Chapter 5

Meteoric 'Be and '°Be as Process Tracers in the Environment

James M. Kaste and Mark Baskaran

Abstract 'Be (T, 5 = 53 days) and %Be (T, n =
1.4 Ma) form via natural cosmogenic reactions in the
atmosphere and are delivered to Earth’s surface by wet
and dry deposition. The distinct source term and near-
constant fallout of these radionuclides onto soils, vege-
tation, waters, ice, and sediments makes them valuable
tracers of a wide range of environmental processes
operating over timescales from weeks to millions of
years. Beryllium tends to form strong bonds with oxygen
atoms, so 'Be and '°Be adsorb rapidly to organic and
inorganic solid phases in the terrestrial and marine envi-
ronment. Thus, cosmogenic isotopes of beryllium can be
used to quantify surface age, sediment source, mixing
rates, and particle residence and transit times in soils,
streams, lakes, and the oceans. A number of caveats
exist, however, for the general application of these radio-
nuclides as tracers in the environment, as steady deposi-
tion and geochemical immobility are not guaranteed in
all systems. Here we synthesize and review scientific
literature documenting the deposition and behavior of
these nuclides at the Earth’s surface, focusing on current
and potential applications for Earth scientists working to
quantify terrestrial and marine processes.

5.1 Introduction

Cosmogenic isotopes of beryllium (Be) form when
neutrons and protons spallate oxygen and nitrogen
atoms (Fig. 5.1; Lal et al. 1958). The two naturally
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occurring Be isotopes of use to Earth scientists are the
short-lived "Be (T, = 53.1 days) and the longer-
lived '°Be (T, = 1.4 Ma; Nishiizumi et al. 2007).
Because cosmic rays that cause the initial cascade of
neutrons and protons in the upper atmosphere respon-
sible for the spallation reactions are attenuated by
the mass of the atmosphere itself, production rates of
comsogenic Be are three orders of magnitude higher in
the stratosphere than they are at sea-level (Masarik and
Beer 1999, 2009). Most of the production of cosmo-
genic Be therefore occurs in the upper atmosphere
(5-30 km), although there is trace, but measurable
production as oxygen atoms in minerals at the Earth’s
surface are spallated (in situ produced; see Lal 2011,
Chap. 24). After cosmogenic Be is formed in the
atmosphere, it is removed by rain, snow, and dry depo-
sition. The near-constant production rate of cosmogenic
Be isotopes in the atmosphere (Leya et al. 2000;
Vonmoos et al. 2006) and the particle-reactive nature
of the Be atom (You et al. 1989) make meteoric cosmo-
genic Be nuclides (sometimes referred to as “garden
variety” to differentiate from in situ) a valuable tracer
of a wide range of chemical, physical, and biogeo-
chemical processes. Here we focus on the current
and potential applications of meteoric 'Be and '°Be
for quantifying and tracing natural processes occurring
in soil, fluvial, lacustrian, and marine environments.

5.1.1 Production and Deposition
of Meteoric ’Be and "°Be

The delivery of meteoric 'Be and '°Be to a particular
point on the Earth’s surface is controlled by the
nuclide production rate in the atmosphere, the region’s
air mass source, amounts of precipitation, and the
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Fig. 5.1 Schematic of cosmogenic '’Be production ("Be forms
in a similar manner). Meteoric "Be and '°Be form in the atmo-
sphere, and are delivered to the Earth’s surface by wet and dry
deposition. Most cosmogenic "Be is found on vegetation sur-
faces and in the O horizon or uppermost 2-cm of soil. Because of
its longer half-life, 19Be is commonly found on the surface,
throughout the soil profile, and occasionally in saprolite. Rep-
rinted from Willenbring and von Blanckenburg (2010a), Copy-
right (2010), with permission from Elsevier

