velocity (VI)' where VI = 1/2(y + l)Up' Up = piston velocity, y = ratio of 

specific heats = 5/3 (for an ideal gas). A contact discontinuity 

separates the shocked ISM from the following ejecta. The radius of the 
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expansion obeys a power law (Cioffi et al., 1988) where ~ « t~ , t = time 

elapsed since explosion, and ~= power of expansion depending on the phase 

of the evolution of the shock wave (Figure 6.2). For example, in the 

kinematic phase, the shell expands at a rate ~ «t (TF1), since the shell 

expands freely with little slowing due to the mass of ejecta dominating 

the mass of the swept up ISM. The mass (M) of the ISM that is swept up is 

proportional to (4n/3)pR3 = M, where R is the radius of the shock. The 

kinematic phase of the shock wave evolution lasts 200 to 3000 years, 

depending on the density of the ISM. 

The second phase of the supernova's shock wave evolution is called 

the blast wave or adiabatic expansion phase. This phase begins when the 

initial ejecta mass (Mo) is roughly equivalent to M. The ejecta and the 

preceding shock wave decelerate. Radiation losses from the ejecta/shock 

ensemble are too insignificant to affect the shock evolution (McKee, 1987) 

in this phase. The radius of the remnant expands as R «t~. The shock at 

this stage can be described by the adiabatic similarity solutions of Sedov 

(1959) • 

As the amount of swept-up mass becomes comparable to the ejecta 

mass, low pressure develops within the expanding bubble and ejecta. The 

pressure difference between the shock ISM and the ejecta drives a shock 

wave back through the ejecta. Formation of the reverse shock wave (or 

compression wave) is the beginning of the deceleration of the supernova 

ejecta (Chevalier, 1977) (Figure 6.3). The reverse shock wave moves away 

from the foreshock in the foreshock's frame of reference (and through the 

ejecta) but continues to move away from the center of the explosion 

(Figure 6.4). After 10,000 years or so it will reach the less dense 

interior of the ejecta, its velocity will increase, and it will move 

towards the center of the bubble. It will reach the center after 20,000 

years or so (Jones et ale 1991). 
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Figure 6.2 The calculated dependence of shock velocity (v.) on the 

radius (R.) of the shock wave. Arrows point to the beginning of 

deceleration and the instant of cold shell formation. The solid curve 

corresponds to It = 1 cm-) and the dashed curve to It = 0.1 cm-) (from 

Lozinskaya, 1992). 
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Figure 6.3 (a) from McKee (1974) shows the series of shocks from 

a supernova. (b) from Hamilton and Fesen (1988) shows a profile and 

characteristics of the supernova shocks at a particular time. The blast 

wave is at 8 pc, the contact discontinuity 6 pc, and the reverse shock 

wave about 5 pc. 
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Figure 6.4 This figure from Sonett (1992) shows a shock system 

from a spherical expansion of a blast wave. Waves evolve from the lower 

part of the figure and expand to the right. 5.+ is the forward shock, CT 

is the contact discontinuity behind which are the ejecta, and S.. the 

reverse shock expands and reverses and passes through the origin along 

with rarefaction (R). 
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Reflected shocks may be generated that originate from the reflection of 

the initial reverse shock at the origin (Cioffi et al., 1988). The 

reflected shock wave travels back through the interior of the bubble and 

through the ejecta. It, in turn, may partially reflect from and partially 

transmit through the contact discontinuity between the ejecta and the 

foreshock. Reflected, weak shock waves, like thunder, travel repeatedly 

back and forth through the ejecta before the acoustic energy is dispersed 

into heat or transmitted into the interstellar gas. Reflected shock waves 

can also be generated by the fore shock or reverse shock as they encounter 

some obstacle such as a molecular cloud or a preexisting remnant (Sonett, 

1992) (Figure 6.5). 

The third phase of the supernova shock wave evolution begins as the 

temperature of the shock front drops when the shock front accumulates so 

much material it further decelerates. This phase is called the snowplow 

stage or radiative stage, and can be further subdivided into a pressure

driven and later a momentum-conserving phase. The pressure-driven stage 

expands as R DC t 217 and the momentum-conserving stage as R DC t 114. This 

radiative stage continues until the velocity of the "snowplow" becomes 

subsonic, its material disperses by the random velocities in the 

interstellar medium, and the supernova remnant looses its identity. About 

95% of the energy of the SNR (supernova remnant) is lost before final 

dissipation (Shore, 1991). At this time, the gas pressure inside the 

remnant is balanced by the pressure of the ISM. The shock wave velocity 

upon dissipation, has dropped to about 100 km/s after 106 years (for p = 

0.1 particles cm-)). 

Shock wave Characteristics 

The characteristics of a shock wave from a supernova are important 

in understanding how cosmic rays are generated and how the shock wave may 
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The interaction of a shock with an oblique barrier 

forming a reflected shock. The Mach stem forms from the triple point 

between the unshocked, shocked, and reshocked medium with a contact 

surface that connects the two shocked regions (from Shore, 1992). 
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influence the solar environment. The supernova shock wave that passes 

through the ISM is considered a collisionless shock wave. That is, two 

body collisions are relatively unimportant, unlike a shock wave in a dense 

medium. A collisionless shock is a manifestation of the collective 

interactions of the tenuous plasma and the contained magnetic field. The 

plasma behaves as if the particles were coupled together on a scale much 

smaller than the two-body mean free path (Drury, 1991). 

The shock is a thin layer in which the medium through which the 

shock is propagating is suddenly compressed. Usually, flows are steady 

state, that is, viscosity dominates the structure of the medium and is 

reversible. Shocks, instead, are discontinuities in the flow, that is 

non-linear and irreversible. The shock wave results as the flow surpasses 

the sound speed in the medium. It can be likened to a steepening wave 

front as the wave amplitude grows and the trough of the disturbance 

progressively lags behind (Shore, 1991). The density and pressure become 

multivalued and the wave front "breaks" (Figure 6.6). After passage of 

the shock, the temperature and entropy of the medium increase. 

The shock wave compresses the medium it propagates through. If VI 

and A, and v 2 and ~ are the velocity and density of the ISM passing into 

and out of the shock respectively, then by mass conservation AV I = ~V2 

(Drury, 1991). The shock compression ratio is r = ~/A. If the pressure 

P2 behind the shock is much grea1:er than the pressure PI of the ISM, then 

~/A ~ (y + 1)/ (y - 1) (Shore, 1992). For a perfect gas, y = 5/3, the 

maximum compression ratio approaches 4. If Y is lower, as for a 

radiation-dominated gas, the compression ratio could be higher. It is 

thought that y ranges from 5/3 to 4/3 (McKee, 1987) so the compression 

ratio could be as high as 7. 

Soon after the supernova explosion, the magnetic field entrained in 

the shock is dominated by the component derived from the magnetic field of 
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Figure 6.6 Schematic of the steepening of a sound wave to form a 

shock. The shock occurs following the appearance of a double-valued 

condition for the density or pressure (from Shore, 1992) where p = 
density, t = time and x = distance. 
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the progenitor star. This magnetic-field component decreases as a direct 

function of the radius of the shock (Stanev, 1991). Another magnetic 

field component is that compressed from the ISM in proportion to the 

compression ratio. The magnetic field acts like an additional very 

compressible fluid. 

A third component of the magnetic field in the shock is the magnetic 

field that is further amplified by turbulence. The random motion in 

turbulence amplifies the magnetic field by "stretching" the lines of force 

that are "frozen" into the interstellar plasma (Gull, 1973). Most of the 

"stretching" occurs at the interface between the ejecta and the shocked 

ISM. The turbulence results from Rayleigh-Taylor instabilities that occur 

when a heavy fluid lies "above" a lighter fluid. "Above" is defined by 

the equivalent gravitational field due to the local acceleration of the 

fluid (Gull, 1973). Perturbations may grow until the boundary of the 

remnant becomes convoluted, and eventually undergoes stratification, 

compression, or fragmentation. Turbulence can also be generated from the 

interactions of an interstellar cloud with the supernova remnant. A 

molecular cloud would be shocked and compressed into a disc shape. 

Typically, the magnetic field in the ISM has a magnetic field 

strength of approximately 3 ~Gauss but in remnants the field may be on the 

order of 100 ~Gauss. For comparison, the strength of the magnetic field 

in the interplanetary field near the Earth is about 30 ~Gauss. The 

magnetic field becomes important late in the remnants evolution (snowplow) 

when the hydrostatic pressure (Rv2 ) becomes equivalent to the magnetic 

pres sure ( 82
/ 8rr) • 

Cosmic-ray generation 

As noted earlier, it is thought that ISM injected into the shock 

waves of supernova is the primary mechanism for the generation of cosmic 

rays of energies up to 10 lj eV. This mechanism is considered to be more 
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efficient than an older theory of cosmic-ray acceleration during the 

supernova explosion itself. That is, that cosmic rays were accelerated 

directly from freshly ejected material in the supernova remnant (Shapiro, 

1991). The cosmic rays would diffuse from the site of the explosion 

before reaching the solar system. The evidence against this in this study 

is that the lOBe anomalies are of shorter duration and greater intensity 

than predicted by a diffusion process as modeled in Kocharov (1991) but 

are similar to that modeled for supernova shock wave generation (ibid). 

