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Abstract

The cosmic-ray flux incident upon the Earth during the late Pleistocene, 20-60 kyr B.P., was studied by measuring
the cosmogenic radionuclide '"Be from a marine sediment core at site CH88-10P on the Blake Outer Ridge. The
paleointensity of the geomagnetic field for this core was determined by various methods. The variance in the con-
centration of 'Be in the authigenic fraction of the sediments from Blake Ridge closely correlates with the inverse of the
variance in the paleointensity of the geomagnetic field. The 'Be signal lags, up to 1000 years of sedimentation, the
measured paleointensity of the sediments. In contrast, the data from several other elements, some climatically sensitive,
and from beryllium show relationship neither to '°Be nor to the paleomagnetic data. The relationship between '°Be
concentration and the dipole field intensity (M/M,) as measured in the sediments is consistent with theoretical mod-

els. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Evidence gathered over the last decade indi-
cates that the production rate of cosmogenic ra-
dionuclides has varied substantially over the late
Pleistocene. For example, calibration of the ra-
diocarbon time scale against U/Th [1] for corals
older than the Holocene has shown large discrep-
ancies between the two methods indicating that the
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rate of production of '*C has varied greatly during
that period. The concentration of '°Be in Antarctic
ice at 35 and 60 ka is anomalously high relative to
expectation resulting from changes in precipitation
alone [2]. Elevated levels of '°Be from the younger
event were confirmed from marine sediments [3—5]
and lake sediment [6]. These increases of '°Be, and
3Cl, in ice are attributed to decreases in the geo-
magnetic field [7], even though other work fails to
show a strong relationship between the accumu-
lation of cosmogenic radionuclides in polar ice
and the dipole-field intensity out to 40,000 B.P.
[8].

Furthermore, in recent years the intensity of the
geomagnetic field of the late Pleistocene has been
measured directly by the magnetization of marine
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and lake sediments [9-17] and the individual
measurements show wide variations of paleoin-
tensity. These paleointensity studies are broadly
similar and show that from 35 to 45 ka the geo-
magnetic field may have decreased to as little as
10% of the present-day field. The Laschamp geo-
magnetic excursion as seen in several North At-
lantic marine sediment cores occurs at about the
same time [18].

Our work began by measuring '"Be from a
partly varved sediment core, Leg 64, DSDP 480.
The site lies on a slope of the Guaymas basin in the
Gulf of California at 660 m depth [3]. The work
continued with sediments from a core from a ridge
in the Sea of Japan, KH-79-3, C-3 (935 m). In this
paper we present results from a marine sediment
core from the Blake Outer Ridge, CHS88-10P
(3818 m), Fig. 1. The Blake Outer Ridge is com-
posed of drift deposits, i.e., sediments transported
along the continental slope by deep-sea currents
and over millennia deposited on the ridge. This site

85'W

has several advantages, some to be reviewed later,
including a high sedimentation (25 cm/kyr) for
abyssal depths. The geomagnetic-field paleointen-
sity of the sediments was independently measured
by Schwartz, Lund and Johnson [33] and our '°Be
measurements can be directly compared to their
paleointensity measurements.

2. Procedure

Sediment samples that had been measured for
paleomagnetism were provided by Martha
Schwartz and Steven Lund at the University of
Southern California. One to two grams of sedi-
ment were leached in a solution of 25% acetic
acid and 0.04 hydroxylamine-HCI to separate
the “authigenic” fraction of the sediment from
the “terrigenous” fraction [20]. The authigenic
fraction, thought to reflect more closely the
composition of seawater, is mostly composed of
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Fig. 1. Map of the Blake Outer Ridge and location of marine sediment core CH88-10P (3818 m).
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exchangeable ions, carbonates and Fe-Mn hy-
dryoxides. Two aliquots of the leachate are
extracted and diluted by 5% HNO;. Elements of
interest were analyzed by ICPAES at the Soils,
Water, and Engineering Department at the Uni-
versity of Arizona. The remaining leachate was
further processed by solvent extraction, precipi-
tation of Be(OH),, and combustion to produce
BeO.

After separation of beryllium from the authi-
genic fraction of the sediments and combustion to
BeO, "Be was measured on the Tandem Acceler-
ator Mass Spectrometer at the University of Ari-
zona. With a standard beryllium carrier the '"Be/
Be blank averages about 2x 10714, Typically, the
ratio for marine sediment is about 107!, If beryl-
lium is analyzed in the +3 charge state, the error of
measurement for the accelerator is about 1% for a
NIST standard and 2-3% for sediment.

For this paper, the chronology of core CHS88-
10P was adopted from earlier work, predomi-
nantly that of Martha Schwartz and Steven Lund
[19]. The chronology was based on radiocarbon
and oxygen isotope measurements of core CH88-
10P and correlations with other sediment cores on
the Blake Ridge.