efficiency of wet and dry depositional processes. Pro-
duction rates of cosmogenic Be vary inversely with
solar activity, because increased solar output strength-
ens the Earth’s magnetic field which deflects cosmic
rays. On timescales of decades, production rates vary
by approximately 25% with the 11 year solar cycle,
but over the course of hundreds of years, production
rates may vary by a factor of two or more due to longer
timescale modulations in the activity of the sun (Koch
and Mann 1996; Vonmoos et al. 2006; Berggren et al.
2009). Because cosmic rays are deflected towards the
poles, production rates of cosmogenic Be are a factor
of 3-5 higher in polar air than in equatorial air (Harvey
and Matthews 1989; Masarik and Beer 1999), depend-
ing on altitude. Polar air masses therefore have higher
amounts of cosmogenic Be available for scavenging,
but precipitation rates are generally very low here,
which ultimately limits the meteoric radionuclide
fluxes to the Earth’s surface at high latitudes. The
strong production gradient of cosmogenic Be with
elevation in the atmosphere causes seasonal variabi-
lity (at least in some latitude belts) in "Be and '°Be
deposition. This has been evident at mid-latitudes, as
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injections of stratospheric air into the troposphere
during the spring season of each year result in higher
concentrations of cosmogenic Be in meteoric waters
(Husain et al. 1977). Stronger convection in the tropo-
sphere during summer months also increases 'Be and
"9Be in rainfall as higher air is tapped (Baskaran
1995). Typically, fluxes of meteoric 'Be and '°Be
to the Earth’s surface scale with precipitation rates
more than with latitude, and dry deposition generally
is of lesser importance (Olsen et al. 1985; Brown et al.
1989; Wallbrink and Murray 1994; Whiting et al.
2005; Zhu and Olsen 2009), particularly for the
shorter-lived "Be.

While the concentrations of cosmogenic Be in pre-
cipitation can vary by a factor of 20 between different
storm events at one location, and are strongly depen-
dent on latitude, amounts in rain and snow for each
nuclide are commonly on the order of 10* atoms g~ ',
with "Be/'“Be atomic ratios falling between 0.41 and
0.61 in the Southern hemisphere and 0.67 and 0.85 in
the Northern hemisphere (Brown et al. 1989; Knies
et al. 1994). The production ratio of "Be/'’Be in the
atmosphere is projected to be 1.9 (Nishiizumi et al.
1996; Masarik and Beer 1999); "Be/'"Be ratios
measured in precipitation will be controlled by resi-
dence time in the atmosphere as 'Be decays during air
mass or aerosol transport. Snow commonly has higher
concentrations of cosmogenic Be isotopes than rain,
possibly because of the higher surface area of snow-
flakes compared with rain droplets (McNeary and
Baskaran 2003). Concentrations of cosmogenic Be in
precipitation compared from storm to storm are usu-
ally inversely proportional to rainfall amount, as aero-
sols are scavenged during the initial stages of a storm
event and larger storms are simply more diluted (Olsen
et al. 1985; Todd et al. 1989; Baskaran et al. 1993). For
example, Ishikawa et al. (1995) documented a sharp
reduction in the concentration of 'Be in precipitation
measured over the course of 2-day storm in Japan.
During the first ~6 h of the storm, the "Be content of
snowfall was approximately 10** atoms g '
(4 Bq L"), but this dropped to <10*® atoms g~
(<1 Bq L") during the latter stages of the event.
Resuspended dust can be a significant source of '°Be
in rain (Monaghan et al. 1986; Graham et al. 2003; Lal
and Baskaran 2011), but is probably a minor source of
"Be to meteoric waters because of its shorter half-life.
The '°Be content of continental dust is near that of the
average concentrations in regional surface soil, which
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indicates that topsoil erosion is the likely source of
dust over continents (Gu et al. 1996). Lal (2007)
estimated the global average value of atmospheric
dust to be 2.12(£0.04) x 10° '°Be atoms g~ dust.

It is presumed that once "Be or '°Be is produced, it
combines with atmospheric oxygen or hydroxyl to
form Be oxide (BeO) or hydroxide (BeOH,> ™), mole-
cules that are scavenged by atmospheric moisture.
Equilibrium thermodynamics can be used to predict
that in slightly acidic cloudwater or rainfall (pH <6),
Be speciation will be dominated by Be** (Vesely et al.
1989; Takahashi et al. 1999). After rainfall hits the
surface of the Earth, precipitation having a pH of <6 is
usually neutralized rapidly, and cosmogenic Be
quickly adsorbs to vegetation and the uppermost
layer of soils and sediments (Pavich et al. 1984;
Wallbrink and Murray 1996; Kaste et al. 2007).
Because of the wide variability in the concentrations
of cosmogenic Be isotopes in rainfall within storms,
between storms, between seasons, and from year to
year, and the potential of dust deposition being signifi-
cant particularly for '°Be, it takes several years worth
of input measurements to accurately generalize depo-
sition rates for a single location (Brown et al. 1989;
Baskaran 1995). Furthermore, care must be taken to
acidify samples because Be®* can adsorb to plastic
sampling funnels or collection bottles (Baskaran
et al. 1993). A summary of the volume-weighted "Be
concentrations measured in rainfall and calculated wet
deposition fluxes is given in Table 5.1.