Cosmic-ray generation in a shock wave of a supernova begins when the 

shock wave "overruns" particles in the ISM. The atoms are accelerated by 

first order Fermi acceleration (Fermi, 1949). It is a stochastic 

acceleration process in which charged particles gain energy by encounters 

with irregularities in a moving magnetic field. If a proton and a shock 

wave are approaching each other, the proton will gain energy in the 

"collision" at the expense of the shock wave. A typical particle will 

gain energy by the amount ulv per shock crossing, where u is the speed of 

the shock, and v the speed to the particle. Most ISM particles do not 

become cosmic rays (about 10~ to 104 do). It is necessary for the ISM 

particles to have an injection energy (1 to 10 MeV) to enable them to 

cross the shock wave more than once. Otherwise the shock waves will 

"overrun" the particles. The particle must be energetic enough to be 

scattered by the Fermi mechanism across the shock front many times. The 

gyroradius r, (Chapter 5) must be wide enough so that the probability that 

the particle is carried back across the shock front is high. For 

example, the electron gyroradius is 1/50 of that of a proton so it is 

difficult to inject electrons into the Fermi acceleration process of the 

shock front (Blandford, 1987). Electrons are also underrepresented in 

cosmic rays because at energies below 300 MeV loss of energy by ionization 

for the electron exceeds the gain, unlike protons in the Fermi mechanism. 
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Above 300 MeV, electrons lose energy by radiation during acceleration in 

the interstellar magnetic field (Fermi, 1949). [Note:Charge balance is 

maintained over the entire system of the supernova bubble.) 

The maximum energy attainable by a proton or heavier nucleus is a 

function of the number of scattered crossings across the shock. The 

number of crossings depends on its residence time along the shock front 

before the particle diffuses away. This happens when the energy is high 

enough that the gyroradius is substantially larger than the shock front so 

that the particles do not interact with the electromagnetic field of the 

shock itself and diffuse away (Drury, 1991). The cut-off momentum is 

about 1015 eVe The lifetime of a proton at the shock front is a function 

of the intensity of the entrained magnetic field of the shock. In 

addition, the lifetime is a function of the radius of the shock wave where 

the diffusion time td = R.2/Dmin' where the minimum diffusion coefficient Dmin 

= cr,13 (c = speed of light) (Stanev, 1991). 

In effect, cosmic rays are efficiently accelerated in the shock wave 

of the kinematic phase for the first 1000 years (Johnson, 1993). This is 

due to the higher velocity of the shock to impart more energy to the 

particle. In addition, the remnant magnetic field still contains strong 

components of the magnetic field of the progenitor star which, in turn, 

may be "pumped" up in intensity by the high initial turbulence of the 

rapidly expanding shock. The lifetime is offset somewhat by the smaller 

radius of the shock wave. Cosmic rays are more weakly accelerated in the 

adiabatic phase of the shock wave due to weaker magnetic fields and the 

low velocity of the shock front. The larger radius of the shock wave, 

though, would slightly increase the lifetime. 

wSe anomaly evidence for supernovae shock waves 

It is apparent from the discussion above that the primary cosmic-ray 

flux could be enhanced Bufficiently to create the lOSe anomalies at the 
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Mono Lake and Laschamp geomagnetic excursions. The increased production 

of lOBe by two to four times is assumed to be approximately linearly 

related to the incident cosmic-ray flux. No major changes in the energy 

distribution of the cosmic-ray flux are implied. 

As the shock wave passes, a sharp increase in the cosmic-ray flux 

might be expected. Cosmic-rays diffusing along the shock front may arrive 

before the onset of the shock front itself. Due to these precursor 

cosmic-rays the rise time of the cosmic ray-flux associated with the shock 

wave may not be precipitous. The rise time of the lOBe anomalies is 

geologically fast but, at the limitation of the data in this study, cannot 

be said to be faster than 200 years. The sampling interval in the present 

study and the residence time of lOBe in the sea may limit resolution of the 

shock wave. In 200 years, the shock wave, traveling at 1000 km/s could 

travel about 2/3 of a light year. 

A slower "decay" time, of approximately 1000 years, is indicated by 

the lOBe data. The material behind the shock wave is assumed to expand 

adiabatically away from the shock front. This would produce an 

exponential decrease behind the shock front. The scale length for the 

decrease in the cosmic-ray intensity behind the shock front is R./12 

(Sonett et al., 1987) where R. is the radius of the shock front. Inherent, 

in this argument is an assumption that the cosmic-ray flux is proportional 

to the particle density in the shock. Cosmic rays must diffuse away from 

the shock front, and this is a function of the strength of the magnetic 

field which in turn is a function of the plasma density. This may not be 

appropriate in turbulent regions behind the shock front. 

Trailing both lOBe anomalies in time in the sediment record are 

decreases in the lOBe concentration and, thus, an apparent decrease in the 

cosmic-ray flux. This is consistent with recent theory (Berezhko, 

personal communication) about supernovae shock waves. The decrease may be 
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likened to the "Forbush" decrease. During a solar flare event, observed 

by Forbush (1946), a period of decreased particle flux followed the solar 

shock and gradual decline afterward. This is presumed to occur because 

the shock wave "sweeps out" particles and fields before it, leaving a 

partial void behind it. 

The supernova's shock-wave chronology 

As discussed earlier one supernova can produce at least two and 

perhaps more shock waves. It seems more likely that the two and perhaps 

three lOBe anomalies were created from one supernova event as a series of 

shock waves than invoking two or more supernova. Though not impossible, 

the recurrence interval of supernova explosions, even in the local 

superbubble, may be too long to explain two or three nearby supernovae 

within 30,000 years. 

Since the marine sediment record at site 480 in this study extends 

only to 50 ka, the entire record of the supernova's effects on the solar 

system's environment may not be evident. A lOBe anomaly may exist at 

60,000 B.P. (60 ka) in ice at Vostok, Antarctica (Raisbeck et al., 1987). 

It is important to have the entire record of the sequence of events from 

the postulated supernova before one can make more definitive statements 

about when and where the events took place and the subsequent shock 

evolution. For example, if the foreshock is represented by the 60 ka lOBe 

anomaly rather than the 43 ka lOBe anomaly, then the distance to the 

supernova is much greater. 

No lOBe anomalies are known in the ice at Vostok between 60 and 150 

ka. However, the lOBe anomaly in the marine sediments at site 480 at 43 ka 

is not clearly evident in the ice. The 32 ka lOBe anomaly in the sediments 

indicates a increase of lOBe production of 450% rather than the 250% as 

indicated in the ice cores at both Vostok, Antarctica and in Greenland. 



172 

It is postulated that apparent increased sensitivity of the lOSe record in 

the marine sediments in this study, as opposed to that in ice, is due to 

some geomagnetic and atmospheric aspects touched on in Chapter 5. The lOSe 

anomalies are associated with geomagnetic excursions, and even though it 

is not thought in this study (Chapter 5) that the geomagnetic excursions 

cause the lOSe anomalies, it is proposed that they enhance the effect. 

That is, the movement of the magnetic pole over the equator increases the 

production over the lower latitudes but, primarily, decreases it and lOSe 

deposition over the polar regions with respect to that recorded in marine 

sediments. 

It is presumed that the possible lOSe anomaly at 60, 000 ka, the 

Lascharnp lOSe anomaly at 43, 000 ka, and the Mono Lake anomaly at 32 ka, 

represent a suite of major shocks from one supernova event. In that case, 

the putative 60 ka anomaly would presumably be the foreshock. The smaller 

43 ka anomaly at the Laschamp excursion is proposed to be a reflected 

shock. This could have been generated from a reflection off the wall of 

the surrounding bubble originally created by an earlier supernova. The 

characteristics of the Mono Lake anomaly are remarkably similar to the 

shocked ejecta in Figure 6.3b. Sonett (1992) stated that the passage of 

the contact discontinuity (behind which are the ejecta) would not be 

accompanied by a change the cosmic-ray flux. This may not be true. It is 

true, that since no shock wave is at the contact discontinuity, particles 

are not further accelerated. Nevertheless, due to the increased plasma 

density in the shocked ejecta, the entrained magnetic field would be more 

intense, and may be further "pumped" up by turbulence. In this case, the 

cosmic rays that diffuse in from the foreshock, or diffuse out from the 

reverse shock, may be "captured" or at least delayed long enough by the 

enhanced magnetic field to increase the cosmic-ray density along the 

contact discontinuity. Therefore, the lOSe Mono Lake anomaly, rather than 
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resulting of a reverse shock as proposed by So nett (1992), resulted from 

the passage of the contact discontinuity. 

How far away the supernova exploded is problematical. The 

velocities of the shock waves depend strongly on the initial energy of the 

supernova and the density of the ISM. The energy imparted to the ejecta 

for a supernova is thought to range from 5 x lOso ergs (Type Ia) to 1 X lOS) 

ergs (Type II). A type II supernova is thought to be more likely for 

reasons given earlier. Even so, the range in energy would produce only a 

15% difference in the expected shock velocities and radii. The density of 

the ISM prior to the supernova, on the other hand, is much less 

constrained. Typically, the density of the ISM is thought to be around 1 

particle/cm3 • Cox and Anderson (1982) calculated the density of the local 

ISM to be as low as 0.004 particles/cm3 due to location in the supernova's 

bubble. Such a difference in density would induce a three-fold difference 

in shock velocities and radii. In addition, the density of the ISM 

between the site of the supernova and the solar system is unlikely to be 

homogeneous. For example, the solar system resides in the local "fluff", 

a small cloud of density 0.1 to 0.3 particles/em) of about 1 pc in radial 

extent around the solar system (Clayton et al., 1986). 