3. Results

Fig. 2(a) shows the '"Be concentration of the
authigenic fraction of the sediments for core
CHS88-01P analyzed thus far, from 450-1500 cm in
depth. Also shown is the magnetic field intensity of
the Earth normalized to present values (M/M,).
1UBe normalized to °Be is shown in Fig. 2(b) and
tracks 'Be concentrations. Despite the lack of
correlation between '°Be and ?Be, as will be shown
later, the ratio still tracks '"Be due to the lower
variance of °Be. As can be seen in Fig. 2(a) there
are three prominent increases of °Be concentra-
tion. The shallowest ''Be maximum in the sedi-
ments, 42-41 ka, is contemporaneous with the ice
and marine-sediment core chronologies [4,21,22]
and possibly the Laschamp excursion in North
Atlantic marine sediments [18]. The deepest
anomaly, about 62-64 ka, may be contemporane-
ous with an increase in '’Be concentrations in the
Vostok ice core [2]. A smaller increase in '“Be
concentrations lies in between the other two at
about 55-57 ka. The paleointensity of the geo-
magnetic field inversely correlates with the '“Be
maxima. For example, the approximate doubling
of '"Be concentrations at 41 ka is associated with a
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Fig. 2. (a) The '°Be concentration and M/M, as determined from measured NRM/ARM ([33], Fig. 8) of core CH88-10P versus depth
and time. Error bars for '°Be are one sigma. (b) The ratio of '’Be to °Be. Some measurements of *Be below a depth of 1300 cm were
unreliable.
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decrease in the geomagnetic field from values
stronger than the present day to about 10%.
With these data sets it is feasible to begin to
evaluate the standard methods used to measure
paleointensity. For example, a standard method is
to normalize natural remanent magnetization
(NRM), which is a function of both alignment and
concentration of the magnetic particles in the
sediments, to laboratory induced magnetizations:
(a) saturation isothermal remanent magnetization
(SIRM) that is acquired in a strong direct field; (b)
anhysteretic remanent magnetization (ARM) ac-
quired by subjecting sample in simultaneously al-
ternating and direct magnetic fields; (c) and chi (y)
low-field susceptibility. A more direct comparison
between the data sets than in Fig. 2(a) can be made
by converting the data sets to variance about a
linear regression for '"Be and the inverse of the
variance about a linear regression for the paleo-
intensity data. In Fig. 3(a), the inverse variance of
three paleointensity methods were plotted together
with the variance in '°Be concentration. In general,
the inverse variance of paleointensity for the
three methods track the '°Be concentrations. In
Fig. 3(b), only the inverse variance of NRM/ARM
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Fig. 3. (a) '"Be (solid line), NRM/ARM (dashed line), NRM/y
(small dash), and NRM/SIRM (dash-dot) ([33], Fig. 5) in units
of their variance about the mean of linear regressions through
the data. (b) The variances of 'Be (heavy solid line) and of
NRM/ARM (dashed line) from linear regressions through their
data sets.

was plotted because it best fits the variance of '°Be
data. The NRM data normalized to SIRM and y
were more variable than those normalized to
ARM. At two depth intervals they indicate a
stronger geomagnetic field than indicated either by
NRM/ARM or by the '°Be variances. As can be
seen in Fig. 3(b) NRM/ARM covaries with the
10Be data very well (r>0.8) if allowance is made
for the lag of the '°Be signal after that of NRM/
ARM. This lag can cover more than 1000 years of
sedimentation but can be much less as seen at the
deepest '°Be maxima. Such a lag can be expected
from the relative contributions of the delays due to
the time of transport of '°Be from the surface of
the sea to bottom sediments, and due to the effects
of bioturbation on magnetic particles and '°Be
within the deposited sediments.

Before we assume that the close correspondence
between the '“Be and NRM/ARM data sets was
due to the effects from the modulation of the
geomagnetic field on the cosmic-ray flux and
consequently '°Be production, we must take into
account the effects of climate. Kok [23] suggested
that the correlation between the stacked records of
UBe cores to paleointensity measurements from
several marine-sediment [21] may, in fact, only
reflect similar responses of both to Pleistocene
climate, because they both also correlate to & 2O
which is known to be sensitive to climatic influ-
ences. In this study, this is, in part, answered by
the analyses of elements from the authigenic frac-
tion of the sediments (Fig. 4). Four elements with
predominantly terrigenous origins: iron, alumi-
num, zinc and beryllium covary with one another,
having low concentrations in oxygen-isotope stage
3, and concentrations which increase toward
stages 2 and 4. The '°Be data set is independent of
these elements, including that of beryllium (cor-
relation coefficient near 0). The fact that only '°Be
in the authigenic fraction of the sediments covaries
with the paleointensity data set indicates very little
terrigenous '°Be is deposited on the Outer Blake
Ridge. Furthermore, the '°Be concentrations are
independent of climatically sensitive calcium con-
centrations that are high in stage 3 (mostly CaCO;
diluting the terrigenous contribution but appar-
ently not '"Be). The '°Be concentrations are also
independent of diagenetically sensitive magne-
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Fig. 4. Selected elements and '"Be of the authigenic fraction of sediments: Be (beryllium), Fe (iron), Zn (zinc), Al (aluminum), Ca
(calcium), Mg (magnesium), Mn (manganese), Ba (barium). Oxygen isotope stage boundaries 2/3 and 3/4 are at 540 and 1220 cm in

core depth, respectively.

sium, and manganese which is sensitive to bottom
and sediment water oxygen concentrations.