5.1.2 General Abundances of ’Be
and "°Be at the Earth’s Surface

Inventories of meteoric cosmogenic Be on the Earth’s
surface (in units of atoms (n) m Zor activity (Bq = nk)
m~?) at a particular location are a function of atmo-
spheric deposition rates, exposure age, and soluble
(from leaching or “desorption”) and particulate (from
erosion or sediment deposition) losses or gains. Soluble
losses of cosmogenic Be from soils are thought to be
negligible in watersheds of near-neutral pH, but can be
appreciable in acidic systems (Pavich et al. 1985;
Brown et al. 1992b). In most soils on gentle slopes,
erosional losses of Be are minimal because of its short
half-life compared to the residence time of particle-
reactive radionuclides in watersheds (or the timescale

needed for significant erosion), but '°Be inventory
deficiencies are used to calculate steady-state erosion
rates (Brown et al. 1995). "Be in soils may thus be in an
approximate radioactive equilibrium with atmospheric
deposition, such that decay rates roughly equal deposi-
tion rates on a Bq m 2 basis (Olsen et al. 1985). How-
ever, in areas where there is very strong seasonal
variations of precipitation (such as San Francisco, CA
and other areas controlled by seasonal monsoons such
as East Asia, Southeast Asia, etc.), very high precipita-
tion during certain months may result in transient equi-
librium with much higher inventories in soils during
wetter periods (Walling et al. 2009).