For simplicity, the supernovae shock waves have been modeled to 

spread out from the center of explosion in spherical shells. 

Observational evidence of some supernovae remnants reveal barrel-shaped 

structures. This anisotropy is due to the shock wave following a 

"preferred" direction along the galactic magnetic field lines. As a 

result of the above, uncertainties in the distance to the supernova, and 

the ensuing shock wave velocities and internal characteristics can be 

substantial. 

To further demonstrate the uncertainty in the possible sequence of 

events surrounding shock waves encountering the solar system, 
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possibilities other than the scenario outlined above, are mentioned below. 

Sonett (1992) proposed the 32 ka anomaly was the result of the reverse 

shock of the supernova and the 60 ka anomaly was the foreshock. In this 

scenario calculated by Sonett (1992), the supernova event was at 72 ka and 

at a distance of 60 pc. It seems unlikely to be the reverse shock, 

because from Figure 6.4 it appears that the reverse shock could not reach 

the solar system before it returned to the original site of the explosion 

(Drury, personal communication) unless it is the reflection of the reverse 

shock from the point of origin. 

On the other hand, if there is no lOBe anomaly at 60 ka, and the 

lOBe anomaly at 43 ka is the foreshock, it is more likely that the Mono 

Lake event might be the reverse shock. In that case, using the method of 

Sonett et al. (1987), where the width of the foreshock is proportional to 

the age of the shock, the supernova exploded as late as 48 ka, and the 

radius of the shock is as little as 28 pc. All of the above calculations 

assumed a low ISM density of 1au g/cm3 (0.006 particles/cm3 ) because of a 

precursor "bubble" (perhaps Geminga?). Higher ISM densities would reduce 

the above distances to the supernova. 

The above arguments, and other complicated possibilities, show that 

further analysis is needed to ascertain the exact nature of the supernova 

shock waves associated with the lOBe anomalies. Nonetheless, supernova 

shock waves are consistent with the observational data that suggest a 

supernova within a radius of 100 pc during the past 100 ka. In addition, 

the lOBe anomalies are also consistent with the characteristics modeled for 

the shock waves and the ejecta from supernova. 

The heliosphere 

Upon encountering the solar environment the shock wave and ejecta of 

the supernova would be altered and, in turn, alter the solar environment. 
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At present, the literature helps little to define the possible 

interactions between a supernova shock wave and the solar system. If 

previous analysis for this study is right, the shock waves significantly 

impacted the solar and terrestrial environment. The following analysis 

is a preliminary examination of those possible consequences. 

Initially, supernova shock waves encounter the heliopause of the 

solar system. The heliopause is formed by the interaction of the solar 

wind and the local interstellar medium (LISM). The solar wind is formed 

by the hydrodynamical expansion of the solar corona that is heated from 

below. The solar wind is a radially streaming plasma. As it goes farther 

out in the solar system, its velocity remains constant (about 400 km/s) 

bu.t its number density decreases (about 7/cm) at 1 A.U. to O.OOl/em) at 100 

A.U.), and the solar wind becomes more supersonic. The solar wind is 

slowed down by the interstellar medium, and the supersonic regime is 

transformed into a subsonic one in a shock. A rough equilibrium is 

established between the pressure of the solar wind and that of the LISM 

(Toptygin, 1985) where (1/2)n.,tnpu2 = (nu + 2nc)kT + (S2/8n) + PCR 

np = number density of the solar wind ions (7±3. 3 /cm) 

~ = proton mass (1. 67 X 10-24 g) 

U = solar wind velocity (400±80 km/s) 

nu = number density of LISM hydrogen (0.05 to 0.15 /cm) 

nc = number density of LISM electrons (0. 03/em) 

S2/8n = magnetic pressure of the LISM (about 3 x 10~ Gauss) 

PCR = cosmic ray pressure (0.8 X 10-12 erg / cm) 

T = temperature LISM (104 KO) 

At present the heliopause is at approximately 100 A.U. distance from the 

sun. At 100 A.U., the thermal, magnetic, and cosmic-ray pressure for the 

solar wind are thought to be negligible compared to the ram pressure of 

the solar wind. 
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The heliopause will contract if the LISM particle density, magnetic 

field, temperature, or the cosmic-ray pressure increases. A supernova 

shock will increase all of these parameters. Begelman and Rees (1976) 

speculated that a dense (-1000/cm3 ) molecular cloud could compress the 

heliopause within the orbit of the Earth. The ram pressure of the 

molecular cloud, in this instance, is equivalent to the solar wind at the 

Earth's orbit n/Uu.2 = n/tmcum/. The velocity of the molecular cloud is not 

thought to be much different from the present LISM (-20 km/s). Begelman 

and Rees (1976) calculated that the high density of the cloud and the 

gravitational well of the solar system would lead to gravitational 

focussing, increasing the apparent particle flux into the solar system. 

Gravitational focussing will be weak (-3%) for a low-density, high

velocity shock wave. The magnetic field of the shock wave can be 

equivalent or greater than that at 1 A.U. (50 to 100 ~Gauss). Even so, 

the magnetic field of the shock wave alone is equivalent to no more than 

1% of the ram pressure at 1 A.U. The cosmic-ray pressure, even shown to 

increase 2 to 4 fold in this study, would shrink the heliopause to 50 

A.U., but it is not nearly sufficient to contract the heliopause to 1 A.U. 

The same could be said for the temperature of the shock, 106 to 108 K. 

Nevertheless, the shock-wave velocity was high enough (1000 to 

2000 km/s) that the ram pressure was sufficient for substantial 

contraction of the heliopause, even if the particle density was low. 

Figure 6.7 shows what velocities or particle densities are needed for the 

shock wave to overcome the range of solar wind pressures at 1 A.U. The 

velocities and particle densities shown are what might be expected, and 

have been observed for other remnants, for shock waves that might 

encounter the solar system. Lower densities, higher velocities are 

typical of the fore shock and higher densities, lower velocities that of 
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Figure 6.7 The shock-wave velocities and particle densities for a 

supernova shock wave needed to equalize the solar wind pressure at the 

orbit of the Earth (1 A.U). The solid line represents average solar-wind 

conditions and the dashed line represents maximum and minimum solar-wind 

conditions. 
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the following remnant. For example, a shock wave encountering the solar 

system at 1000 km/s would require the particle density to range from a 

minimum of 0.4 to a maximum of 1.1/cm3 to equalize the solar-wind pressure 

at 1 A.U. The lower density figure is more likely, since, as stated 

earlier, the density of the LISM near the Earth is low (around 0.1/cm3). 

A 4-to 7-fold compression would yield the right densities. The LISM 

density prior to the passage of the shock wave is unknown, therefore the 

actual density of the shock wave is speculative. The very low densities 

of the interior of a preexisting bubble, O.Ol/cm), would make it more 

difficult to overcome the solar wind ram pressure at 1 A.U., even though 

the shock wave velocities may be higher. 

The above discussion greatly simplifies what were the probable 

effects. Some of the possible complications are briefly mentioned below. 

The heliopause would not be restricted to a sphere about the Sun but would 

"flow" away from the direction of the incident shock wave. The Earth 

could have passed through the heliopause during its yearly orbit. The 

varying solar wind pressure would change the distance of the heliopause 

from the Sun, possibly having the same effect on the Earth. The encounter 

of the supernova shock wave with the solar wind would create a shock 

between them. The compression of the magnetic fields of the 

interplanetary medium would counteract the compression of the heliosphere. 

Figure 6.8 shows a simplified version of the effect of the supernova 

shock wave on the heliopause. When the heliopause is restricted within 

the Earth's orbit, it may be reasonable to assume that environment will 

affect the magnetosphere. Normally, when the heliopause is far beyond the 

orbit of the Earth, the solar wind shapes the magnetosphere. The outer 

envelope of the magnetosphere is compressed on the side of the Earth 

facing the Sun and is drawn out on the side from the Sun. If removed from 

the solar environment, the new environment will reshape the magnetosphere. 
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Figure 6.S A schematic of the magnetosphere of the Earth and the 

heliosphere under "normal" conditions (A) and during a supernova shock-

wave event (B). 
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During onset of the shock, the heliosphere will be restricted to its 

minimum radius. After the effects of the shock lessen, the heliosphere 

will expand beyond the orbit of the Earth, and the Earths magnetosphere 

will return to "normal". During this the Earth's magnetosphere might be 

"wrenched" from one environment to another. 

The geomagnetic field at the Earth's surface 

It is possible to see that the magnetosphere of the Earth may be 

significantly affected during the passage of a shock wave of a supernova. 

The data in Chapter 5 show concurrent brief excursions of the magnetic 

field of the Earth during the onset of the shock wave. The question 

arises: why has the much stronger magnetic field at the Earth's surface 

(about 1 Gauss) been affected? 

The Mono Lake and Laschamp geomagnetic excursions were large 

transient variations in the geomagnetic field that endured only a century 

or less, and apparently left no lasting change in the main dipole field. 