Of particular interest are the periodic variations
in the concentration of barium in the sediments
[24]. Barite forms within the shells of settling bio-
genic particles as the result of reducing conditions
from decaying organic matter [25,26]. Barium in
some deep-sea marine sediments varied in response
to glacial and interglacial paleoproductivity of
surface waters [27]. Moreover, '°Be can correlate
with barium because both are scavenged from
shallow waters [28]. Barium and '°Be do not cor-
relate at the Blake Ridge. This would be incon-
sistent if both barium and 'Be are transported
together from shallow waters. An alternative ex-
planation is that diagenesis concentrates barium in
narrow zones within marine sediments [29,30].
However, there is no relationship between diage-
netically sensitive manganese and barium at the
Blake Ridge as might be expected [31]. A terrig-
enous source for barium has been ruled out be-
cause it does not correlate with aluminum and the

Ba/Al ratio for the barium maxima is typical of a
biogenic source. The most plausible explanation
for the '°Be and barium results is that the barium
“spikes” are biogenic, formed in response to dra-
matic changes in paleoproductivity near the Blake,
whereas !°Be is scavenged from the deeper waters
of the North Atlantic or directly deposited in the
recycled drift deposits. A possible explanation for
the periodicity of the barium maxima that alter-
nate between 120 and 150 cm in depth, are that
they form in response to precessional forcing of
the North Atlantic circulation during that period
of time.

A relationship between the intensity of the
geomagnetic field and the production of '"Be can
be derived. The NRM/ARM data set converted to
paleointensity M/M, was provided by Schwartz
and Lund ([33], Fig. 8). The '"Be data were nor-
malized by setting to unity the average of those
¥Be concentrations of the sediments when the
magnetic field from the paleointensity data was
equivalent to that of the present (M/M, = 1) and
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for normal solar activity (¢ = 450). The normal-
ized '°Be concentrations and the corresponding M/
M, for each sample were plotted in Fig. 5 along
with a polynomial through the data. The large
scatter between the data points is attributed to the
lag in time between the two data sets as seen in
Fig. 3(b). Typically the '°Be data set lags that of
NRM/ARM because of the effects listed above
with the result that the sediment record often
shows the geomagnetic field to be low when the
19Be deposited in those sediments shows it to be
high, and vice versa. To overcome this problem,
shown in Fig. 3(b), a paleointensity data point was
paired with a °Be data point that seemed to best
correspond to it, i.e., a prominent high of '"Be
concentration with a prominent low in the geo-
magnetic field, or a prominent low with a promi-
nent high, etc. These selected points are plotted
with the corresponding polynomial that best fits
them. In addition, theoretical values for '°Be in the
atmosphere are plotted with respect to paleoin-
tensity and solar modulation (@) as dashed lines in
Fig. 5 (from Lal [32]). The production of '°Be in
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Fig. 5. The inferred production rate of "Be as a function of
MIM, (the geomagnetic dipole field normalized to the present
field). The dashed lines are the theoretical production in the
atmosphere as a function of low (® = 100), average (¢ = 450),
and high solar modulation (@ = 1000) [32]. Also shown are the
10Be concentrations (normalized to average concentration when
MIM, = 1) and NRM/ARM [33] for each sample. The open
circles are the “production rate” and M/M, for each sample.
The large solid dots are matches between distinctive features of
the '°Be data and NRM/ARM as seen in Fig. 3(b). The solid
curves are second order polynomials through the open circles
(light) and the solid dots (heavy).

the atmosphere is not only sensitive to the varia-
tions in the geomagnetic field but also to solar
activity. For example, when solar activity is low
(@ = 100) the primary cosmic-ray flux incident
upon the Earth increases, and when it is high
(@ = 1000) the primary cosmic-ray flux is low. The
selected pairs of '°Be and the paleointensity data
lie within the helio-geomagnetic modulation en-
velope and are close to the average of the present
day solar activity (@ = 450).

4. Conclusion

The Outer Blake Ridge offers an excellent site
to study the effects of the geomagnetic field and the
flux of cosmic rays incident upon the Earth on the
production of '"Be during the late Pleistocene.
Unfortunately, it does not appear that short-term
events (less than 100 years) which are of interest,
such as solar activity or fluctuations in the primary
galactic cosmic-ray flux, will be seen because of the
residence time of several centuries for '’Be in the
deep sea. Nevertheless, this study shows that
the geochemical methods of '"Be measurement and
the geophysical methods of geomagnetic-field
paleointensity measurement can be directly corre-
lated. This may have value in subsidiary studies
such as the transport of '°Be in the sea, the locking
in of the paleomagnetic signal in sediments, or the
relationship of the inferred global dipole field as
evidenced by !°Be to the local field as measured by
paleointensity methods. In addition, theoretical
models concerning topics like the long-term gen-
eration of the geomagnetic field or the primary
cosmic-ray flux can be evaluated.
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