Generally, concentrations of "Be and 'Be in soils
and sediments near the Earth’s surface are in the range
of 10°-10° atoms g ' (0.15-15 Bq kg '), and
107-10° atoms g~ ', respectively (Fig. 5.2). Because
of its short half-life, "Be is confined to vegetation and
just the upper few cm of regolith and typically has an
exponential decrease of concentration with depth in
soils (Wallbrink and Murray 1996; Blake et al. 1999;
Whiting et al. 2001; Wilson et al. 2003; Kaste et al.
2007). However, it may be found deeper than 10 cm in
sedimentary environments with high deposition rates
or where sediment mixing by bioturbation and/or
physical mixing is significant (Canuel et al. 1990) or
when there are flood events (Sommerfield et al. 1999).
Vegetation plays a significant role in scavenging
radionuclides from the atmosphere (Russell et al.
1981). A large fraction of the 'Be surface inventory
can reside in grasses or the forest canopy (Monaghan
et al. 1983; Wallbrink and Murray 1996; Kaste et al.
2002) and decays before it can reach the top of the
soil profile or enter into the hydrologic cycle. Surface
"Be inventories typically range between 10** and
10”® atoms m~? (100-1,000 Bq m~2; Table 5.1)
and show some scaling with precipitation patterns
(Whiting et al. 2005). Salisbury and Cartwright
(2005) took a creative approach in quantifying 'Be
deposition along a precipitation gradient by showing
that sheep feces sampled on a transect from sea-level
to approximately 1,000 m in North Whales had
approximately a fivefold gradient in 'Be concentra-
tions. They projected that rainfall rates increased by
a factor of approximately three to four along this
transect, and because much of the "Be was deposited
directly on vegetation that the sheep ate, fresh feces
recorded the deposition signal. An advantage of
this technique is that it averages some of the spatial
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Table 5.1 Compilation of "Be fallout fluxes and terrestrial surface inventories
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Location Latitude Period of collection ~ Annual Average monthly 'Be flux  Volume-weighted "Be  References
(month year™") precipitation (Bq m~2 month™")* activity (Bq L™")*
(cm)®*
Precipitation-based collectors
Bombay (India) 29°0'N  1955-1961, 230 106 0.55 Lal et al. (1979)
1963-1965,
1968, 1970
Galveston, TX 29°18'N  12/1988-2/1992 117 (97-150) 204 (124-322) 1.45-2.58 (2.03) Baskaran et al. (1993)
College Station, TX 30°35'N 6/1989-2/1992 122 (98-146) 192 (174-208) 1.73-2.07 (1.90) Baskaran et al. (1993)
Bermuda 32°20'N  9/1977-8/1978 170 238 1.57 Turekian et al. (1983)
Oak Ridge, TN 35°58'N 9/1982-8/1984 127 (110-143) 169 (142-196) 1.60 (1.55-1.65) Olsen et al. (1986)
Norfolk, VA 36°53'N  1/1983-12/1984 136 (132-141) 173 (167-179) 1.58 (1.50-1.67) Todd et al. (1989)
Ansan, S. Korea 37°17N  1/1992-6/1993 112 (106-117) 142 1.08 Kim et al. (1998)
Solomon, MD 38°19'N 3/1986-11/1987 96 189 2.36 Dibb and Rice (1989b)
Onagawa, Japan 38°26'N  4/1987-3/1989 115 (88-142) 150 (118-181) 1.57 (1.54-1.60) Ishikawa et al. (1995)
Thessaloniki, Greece 40°38'N  1/1987-4/1990 48 (33-65) 51(40-70) 1.29 (1.10-1.48) Papastefanou and
Toannidou (1991)
Westwood, NJ 40°59'N  12/1960-8/1961 78 60 0.92 Walton and Fried (1962)
New Haven, CT 41°31'N  3/1977-6/1978 148 315 2.63 Turekian et al. (1983)
Detroit, MI 42°25'N 9/1999-2/2001 76 181 2.87 McNeary and Baskaran
(2003)
Geneva, Switzerland 46°16'N  11/1997-11/1998 97 174 2.16 Caillet et al. (2001)
Lake Geneva, 46°30'N 120 230 2.30 Dominik et al. (1987)
Switzerland
Lake Zurich, Switzerland 47°22'N 110 223 2.43 Schuler et al. (1991)
Quillayute, Wash. 47°57N  2/1976-1/1977 270 113 0.50 Crecelius (1981)
Chilton, England 51°26'N  10/1959-9/1960 68 76 1.35 Peirson (1963)
Milford, England 51°42'N  10/1959-9/1960 63 72 1.38 Peirson (1963)
Rijswijk, Netherlands 52°01'N  11/1960-10/1961 93 132 1.70 Bleichrodt and Van
Abkoude (1963)
Terrestrial surface inventories
Collection date Median surface "Be flux Surface type
(month/year) inventory (Bq m~2 month™")®
(Bqgm™)
SE Queensland, AU 28°01’S  5/2003 440 175 Soil Doering et al. (2006)
Black Mtn, Australia 35°15’'S  9/1988 200 79 Soil + overlying grass ~ Wallbrink and Murray
(1996)
Black Mtn, Australia 35°15'S  9/1988 130 52 Alluvial bare soil Wallbrink and Murray
(1996)
Black Mtn, Australia 35°15'S  5/1989 400 159 Soil + overlying grass ~ Wallbrink and Murray
(1996)
Black Mtn, Australia 35°15'S  5/1989 155 61 Alluvial bare soil Wallbrink and Murray
(1996)
Oak Ridge, TN 35°58'N  7/1984 673 267 Soil + overlying grass ~ Olsen et al. (1985)
Owens Valley, CA 37°22'N  10/2006 85 34 Soil + grass Elmore et al. (2008)
Wallops Island, VA 37°55'N  1/1985 673 267 Marsh + overlying Olsen et al. (1985)
rass
Wallops Island, VA 37°55'N  1/1985 107 42 Unvggetaled marsh Olsen et al. (1985)
Mendocino, CA 39°18'N  6/1980 700 278 Above-ground Monaghan et al. (1983)
vegetation and
litter
Delaware Marsh 39°27'N 7/1982 207 82 Marsh + overlying Olsen et al. (1985)
rass
Valdivia, Chile 39°44'S  9/2003 573 227 Soilg Schuller et al. (2006)
Valdivia Chile 39°49'S  4/2006 522 207 Recently harvested Walling et al. (2009)
forest soil
Valdivia Chile 39°49’'S  10/2006 1,139 452 Recently harvested Walling et al. (2009)
forest soil
Central Idaho 44°50'N  5/1996 139 55 Soil + overlying Bonniwell et al. (1999)
vegetation
Central Maine 44°50'N  12/98 554 220 Bog core + overlying  Kaste (1999)
vegetation
Cooke City, MT 45°01'N  6/2000 449 178 Soil ‘Whiting et al. (2005)
Devon, UK 50°47'N 2/1998 512 203 Soil Blake et al. (1999)