Tric et al. (1992) suggested that unlike reversals excursions were very 

brief phenomena. Thouveny et al. (1992) did not see excursions in their 

paleomagnetic record at Lac du Bouchet, France, but suggested that 

excursions, if they existed, must last less than a few centuries not to 

observe them. The paucity of data for excursions probably is owing to the 

brevity of the event and the unlikelihood of being noticed in most 

geologic archives. On a much smaller scale than a shock wave, a large 

solar flare can cause the magnetic field intensity of the Earth to vary by 

more than 1% at the Earth's surface for several hours or less. Such a 

transient event would not be noticeable in any geologic archive, even the 

radiocarbon record of individual tree rings. 

The Mono Lake and the Laschamp excursions are brief (a century or 

shorter) and do not lead to a reversal. In fact, the inclination of the 
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field after the excursion looked much the same as before. In addition, 

the above-mentioned excursions correspond closely with the onset of the 

lOBe anomalies and presumably the postulated supernova shock wave. As 

shown earlier, the magnetosphere of the Earth can be significantly altered 

by the passing of a shock wave. The excursions recorded at the surface of 

the earth, must then be the result of sufficient externally induced field 

(the compressed interplanetary and shock wave magnetic field, and/or 

increased ionization in the Earth's upper atmosphere--these effects are 

difficult to model at present or due to an induced change of the main 

field of the Earth. The interplanetary magnetic field would need to be 

compressed about 104 times to have a major effect on the Earth's magnetic 

field. It would be possible if the interplanetary magnetic field is 

compressed in direct proportion to the shrinkage of the volume of the 

heliosphere (from a radius of 100 A.U. to 1 or 10 A.U.). However, the 

compression of the interplanetary magnetic field would increase the 

magnetic pressure acting against the ram pressure effects of the shock 

wave and limit the contraction of the heliosphere. 

An induced change of the main dipole field may have resulted from 

the external stimuli outlined above. Crossley et ale (1986) state that, 

in all physically realistic situations, the addition of some noise process 

must intrude to influence the evolution of the system. They modeled an 

"external" stimulation by a random component that might be caused by 

electromagnetic or mechanical mantle torques or a near-surface event such 

as an earthquake. They demonstrated that "a stochastic excitation can 

either add to or replace the excursion of the magnetic field attributed to 

non-linear behavior of the equation of motion". It therefore seems 

reasonable to expect that a strong external forcing on the magnetosphere 

of the Earth by a supernova shock wave might lead to a non-linear behavior 

of the dipole field, even if the field originates at the Earth's core. 
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Conclusion 

This chapter provided evidence for a supernova close (within 100 

pc) during the last 100 kyr. In addition, the characteristics of the 

shock wave expected from such an event are similar to those modeled from 

the lOBe anomalies. A more difficult problem is that the geomagnetic 

excursions closely coincide with the onset of the lOBe anomalies. It would 

be easy to state that the excursions produce the anomalies. But in 

Chapter 5, it was shown that the lOBe anomalies were not the result of the 

excursions alone. Instead, the heliopause of the solar system was shown 

to contract by simple and expected hydrodynamical conditions related to 

the shock wave. It then becomes not too unreasonable to postulate a major 

effect on the magnetosphere of the Earth. What is more problematic is 

that the actual geomagnetic field at the surface of the Earth (and perhaps 

within it) undergoes an excursion. 

a shock wave did pass through 

coincident geomagnetic excursion. 

However, if the evidence suggests that 

the solar environment, there was a 

At the time of the writing of this 

study, it appears that the data are ahead of the theory in the literature. 

But if the previous hypothesis is accepted, it will lead to a better 

understanding of the interplanetary environment and the mechanism of 

geomagnetic field generation. 
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The original purpose of this study was to establish whether or not 

the lOBe anomalies found in ice at 35 ka (Raisbeck et al., 1987;Beer et 

al., 1991) could be seen in mid-latitude marine sediments. This goal was 

accomplished. In fact, the results went beyond expectations. Another lOBe 

anomaly was seen and the I~e concentrations traced the changing dipole 

field of the Earth rather well. Another goal was to identify the origin 

of the lOBe anomalies, whether geomagnetic, climatic, or extraterrestrial. 

The results from this were not as clear cut as originally expected. The 

implications from the data about the interaction between the magnetic 

field of the Earth and interplanetary influences are quite potentially 

significant. Major and minor cation data were collected simply to 

understand better the behavior of lOBe in the sea, but even these data shed 

light on the late Quaternary history of the Gulf of California. 

Selection of a marine sediment core 

The selection of a marine sediment core at site 480 (DSDP) was vital 

to the final results. This core was selected originally because of its 

high and constant sedimentation rate. The varved sections of the core 

were a plus, since they indicate little bioturbation of the sediment. 

Lamin~ted sediments are useful in establishing a chronology. 

Previous studies of marine sediments and lOBe also involved the 

measurement of 9Be. This was done supposedly to normalize the lOBe, and 

remove terrestrial or sedimentary influences from the lOBe deposition rate. 

This method may be more valid for open sea sediments but in this study it 
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has been shown that such a normalization procedure can lead to error. lOBe 

and 9Be may have almost completely different sources. Therefore, it is 

even more important to select a core with a high and constant 

sedimentation rate to minimize the need for a tracer element. The results 

of this study demonstrate that this can be achieved. The high resolution 

of the lOBe anomalies, in conjunction with the quantitative relationship 

between lOBe and the changing dipole moment, show that, at least for the 

authigenic fraction, lOBe deposition from sea water is, to a first order, 

directly related to its concentration in the sea. The concentration of 

lOBe in the sea, in turn, is proportional to the production rate of lOBe. 

The paleomagnetic record from Levi and Karlin (1989) was at first 

considered simply a bonus. But in retrospect, the resolution of the two 

brief geomagnetic excursions showed that brief paleomagnetic events were 

recorded. After this study, it can also be shown that "brief" changes in 

oceanic chemistry were also recorded. Hence, in selecting a core with a 

prior high resolution paleomagnetic study would be preferable because it 

established the quality of the record. 

Marine geochemistry 

The major and minor cations were measured to help understand the 

origin, transportation, deposition, and diagenetic processes of lOBe. Not 

only was this accomplished, but procedures partially developed in this 

study, applying marine chemistry to determine oceanic history, may be 

useful in the future. 

Even though it was shown that 9Be was not necessary to normalize lOBe, 

9Be data should neverthless be measured. The 9Be does help establish the 

origins of lOBe, even if those sources are not similar. Due to the 

identical chemistry of both isotopes, 9Be does serve as a check on natural 

processes that might affect lOBe such as diagenesis, or procedures in the 
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laboratory. 9Be may find a use, in conjunction with aluminum, for 

unraveling the hydrothermal history of the ocean. 

Aluminum, iron, manganese, calcium, and magnesium were also measured 

in this study, even though they may have different chemistries and sources 

than lOBe. They were found to be useful in determining what processes do 

not affect lOBe concentrations in the sediment and those that do. For 

instance, the aluminum anomalies, that have a predominately terrigenous 

origin, did not correlate with lOBe and 9Be, indicating that they have 

another origin. Aluminum was very useful in normalizing the other 

elements. It may have a role in the study of glacial history and climate. 

As an example, Figure 7.1 shows a possible correlation between the 

aluminum data in this study and the derivative of the oxygen isotope curve 

from the GISP2 ice core in Greenland (Dansgaard et al., 1993). This 

illustrates a good correlation between several significant warming events 

and increases in aluminum concentration. Aluminum spikes may indicate 

glacial meltwater events. Also note the good correlation between time 

periods of little temperature change and low aluminum concentrations. 

However, some of the smaller temperature changes, ego IS 2,3,4,9, do not 

correlate well with the aluminum data. In addition, the aluminum data from 

the Holocene sediments do not correlate at all with the GISP2 data. This 

could be a result of a poorer resolution from the aluminum data due to 

long sampling intervals for the marine sediments, insufficient production 

of glacial meltwater during those times, or other unknown physical causes. 

The correlation between the two studies, if correct, shows -700-year 

difference between their chronologies. Analysis of additional sediment 

samples for authigenic aluminum and diatoms for oxygen isotopes in core 

480 should show whether the correlation is real. 
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Figure 7.1 Upper: A correlation between the derivative of the 

oxygen isotope data from the GISP2 ice core (Dansgaard et al. 1993). 

Lower: Authigenic aluminum data from the marine sediment core at site 480. 

The derivative of the oxygen isotope curve was is thought to show 

significant temperature changes. Interstadials (IS) are numbered. 

Correlation of aluminum concentration anomalies that are less than 2 sigma 

above "background" are represented by a dotted line. 
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Iron and manganese were selected to help understand the redox conditions 

within the sediments. They did show major changes of oxygen content in 

the water column above and within the sediments. Obviously, changing 

redox conditions do not direct affectly the unoxidizable lOBe, but lOBe 

might be indirectly affected by the changing concentrations of the Fe-Mn 

oxyhydroxides that scavenge it. More work needs to be done on this to 

understand how diagenetic effects, such as the reduction of iron oxides to 

iron sulfides, might affect the lOBe concentration measured in the 

authigenic fraction of the sediment. Also, iron and manganese data shed 

light on the history of the water masses within the Gulf of California. 

Calcium and magnesium, are alkaline earths like beryllium, but have 

quite different marine geochemical cycles than beryllium. Calcium, in the 

form of CaCO) in the sediments, is related to the productivity of the ocean 

above the sediments. The beryllium concentration in the authigenic 

fraction of the sediment does not appear, at least as a first-order 

approximation, to be directly related to the productivity in the surface 

waters. This may be due to the lOBe origin in deep waters and the 9Be 

predominant origin from local hydrothermal systems. Magnesium traces 

diagenesis and pore-water chemistry within the sediment, and again, lOBe 

concentrations in the authigenic fraction of the sediment, do not seem to 

be substantially affected by the same processes. More work, though, is 

needed to understand how lOBe may be transferred from the pore waters into 

the mineral phases. 

In summary, the major and minor cation data were quite useful and 

should be collected in future studies. These data help one understand the 

behavior of lOBe, not only directly, but in context of the history of the 

sediments and the ocean above. However, the primary usefulness of the 

cation data for this study was to demonstrate that the lOBe anomalies were 

not of diagenetic, terrigenous, or hydrothermal origin. 
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Chronology 

Even though, the sedimentation rate was high, constant, and sections 

of the core contained yearly laminations, it was not a simple matter to 

determine a chronc.logy. Nearly half of the core sediments were 

homogeneous, of varying bulk density. This uncertainty was translated into 

the sedimentation rate. The primary problem was the 1 to 2% modern I~ 

"contamination" of the organic fraction of the deeper sediments. This 

limited reliable radiocarbon dates to those sediments younger than 16,000 

S.P. An attempt was made to remove the contamination but it was largely 

unsuccessful. In the attempt to clean some of the samples, something was 

learned of the diagenesis of the organic matter in the sediments. This 

preliminary work, certainly not a designed experiment, suggests avenues of 

further research in the matter of the diagenesis of organic matter (and 

perhaps the practical application to hydrocarbon reserve formation). It 

might be interesting in the future to remove CO~, CH4, pore water, CaCO), 

and interstitial organic matter from a fresh sediment core. 14C measured in 

these fractions could serve as a tracer for early diagenesis. DC has 

already been used in such studies, but it has been limited to studies 

designed to understand fractionation rather than the timing and transport 

of organic matter that could be obtained from 14C. 

lOSe 

Of primary interest was the information gained from the lOSe data. 

A lOSe anomaly in the marine sediments corresponds to one in ice. In spite 

of the correspondence, significant effort was spent to substantiate that 

the anomalies were due to an actual production increase rather than due to 

the vagaries of deposition and diagenesis. It also seems unlikely that 

the lOSe anomalies are formed from local processes because the lOSe record 

in the rest of the core quantitatively traces the known dipole field. 

This opens up the possibility that lOSe in other sediment cores in other 
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marine basins could be used to determine the global dipole field. If so, 

with the proper core, a paleomagnetic chronology could be established for 

earlier time periods. With these data, perhaps the origins of the dipole 

field and the mechanism of the Earth's dynamo will be better understood. 

The Mono Lake and the Laschamp geomagnetic excursions coincide with 

the onset of the lOBe anomalies. It does not seem likely that they 

coincide by pure chance. If so, a study of another high-resolution marine 

sediment core should dispel the notion of a mere coincidence. As 

discussed in Chapter 5, the correspondence, if not an unlikely mere 

coincidence, would lead one simply attribute the lOBe anomalies to a 

geomagnetic excursion origin rather than to an extraterrestrial cause. 

But the data suggest that the lOBe anomalies are enhanced only by the 

excursions. Instead, and most interestingly, the lOBe data are not 

consistent with geomagnetic excursions being the sole cause of the lOBe 

peaks. Rather, the lOBe data are consistent with of a postulated supernova 

shock-wave origin. Thus an hypothesis must be entertained that the shock 

waves cause the geomagnetic excursions. The mechanism needs to be fully 

worked out since the data suggest something not addressed by current 

theory. Simple calculations show that restricting the heliopause within 

1 A.U. is not inconceivable. The outer magnetosphere of the Earth must 

have been affected. How those effects translate to the surface of the 

Earth and perhaps below to the Earth's internal dynamo needs to be worked 

out in more detail. 

Higher-resolution lOBe data for the anomalies must be obtained. 

Perhaps the fine structure of a shock wave can be obtained which would 

shed light on their origin and evolution. The characteristics of the 

shock waves must be better established, in order to define better their 

effects on the heliosphere. In the long term, a lOBe record covering a 

large expanse of time could help to determine the frequency of such events 
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and whether geomagnetic excursions have other origins. 

The consequences of the shock waves and the changing dipole field on 

the climate and biology of the Earth were not addressed in this study. 

Such ruminations were beyond the scope of this dissertation. Some have 

speculated on the effect of increased radiation levels on the upper 

atmospheric ionization and cloud cover (Aikin et al., 1980). A longer 

record may be needed evaluate a possible relationship between climate and 

the dipole field. At the very minimum, these results indicate that the 

radiocarbon record before 20,000 B.P. may need further substantial 

correction, because of its importance to geological, paleontological, and 

archaeological studies. 

In conclusion, this study demonstrates that marine sediments, the 

ocean, the atmosphere, the Earth, and even the solar system are open 

systems subject to external forces that can profoundly affect them. 

Interdisciplinary studies, though sometime difficult and time consuming, 

offer some distinct advantages over the usual more specialized studies. 
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Appendix A 

Sample preparation for radiocarbon analysis 

I. Sample pretreatment 

A. Standard pretreatment of organic matter (from L. Toolin) 

1. Samples first inspected to determine suitability of various 

mechanical and chemical treatments for removal of inorganic and 

organic contaminants. 

2. Samples placed in labeled test tubes, and wetted with 

distilled H20. HCl added to H20 to bring solution to O.5-3N, 

depending on nature of sample material, to remove any carbonate 

contaminants. Test tubes placed in heater to bring solution 

to a temperature of 75-80°C, and left for periods of 1 hour 

up to 16 hours, depending on the material being treated. 

3. The samples are then washed with distilled H20 to a neutral 

pH. A solution of H20 and NaOH is then added to sample to remove 

base-soluble contaminants. Tubes are again heated and left for 

period appropriate for the material. 

4. Samples are washed to a neutral pH, and H20 + HCl are added 

to remove any residual NaOH, and left for up to 1 hour, 

depending on amount and type of sample. Material is give a 

final H20 wash, and then dried. 

B. Standard pretreatment for carbonate 

1. Carbonate samples mayor may not be chemically pretreated. 

Fragments of bivalve shells, corals, land snails, etc., are 

placed in dilute HCl to remove up to one-half of the material. 

This acid leaching removes exposed layers of the CaCOJ shell 

which may have exchanged C with the modern atmospheric CO2 • 
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2. More fragile and/or very small CaC03 of foraminifera, 

ostracods, etc. may receive little or no acid etching to avoid 

loss of datable material. Sediments analyzed for interstitial 

carbonate were not pretreated by step A.1 or step B. 

C. Separation of organic components (from Fowler et al., 1986) 

1. Samples pretreated as to direction in step A.1 

2. The "free" lipids were removed by three 20 minute 

ultrasonifications with CHCll. Extracts combined and 

dried in vacuum. 

3. Amino acids were removed by 6N HCl for 8 hours in closed 

centrifuge tube at 100°C. Extract removed and dried, residue 

washed to neutral pH. 

4. The "bound" lipids were removed the same as step C.2. 

s. Humic acids removed in 0.1 N NaOH and 0.1 NaP:07 (1:1, v/v) 

in test tube and heated to 80°C overnight. Humic acids 

precipitated with HC1. 

6. The humins in the residue were treated in a HF/CC14 bath 

over night at 60°C. The residue was washed and dried and 

weighed for combustion. 

II. Organic sample combustion 

is 

A. A portion of the dried sample is weighed, and 2 to 3 mg are used 

for the combustion step. For sediments where the organic matter 

is dispersed throughout the sediment, 100 to 200 mg of 

sediment is weighed. Where only a small amount of material 

available, samples yielding as little as 100 to 200 ~g can 

be processed. The weighed sample is place in a 9 mm. 0.0. 

tube, with one closed end, made of high-temp. vycor glass (96% 

silica). CuO, as an oxygen source, is placed in the tube. 
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For sediments, Zn is added (to remove sulfides) and secured 

between quartz wool, near the open end of the tube. 

B. The open end of the tube is fitted to a vacuum system, and is 

evacuated down to a pressure below 1X10~ torr. A bunsen 

burner is used to heat the tube and contents to -900°C to 

combust the sample, extracting its carbon as CO2, 

C. The CO2 is cleaned by being cryogenically pumped into a 

trap in the vacuum system, using liquid nitrogen, and any 

incondensible gases (primarily O~) are pumped away from the frozen 

CO~. The sample gas is then frozen into a known volume, passing 

through heated (4S0-47S0C)Ag O and Cu to break down condensible 

gases (NO~, etc.). 

D. The volume of the sample CO~ is then measured, and the amount 

of carbon extracted in combustion is calculated. Most 

plant-derived organic material yield about 40% carbon. The 

CO~ is frozen into a vessel, which is then closed off with a 

high-vacuum valve. 

III. Carbonate Sample Hydrolysis 

A. Acid-pretreated or not, CaCO) samples are placed in the bottom 

of a vessel fitted at an angle to the main (sample-side) tube. 

About 10 ml of H)P04 is pipetted into the side arm, and the 

vessel (with a high-vacuum valve at the top) is evacuated to 

below lxlO~ torr. 