“Numbers in parenthesis denote the range when data are reported for >2 years
" Assumes steady-state between surface and atmospheric flux: calculated by multiplying the median surface inventory (Bq m~2) by

0.3966 month '
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Fig. 5.2 Concentrations of meteoric B¢ with depth in (a) a
neutral pH soil profile in NW Australia and an acidic soil that
was strongly bioturbated in SE Australia (Fifield et al. 2010), (b)

heterogeneity associated with atmospheric deposition
on vegetated terrain. Because the half-life of 'Be is
~8 orders of magnitude larger than the residence time
of aerosols in the atmosphere, in temperate to tropical
regions where the air is stripped of cosmogenic Be
isotopes in the initial part of storms, '°Be inventories
may not be controlled by rainfall rate as higher rainfall
amounts simply dilute concentrations but do not add to
the flux (Willenbring and von Blanckenburg 2010a).
The fact that small changes in amount of precipitation
for a region may not significantly alter depositional
fluxes makes it slightly simpler to project steady-state
'%Be inventories for a landform.

5.2 Background

5.2.1 General Geochemical Behavior
of Be in the Environment

Beryllium has the smallest ionic radius (0.31 A) of all
the metal cations, and exists only in the +2 valence
state in natural aqueous solutions (Baes and Mesmer
1976). Its first hydrolysis constant {[H"][BeOH"]/
[Bez+]} is 107>7; hence in meteoric waters where pH
is controlled by atmospheric CO,, there should be a
near equal distribution of the divalent cation [Be2+] and
its first hydrolysis product [BeOH"]. In acidic precipi-
tation where anthropogenic acids have depressed the

an acidic Podzol from the Alps (Egli et al. 2010), and (¢) a near-
neutral pH soil developed on a marine terrace in California
(Monaghan et al. 1992)

pH of rainfall to <5.5, much of the meteoric cosmo-
genic Be may exist as Be>*, whereas in regions where
rainfall pH is buffered by calcite-bearing dust, cosmo-
genic Be may be in the BeOH" form. Given the typical
pH range of natural waters of 5-9, equilibrium-based
thermodynamic models would predict that the relative
Be species abundances and the partitioning of cosmo-
genic Be may vary by orders of magnitude between
slightly acidic systems and more alkaline systems.
Indeed, experimental studies demonstrate that the par-
titioning of Be from the aqueous phase to an adsorbed
phase on a range of materials is strongly pH dependent
(Bloom and Crecelius 1983; Hawley et al. 1986; You
et al. 1989). Using 3-week equilibration periods, You
et al. (1989) showed a >100-fold variation in the
solid-phase partitioning coefficient (K4 in kg L™")
over the pH range of 4-8 for different substrate
types (Fig. 5.3).

In freshwater rivers, amounts of dissolved 'Be in
the water column are commonly below detection lim-
its (Dominik et al. 1987; Bonniwell et al. 1999), but in
marine environments, Be may be characterized as
having a limited affinity for suspended matter, as
large fraction of the "Be and '°Be appears to be dis-
solved (Merrill et al. 1960; Bloom and Crecelius 1983;
Kusakabe et al. 1987; Dibb and Rice 1989a; Measures
et al. 1996). The mechanism of Be adsorption onto
inorganic minerals, including primary silicate minerals,
secondary silicates, and iron and aluminum oxy-
hydroxides is typically considered to be via the forma-
tion of a complex between the Be atom and oxygen on



66
6.0 o
] o, = e s
- * ] * g ¥
5.0 - * * n
| [
4.0 *
’éi 7 °
3 3.0
kel il
< r
2.0 * B kaolinite in river water
| ".( i ® llite in river water
1odm™ ™ * river mud in river water
0.0 ‘ ‘ \ I T \ \
0 2 4 6 8 10 12 14
pH