B. 'Once evacuated, the vessel is closed off by the vacuum valve, 

tilted to allow the H)P04 to cover the carbonate sample. 

The vessel is heated to 7S-80°C, and the reaction is allowed 

to proceed until all the CaCO) is dissolved and the sample 

carbon (as CO2 ) is released. 



C. The CO2 is measured and frozen into a storage vessel. 

IV. Graphite production 

A. The storage vessel containing the sample CO2 is fitted to 

a sUb-system of a vacuum system. The sUb-system consists 

of a high-vacuum tee with a pressure transducer attached 

and to which two 6 mm. 00 Vycor tubes can be fitted. 
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About 50 mg of Zn powder is placed in one of the 6 mm tubes, 

and 1-2 mg of Fe powder is put into the other tube. 

B. The sub-system is evacuated, and the Zn and Fe tubes are 

heated and pumped on for 15-20 minutes to bake out the Zn 

and Fe. The sample CO2 is then frozen into the subsystem, 

the Zn tube is then heated again, and the CO2 is left in 

the presence of the hot (425°C) Zn for one hour to purify 

the CO2 and form ZnO, leaving CO gas. The Fe is heated 

(600°C), and the reaction is let run until the CO is reduced 

to solid graphite. 

The react ion is: 2C02 + Zn425 .. CO + CO2 

CO + Fe(OO - C + 0 

C. The graphite is transferred from the 6mm tube into a clean 

vial for storage, until required for AMS analysis. 
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11.01 
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11.81 
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Appendix B 

Radiocarbon Data 

(years B.P.) 14C (years B.P.) 

Organic C Carbonate C 

2,710±60 

4,140±60 

4,550±110 

5,030±80 

8,120±70 

9,370±110 

10,300±120 

11,200±150 

11,900±110 

12,700±90 16,400±230 
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14C (years B.P.) 

forams 

10,800±90 

11,000±110 

10,800±120 

l1,OOO±130 
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13.11 13,400±110 

13.51 13,700±210 

13.75 14,500±160 

15.36 17,000±130 

15.54 15,900±130 lS,600±130 

16.55 19,000±240 

17.35 17,400±150 22,100±190 

lS.06 20,600±lSO 

19.35 22,300±300 

19.45 22,500±220 

19.60 24,300±230 

20.20 22,400±220 

21.21 26,800±350 

22.10 24,100±250 

23.30 2S,100±340 

24.10 30,700±490 

24.14 25,300±270 28,200±720 

25.47 31,210±570 

26.46 29,000±380 

26.65 39,900±1390 
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28.05 25,100±250 

30.26 32,300±810 

31.11 35,100±770 

31.21 32,400±570 

32.18 27,300±320 

32.70 40,300±137C 

38.18 25,600±260 

39.10 32,100±540 

48.62 31,000±490 33,600±680 

Rad~ocarbon dates uncal~brated. 

Foraminifera radiocarbon data from 18 meters or shallower from Keigwin 

and Jones (1990) and below 18 meters radiocarbon data from foraminifera 

picked by Keigwin, analyzed at the TAMS facility at the University of 

Arizona but not published. 



Appendix C 

Beryllium-l0 Separation 

I. Separation of mineral phases from the sediments. 

The standard pretreatment for most samples only involved the 

following steps A and D. (steps B to G adapted from Bourles et 

al., 1989). 
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A. Sample block was dried in vacuum oven at 70°C for more than an 

hour. One end of the sample block was removed from the rest 

of the block with a razor blade. Sample was crushed 

and one to two grams of sediment were measured out on a 

balance. 

B. Phase I, the exchangeable cations were removed by placing 

the sediment in a 15 ml polyethylene centrifuge tube, and 

agitating for one hour at room temperature in 1M MgCl~. 

The supernatant was pipetted off after centrifuging and 

saved in a 100 ml heatable teflon beaker (covered). Residue 

was washed in distilled water, centrifuged, and water was 

pipetted off. 

C. Phase II, calcium carbonate was removed by agitation in 

1 M NaOAc, adjusted to pH 5 with HOAc, in the same 

centrifuge tube. Supernatant pipetted off and saved, 

the residue was washed. 

D. Phase III, iron and manganese oxyhydroxides were 

removed by agitation of the sediment in the 

15 ml centrifuge tube for 4 hours in 0.04 M NH~OH~Cl in 

25% (v/v) HOAc in a bath of 90°C. Supernatant pipetted 



off after centrifuging and saved. Process repeated for 

another 2 hours, extracts combined. 

E. Phase IV, the organic matter was removed by agitation 

two hours (80°C) in the centrifuge tube by a solution 

3 ml (0.02 M HN03 ) and Sml of 30% H20 2 (pH 2). Another 

3ml of H20 2 was added and the solution was further agitated 

for three hours. Solution centrifuged and pipetted off. 

After cooling, 5 ml of 3.2 M NH40Ac in 20% (V/V) HN03 was 

added to prevent reabsorption of the beryllium. 

F. Phase V, biogenic opal was removed in 160 ml of 2 M 

Nal C03 in a 100 ml teflon beaker heated to 100°C for four 

hours. After centrifugation in 50 ml centrifuge tubes, the 

supernatant was rinsed with 1% HCl to prevent reabsorption of 

beryllium (from Eggiman et al., 1980). 

G. Phase VI, the residue was completely dissolved in HF and 

H~~. 

II. Treatment of extracts and removal of aliquots for beryllium 

and major cation analysis. 
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A. The solutions extracted above were evaporated to dryness in 

a 100 ml Teflon heatable beaker. The dried extract was 

redissolved in a solution of 4 ml of 14 N HN03 and 2 ml of 12 N 

HCl04 and again evaporated to dryness. Again, the residue was 

redissolved in 4 ml of 14 N HN03 and 2 ml of 9 N HCl. 

B. The above solution was evaporated to about 2 ml and then 

diluted to 20 ml with deionized water in a graduated cylinder. 

Two one milliliter aliquots were pipetted off and save in 1 oz. 

bottles. One aliquot, for beryllium ICP analysis, was diluted 

to 3 ml in 5% HN03 solution. The other aliquot, for Fe, Al, Ca, 

Mg, and Mn ICP analysis, was diluted to 26 ml. 



200 

C. A 0.5 mg beryllium carrier (from an AA standard) was pipetted 

and added to the remaining 18 ml of solution after it was 

transferred to a standard 100 ml beaker. 

III. The purification of beryllium (the following adapted from 

K. Nishiizumi, personal communication). 

A. The remaining solution (18 ml) was diluted to about 40 ml 

of deionized water in a 100 ml beaker. A stirring rod was added. 

About 0.5 cc of acetyl acetone was pipetted into the beaker. Then 

10% EDTA (0.5 meqjml) was added. The pH was adjusted to about 7 

with NH40H (1:1 to EDTA), HCl was used if pH went too high. The 

solution was covered and stirred for about one hour. Afterwards 

the pH was readjusted if necessary (if the pH dropped 

difficulties will be encountered in the next step). 

B. The solution was transferred to a teflon separatory funnel 

along with 20 cc of CCl 4 • The funnel was shaken briefly, and the 

pressure was vented. The separatory funnel was placed in a 

shaker and agitated for 4 minutes. Afterwards the funnel was 

set aside to let the solvents separate cleanly. The heavier 

CCl4 was drained off. The beryllium carrying CCl4 was transferred 

to another separatory funnel that contains about 20 cc 8.5 N HCl. 

15 cc of CCl 4 was then added to the first separatory funnel, and 

was shaken again, and the CCl 4 was drained off and added to the 

first extract. The separatory funnel with the 8.5 N HCI was 

then shaken for 4 minutes. Afterwards the CCl4 was drained off. 

The beryllium-containing 8.5 N HCI solution was saved. 

C. The remaining solution was dried to about 1 mI. 10 ml of 

aqua regia (HNO):HCl 1:3) was added and boiled to dryness. The 

residue was dissolved again in 5 ml of 0.1 N HCl. 

IV. Precipitation of Be (OH)2 



A. The above solution transferred to a 15 ml polyethylene 

centrifuge tube. Top off with pure water. Add a few drops 
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of pure NH40H and shake. Be(OH)2' a whitish gel, should begin 

to precipitate. Put tube in warm bath of water for 30 minutes. 

centrifuge solution for 10 minutes. Decant solution and 

redissolve gel with a few drops of pure HC1. 

B. Repeat step A two or three times until satisfied solution is 

clean. (This step is important to eliminate boron, since boron 

should stay in solution). 

v. Combustion to BeO 

A. Decant excess solution. Pipette Be(OH)~ gel from centrifuge 

tube with 9" disposable pipettes (pipettes and centrifuge tubes 

should be saved for later safe disposal) into 9 mm 00 quartz 

tubes (one end closed, like in CO~ combustion). 

B. Add pure water to fill tube and cover end with parafilm. 

centrifuge for 10 minutes (may need adapters for centrifuge). 

pipette off solution. Put quartz tubes in vacuum oven and 

dry out overnight at 60°C. 

C. The quartz tubes were then held near the open end with a 

three prong clamp on a stand. The tube was inclined downward 

by 20°. The beryllium containing closed end of the quartz tube 

was then heated by a bunsen burner to about 900°C for about 30 

minutes. Only the tip of the tube should get hot (it was found to 

eliminate boron, nothing else should get hot, particularly 

aluminum). 

D. The BeO powder in the bottom of the tube was be tapped 

lose into a plastic vial inside a clean hood (storage of BeO 

in glass vials may lead to boron contamination of the powder 

from the glass). 



VI. The making of the BeQ targets. 

A. Some clean silver powder was added to the BeQ powder in 

the plastic vials. The ratio should be 3:1 (Ag:BeQ), but this 

has to be estimated. The powders should be mixed. 
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B. The powder was transferred into a copper target holder by a 

spatula, a copper plug inserted, and pressed. The copper target 

holder is stored in a labeled plastic holder. This should 

be done just before analysis on the Tandem Accelerator. 

The pressing of the BeQ should be done in a clean hood for 

safety. 
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Appendix D 

Tandem Accelerator Mass Spectrometry techniques for lOBe analysis 

A brief overview of the principles of the measurement of lOBe by use 

of the 3 MV Tandem Accelerator Mass Spectrometer at the University of 

Arizona will be made here. Measurement of lOBe was first made at the 

University of Arizona by Zabel et al. (1984). More lOBe work did not 

occur until 1988. It took nearly 3 years of intermittent work to obtain 

reliable results. One problem was the separation of boron from the 

samples during the chemical procedures. Secondly, it was found that a 

multi-channel analyzer (MeA) was needed, and funds from the NSF had to be 

obtained to purchase it. Thirdly, sufficient BeO· current (1 to 2 ~A) was 

not obtained until the addition of the NEC ion source in 1992. The 

techniques that were used followed the work of Raisbeck et al. (1987) from 

their tandetron AMS facility. 

The BeO containing copper target holders were loaded into a 32-

position target wheel, and loaded into the ion source of the accelerator. 

Usually, no more than 20 targets were loaded at anyone time. Four NIST 

standards (SRM435; IOBe/9Be ratio, 2. 68x10·1I ) were interspersed throughout 

the wheel. In addition, evel:Y wheel contained BeO blanks (low lOBe). The 

blanks were either commercially obtained BeO, or were processed in the 

laboratory from the beryllium carrier. 

exposed to a cesium source. The 

The target, inside the source, was 

sputtered BeO· (1 to 2 ~A) ions 

accelerated away from the target cathode. 

Mass selection is possible as the BeO· current passes through the 

injection magnet (Figure D.1). The 9BeO· current was measured in the 

LEC (low energy cup), though, sometimes 9Se +n was measured in the HEC (high 

energy cup). The 9Be current was measured prior to and after each lOBe 
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run. Afterwards, lOSe was normalized against the average 9Se current. 

The Se~ ions pass into the tandem accelerator. The name "tandem" 

refers to the dual accelerator design. The SeO· ions are accelerated 

towards the terminal which is held at 2.3 MV by a Cockcroft-Walton 

generator. 2.3 MV was found to be the minimum voltage that was needed to 

separate lOSe from lOS at the detector. The SeO· ions collide with argon 

gas that is bled into the ion's path. The molecule of Se~ is 

disassociated and electrons are stripped off the beryllium atom. The 

beryllium ion is then accelerated away from the terminal to ground 

potential. 

The beryllium ions pass through a deflector that can be used to 

select the right charge. It was found that three times as many counts 

were generated by IOSe +3 than IOS e +2 ions in the detector. However, IOS+3 is 

ten times more abundant than IOS+2 as measured in the detector. 

After the deflector, and passage through a slit that helps block 

stray unwanted ions, the beryllium ions pass through two analyzing 

magnets. In between the two magnets was placed a thin carbon foil. The 

purpose of the foil is slow down the lOS more than the lOSe because of lOS 

higher nuclear charge. Therefore, most of the lOS had the wrong mass-

energy relation to pass through the second magnet. The foil was tried 

before the first analyzing magnet but the results did not improve. 

Nevertheless, enough lOS passes through the magnets to be a problem 

for lOSe analysis. Soth ions pass into an isobutane gas filled detector 

through a mylar window. lOS, as it passes through the gas, loses more 

energy than lOSe. The ionization and hence energy loss is measured by a 

dE/dx analyzer within the detector. lOSe, presumably, after losing less 

energy, arrives at a total energy (E) analyzer and is recorded. The gas 

pressure was set at 21 or 22 torr. Higher pressure would have been more 

desirable to separate the lOSe from lOS but, unfortunately, the signal to 
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noise ratio increases. Higher terminal voltages would be needed. 

The signal pulse is filtered through the electronics to the MeA. 

There, a 2-D plot of dE vs E is displayed and recorded. It was hoped that 

lOSe could be resolved from lOS by segregation between their respective 2-D 

fields. It was found that the system could resolve lOSe from lOS as long as 

the lOS count rate at the detector did not exceed 40,000 cps. If the lOS 

count rate did exceed this limit, lOSe was measured in the 2+ charge state 

rather than the 3+ charge state. This procedure lowered the lOS count rate 

by 10-fold, but unfortunately the lOBe count rate decreased by a factor of 

three. 

Each target was measured for 500 seconds during one cycle around the 

wheel. At least three such cycles were measured. Unknown samples were 

normalized, in cp9/~A, against the two NIST standards between which they 

were situated to derive the 10SerSe ratio. A weighted average was derived 

from the three cycles. The blank correction, for that day, was subtracted 

(the blanks, varied day by day from 7xlO·14 to 2xlO· 13 ). The unknowns, by 

comparison, ranged from SxIO·I~ to above the NIST standard. The IOSe /9Se 

ratio was converted to lOBe atoms per gram of sediment. The error used for 

each measurement was either the scatter for the sample for that run or the 

statistics, which ever was higher. Generally, measurements of one 

standard deviation of less than 4% or 5% were derived from the statistics. 

Those errors over 6% were generally the result of high scatter of that 

day's run. 



Core-Section cm's 

1-1 49-50 

1-1 148-149 

1-2 99-101 

1-3 49-50 

2-1 11-13 

2-1 111-112 

2-2 64-62 

2-2 125-126 

2-3 18-20 

2-3 96-98 

3-1 28-30 

3-1 87-89 

3-1 127-128 

3-2 28-30 

3-2 80-82 

3-3 33-34 

Appendix E 

lOSe and 9Se data 

Depth lOSe 

(meters) (108 atoms/g"",) 

0.50 1. 80±0.14 

1.49 2.13±0.08 

2.50 2.08±0.08 

3.50 2.20±0.13 

4.87 2.86±0.11 

5.87 2.11±0.13 

6.87 1. 98±0. 07 

7.51 2.09±0.10 

7.94 1. 67±0 .15 

8.72 2.35±0.16 

9.79 2.72±0.11 

10.38 1.95±0.OS 

10.78 2.S9±0.13 

11.29 2.48±0.09 

11.81 2.52±0.14 

12.84 1. 83±0.10 
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9Se 

(10 16 atoms/g"",) 

3.93±0.001 

1. 79±0. 01 

1. 36±0. 03 

1. 89±0. 04 

1. 34±0. 03 

1. 64±0. 04 

1. 77±0. 04 

---------

3.28±0.06 

1.9S±0.02 

1. 90±0. OS 

1. 83±0. 02 

2.87±0.03 

1. 60±0.04 

2.11±0.04 

2.15±0.09 
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3-3 124-125 13.75 2.59±0.16 2.B2±0.13 

4-1 31-32 14.57 2.22±0.12 2.42±0.04 

4-1 12B-129 15.54 2.55±0.16 3.26±0.04 

4-2 79-BO 16.55 1. 75±0 .12 1. BB±O. 04 

4-3 9-10 17.35 2.91±0.26 3.21±0.07 

4-3 10B-l09 lB.34 3.53±0.10 2.12±0.05 

5-1 17-1B 19.1B 3.39±0.1l 2.47±0.02 

5-1 59-61 19.60 3.96±0.14 2.00±0.06 

5-1 120-121 20.20 4.57±0.13 3.03±0.03 

5-2 70-71 21.21 4.69±0.13 2.56±0.06 

5-2 llB-120 21. 69 3.56±0.13 2.50±0.03 

5-3 9-10 22.10 4.22±0.1l 3.23±0.04 

5-3 3B-40 22.39 3.46±0.10 2.B2±0.04 

5-3 7B-BO 22.79 4.39±0.15 2.42±0.03 

5-3 129-130 23.30 3.14±0.16 2.51±0.03 

6-1 B-10 23.B4 2.B9±0.17 1. 55±0. 04 

6-1 3B-39 24.14 2.B6±0.17 2.26±0.03 

6-1 6B-70 24.44 4.36±0.15 2.05±0.06 

6-1 12B-130 25.04 4.B2±0.24 2.37±0.02 

6-2 21-22 25.47 6.46±0.42 3.56±0.05 
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6-2 48-50 25.74 14.00±0.06 4.57±0.04 