Fig. 5.3 The dependence of the Kp, of Be for different materials
over varying pH, using equilibration times of 3 weeks and sus-
pended solids concentrations of 0.2 g L Reprinted from You
et al. (1989), Copyright (1989), with permission from Elsevier

the surfaces or corners of minerals (“inner sphere
adsorption”). The Ky may increase on timescales of
weeks to months as adsorption-desorption equilibrium
is followed by cationic lattice substitution (Nyffeler
et al. 1984; Dibb and Rice 1989a). Like other particle-
reactive metals, the K, varies inversely with suspended
solids concentrations below 30 mg L' (Hawley et al.
1986). While Be can form complexes with organic
matter functional groups (daSilva et al. 1996), its
partitioning coefficients seem to be significantly
higher for inorganic materials compared with algae
or seston (Bloom and Crecelius 1983; Dibb and Rice
1989a). Selective chemical extractions of marine sedi-
ments (Bourles et al. 1989) and soils (Barg et al. 1997)
show that most of the meteoric Be is associated with
authigenic phases (secondary Al, Fe, and Mn miner-
als) and organic matter coatings. Beryllium forms
strong complexes with fluoride and humate, which
could theoretically affect the strength and rate of aque-
ous to solid-phase partitioning (Nyffeler et al. 1984;
Vesely et al. 1989; Takahashi et al. 1999).

The depth to which meteoric Be penetrates in soils
and sediments will be controlled by advection (leach-
ing or percolation) and diffusion-like (mixing) pro-
cesses. The short half-life and tendency to adsorb to
the solid phase causes 'Be to generally be fixed in the
vegetation and upper 2-cm of soil (Wallbrink and
Murray 1996; Walling et al. 2009), but meteoric '°Be
is usually detectable from the soil surface to the C
horizon, and in some cases through saprolite (Pavich
et al. 1985). In high pH soils that are not intensively
mixed, fallout Be exhibit an exponential decline in

J.M. Kaste and M. Baskaran

concentrations with depth (Fig. 5.2a, NW Australia
Site) as the affinity of the Be atom for the surface of
almost any material (layered clays, secondary oxide
minerals, organic matter, etc.) will be very strong.
In acidic soil profiles, however, the Be atom may be
highly enriched in specific layers that have the most
favorable surface sites for adsorption (Fig. 5.2a, b). In
most near-neutral pH soils, the concentration of mete-
oric '’Be in soils has a subsurface concentration max-
imum in the B horizon layer where iron and aluminum
accumulate (Barg et al. 1997; Jungers et al. 2009; Egli
et al. 2010); beneath this there is often a general
exponential decrease with depth (Fig. 5.2c). Physical
soil mixing by organisms, wetting-drying cycles, or
freeze-thaw cycles appears to create a layer of homo-
genized 19Be concentrations (Fifield et al. 2010) as
seen in the SE Australia '’Be profile given in Fig. 5.2a.

5.2.1.1 Cosmogenic ’Be and '°Be in Freshwater
Environments

The few watershed-scale studies that measure 'Be
and/or '"Be in soils and waters have demonstrated
that the actual distribution of Be between the solid
and aqueous phase is broadly consistent with the ther-
modynamic predictions described above. In a survey
of tropical watersheds in the Orinoco and Amazon
basin, Brown et al. (1992b) found that acidic drainage
waters had nearly the same concentration of dissolved
'Be as incoming precipitation, indicating very little
adsorption to soils and sediments. In more neutral to
alkaline waters, concentrations of dissolved 19Be in
streamwater are often orders of magnitude smaller
than meteoric waters because of adsorption to alumi-
num and iron oxide coatings on soils and sediments
(Brown et al. 1992b; Barg et al. 1997) (Fig. 5.3).
Because of its shorter half-life and tendency to
adsorb, the vast majority of 'Be is retained by the
vegetation and upper soils of a watershed (Olsen
et al. 1986; Cooper et al. 1991; Wallbrink and Murray
1996; Bonniwell et al. 1999). Even during snowmelt
events when the storm hydrograph is dominated by
new water, most 'Be never reaches the stream (Cooper
et al. 1991). There are no reports of 'Be in groundwa-
ter above typical detection limits (<10 atoms g~ or
1.5 mBq L™"). Due to the short half-life and high Kgs
of "Be, it is not expected to penetrate very far beyond
soil-air interface and hence it is not expected to be
present in groundwater. In freshwater rivers,
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concentrations of dissolved (<0.45 pum) "Be are usu-
ally on the order of undetectable to 10* atoms g~ '
(15 mBq L"), which is orders of magnitude lower
than levels usually found in precipitation. Suspended
sediments in streams however can have 'Be concen-
trations on the order of 10° atoms g '
(100-200 Bq kg_l) (Dominik et al. 1987; Bonniwell
et al. 1999); export of "Be from watersheds is evi-
dently dominated by erosion and particulate losses.
The concentration of dissolved "Be in lakes can vary
by an order of magnitude over the course of a year
as biological productivity varies with seasons. A
sub-alpine lake in Bodensee had dissolved concen-
trations of ’‘Be fluctuating from approximately
10°%-10"® atoms g ' (1-10 mBq L") over the course
of the year, which appeared to be controlled by the
availability of particulates that are ultimately regu-
lated by biological processes (Vogler et al. 1996).
Cosmogenic '9Be in groundwater has been reported
to range from 10 to 10° atoms g~ ' (Pavich et al. 1985;
McHargue and Damon 1991). Pavich et al. (1985)
calculated that the groundwater losses of '°Be from a
watershed in Virginia were three orders of magnitude
lower than meteoric inputs. In a general survey of
North American rivers and the Pearl River Basin in
China, Kusakabe et al. (1991) reported dissolved con-
centrations of '’Be to range from approximately