6-2 88-90 26.14 2.76±0.05 1.50±0.01 

6-2 120-121 26.46 3.00±0.27 2.52±0.01 

6-3 18-20 26.94 3.14±0.10 2.74±0.03 

6-3 69-71 27.45 3.01±0.08 1. 85±0. 05 

6-3 129-130 28.05 2.37±0.09 3.64±0.03 

7-1 59-60 29.10 2.59±0.14 1.97±0.03 

7-3 139-140 29.90 1.93±0.10 1. 56±0. 02 

7-2 99-100 31.00 2.91±0.12 2.50±0.03 

7-3 67-68 32.18 1. 92±0. 08 1. 52±0. 04 

8-1 9-10 33.35 4.03±0.15 2.03±0.02 

8-1 109-110 34.35 3.51±0.10 3.63±0.09 

8-2 59-60 35.35 4.42±0.14 2.18±0.02 

8-2 104-105 35.80 3.70±0.11 2.84±0.03 

8-3 20-22 36.46 3.18±0.19 2.58±0.02 

8-3 48-50 36.74 2.92±0.08 2.87±0.08 

8-3 99-100 37.25 3.74±0.34 5.24±0.06 

9-1 17-19 38.18 1.87±0.25 1. 49±0. 06 

9-1 50-52 38.51 4.94±0.30 2.43±0.05 

9-1 68-70 38.69 5.64±0.13 2.26±0.02 
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9-1 109-110 39.10 6.65±0.20 3.14±0.05 

9-2 11-12 39.62 2.98±0.11 2.71±0.05 

9-2 60-62 40.12 4.52±0.10 3.11±0.04 

9-2 110-111 40.61 3.51±0.14 1. 53±0. 02 

9-3 69-70 41. 70 4.04±0.34 2.11±0.02 

10-1 11-12 42.87 3.34±0.09 2.05±0.04 

10-1 109-110 43.85 2.15±0.16 1.05±0.04 

10-2 60-61 44.86 1.91±0.13 1.35±O.03 

10-3 10-11 45.86 1. 66±0. 07 1. 03±0. 02 

10-3 111-112 46.87 1. 70±0. 15 0.85±0.02 

11-1 9-10 47.60 2.74±0.23 1.99±0.10 

11-1 111-112 48.62 2.51±0.12 1. 52±0. 03 

1-1 148-1495 1.49 2.27±0.22 2.48±0.04 

1-2 99-1015 2.50 1. 80±0. 20 1. 86±0. 02 

1-3 49-505 3.50 1.62±0.14 1.35±0.04 

2-1 11-135 4.87 1. 83±0.18 1. 36±0. 03 

2-1 111-1125 5.87 1.79±0.17 1.62±0.03 

2-2 61-625 6.87 1. 76±0 .16 1.41±0.04 

6-1 8-10R 23.84 3.22±0.12 1. 56±0. 03 

6-1 38-395 24.14 3.91±0.36 1. 82±0. 03 
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6-1 68-70E 24.44 3.38±0.10 1. 98±0. 02 

6-1 128-130R 25.04 4.66±0.17 2.19±0.01 

6-2 21-22S 25.47 7.18±0.14 3.94±0.09 

6-2 48-50E 25.74 7.61±0.03 3.61±0.03 

6-2 88-90R 26.14 2.74±0.O7 1. 56±0. 03 

6-2 120-121R 26.46 2.67±0.10 1.53±0.04 

9-1 109-110R1 39.10 5.98±0.12 5.23±0.03 

9-1 109-110R2 39.10 6.59±0.17 3.00±0.03 

9-1 109-110R3 39.10 7.27±0.46 3.15±0.06 

9-1 109-110R4 39.10 7.35±0.37 4.02±0.06 

9Se measurements made on the ICPAES (Induced Coupled Plasma Atomic 

Emission Spectroscopy) analyzer in the Soils, Water, and Engineering 

department at the University of Arizona. 

precision of the analyzer. 

R Samples that were repeated 

Error of analysis was the 

S Samples that were initially analyzed on the old source in 1991 

E Samples where there was a possible error in the experimental. 

procedures, such as loss of solution or contamination. 
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Appendix F 

Aluminum, Calcium, Magnesium, Iron, and Manganese Data 

Core-Section cm Depth Ai Ca Mg Fe Mn 

(m) (ppm) (ppm) (ppm) (ppm) (ppm) 

1-1 49-50 0.50 858 2162 6193 2853 29 

1-1 148-149 1.49 447 1989 5408 3053 33 

1-2 99-101 2.50 461 8320 7001 3034 28 

1-3 49-50 3.50 639 4084 5181 3234 19 

2-1 11-13 4.87 645 2200 4195 2317 18 

2-1 111-112 5.87 590 2095 4170 2989 24 

2-2 64-62 6.87 798 2250 5288 4474 31 

2-2 125-126 7.51 923 3669 5556 5053 55 

2-3 18-20 7.94 951 11377 8256 4661 65 

2-3 96-98 8.72 774 3585 4939 4416 54 

3-1 28-30 9.79 741 9943 4449 4196 39 

3-1 87-89 10.38 599 3042 5359 3878 21 

3-1 127-128 10.78 561 45295 3936 3686 32 

3-2 28-30 11.29 570 12599 6672 4287 47 

3-2 80-82 11.81 2493 3882 5750 5597 52 
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3-3 33-34 12.84 815 11373 6556 5066 52 

3-3 124-125 13.75 701 15371 4481 7101 49 

4-1 31-32 14.57 516 19184 3906 5849 40 

4-1 128-129 15.54 570 41648 4620 7285 59 

4-2 79-80 16.55 890 3308 3594 9050 21 

4-3 9-10 17.35 693 21716 4244 6923 56 

4-3 108-109 18.34 495 16060 4341 5990 46 

5-1 17-18 19.18 640 16445 3479 5482 37 

5-1 59-61 19.60 465 2851 2933 4721 42 

5-1 120-121 20.20 1340 721 4631 6298 64 

5-2 70-71 21.21 1217 556 3641 7653 49 

5-2 118-120 21. 69 1274 653 4386 7930 60 

5-3 9-10 22.10 642 4362 3591 5926 36 

5-3 38-40 22.39 658 4990 3407 6432 45 

5-3 78-80 22.79 1276 789 5151 8789 72 

5-3 129-130 23.30 1248 1456 4104 9077 64 

6-1 8-10 23.84 618 3324 3307 7677 25 

6-1 38-39 24.14 632 9090 4300 5214 32 

6-1 68-70 24.44 671 3260 3049 9779 48 

6-1 128-130 25.04 800 2505 3175 5514 41 
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6-2 21-22 25.47 1510 1222 3580 8075 54 

6-2 48-50 25.74 674 2590 2558 5474 39 

6-2 88-90 26.14 690 732 3268 4544 33 

6-2 120-121 26.46 1334 2808 4201 6628 40 

6-3 18-20 26.94 603 559 2426 4667 39 

6-3 69-71 27.45 912 971 2878 6063 35 

6-3 129-130 28.05 1011 1172 5111 4861 45 

7-1 59-60 29.10 910 1716 4185 6259 44 

7-3 139-140 29.90 870 2346 3969 5546 45 

7-2 99-100 31.00 1131 1088 4496 7574 61 

7-3 67-68 32.18 784 1496 3817 5272 39 

8-1 9-10 33.35 984 2494 4282 7813 50 

8-1 109-110 34.35 1089 2245 3766 7759 57 

8-2 59-60 35.35 501 18816 3528 5931 40 

8-2 104-105 35.80 764 3278 3640 6274 46 

8-3 20-22 36.46 631 3694 3071 6314 41 

8-3 48-50 36.74 618 9704 3343 5342 44 

8-3 99-100 37.25 615 5224 4223 5127 215 

9-1 17-19 38.18 966 3108 5877 8268 34 

9-1 50-52 38.51 963 1190 3288 6992 47 
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9-1 68-70 38.69 811 923 2703 6011 46 

9-1 109-110 39.10 1283 1991 4032 7080 65 

9-2 11-12 39.62 811 958 3506 5646 62 

9-2 60-62 40.12 1019 2292 3583 7192 67 

9-2 110-111 40.61 972 1018 3389 7327 56 

9-3 69-70 41.70 525 4594 2468 6220 64 

10-1 11-12 42.87 507 9570 2858 5200 45 

10-1 109-110 43.85 449 6112 2990 3512 40 

10-2 60-61 44.86 503 12858 5642 4680 94 

10-3 10-11 45.86 341 18646 2756 2994 97 

10-3 111-112 46.87 278 7928 3502 2341 26 

11-1 9-10 47.60 411 8437 2556 4139 44 

11-1 111-112 48.62 307 2581 3767 2795 43 

1-1 148-1495 1.49 768 2404 3934 

1-2 99-1015 2.50 623 8282 3505 

1-3 49-505 3.50 689 4028 3467 

2-1 11-135 4.87 600 2161 3219 

2-1 111-1125 5.87 647 2223 3521 

2-2 61-625 6.87 742 1760 4340 

6-1 8-10R 23.84 585 2647 3086 6409 23 
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6-1 38-395 24.14 769 9742 4513 

6-1 68-70E 24.44 637 3119 2924 8623 46 

6-1 128-130R 25.04 767 2011 3021 5638 39 

6-2 21-225 25.47 1292 1303 7361 

6-2 48-50E 25.74 444 3857 2957 5078 55 

6-2 88-90R 26.14 991 867 4117 6294 42 

6-2 120-1215 26.46 943 1391 7084 

9-1 109-110R1 39.10 1574 2691 4639 8560 77 

9-1 109-110R2 39.10 1336 1753 4056 7108 71 

9-1 109-110R3 39.10 1274 1636 4067 7098 70 

9-1 109-110R4 39.10 1662 2620 5649 7455 98 
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