10g, (atoms g7
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10°-10*7 atoms g ™', which was slightly less than the
'"Be content of rainfall, but an order of magnitude
higher than the amounts found in estuaries. However,
dissolved '°Be in the slightly acidic Orinoco River
was found to be nearly equivalent to concentrations
measured in local precipitation (Brown et al. 1992b). It
seems that in acidic watersheds, the exchange sites on
mineral surfaces may be dominated by other ions (H,
Al, etc.), which may inhibit Be adsorption. McHargue
and Damon (1991) used an average 19Be concentration
of 10° atoms gfl for freshwaters, the volume of water
in the world’s rivers and lakes, and the global annual
runoff flux to calculate that the residence time of '’Be
in the world’s freshwaters is approximately 3 years.

5.2.1.2 Cosmogenic ’Be and '°Be in the Marine
Environments

After Be radionuclides are delivered to the air-water
interface via wet and dry fallout, the ions are removed
from the water column primarily by adsorption onto
particulate matter. While the removal rate is strongly
dependent on the concentration and composition of
suspended particulate matter (Dibb and Rice 1989a),
the residence time of dissolved Be above the thermo-
cline is on the order of 0.5 years (Fig. 5.4), which
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Fig. 5.4 'Be, phosphate, and silica concentrations in the water
column in the San Nicolas Basin (Kusakabe et al. 1982). Above
the thermocline in the “mixed layer” (upper ~100 m), high
concentrations of suspended particles cause rapid removal of
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dissolved Be from the water column. As the particles dissolve
beneath the thermocline, '°Be is recycled back into the water
column where it has a residence time of hundreds of years
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is similar to the residence times reported for other
particle-reactive atoms like Th and Pb (Kusakabe
et al. 1982). The first measurement of 'Be in seawater
from the Indian Ocean was reported by Lal et al.
(1960). Silker et al. (1968) later demonstrated that
"Be had relatively uniform dissolved concentrations
in surface waters of the Atlantic Ocean (5°48'—
25°38'N, n = 7 samples), ranging from 10" to 10"’
atoms 'Be g~ ' (40-70 mBq L"), with a particulate
fraction ranging between 7.4 and 14.9% of the total.
Kusakabe et al. (1982) found that concentrations of
'"Be measured in unfiltered water samples collected
from the surface of San Nicolas Basin were indistin-
guishable from the '°Be measured in filtered water
samples (Nucleopore 0.4 pm filter), and concluded
that most '°Be was in dissolved form (Fig. 5.4).
Although the monthly depositional fluxes of 'Be
have been reported to vary by a factor of ~10, in the
water column of the ocean, activities (Bq L™") vary
much less, as the water column integrates the activities
over its mean life. The amount of precipitation on the
ocean varies with latitude and season, which will
affect the depositional fluxes of ‘Be and thus their
water column inventories. Concentrations of particu-
late and dissolved ’Be within an estuarine system vary
spatially and temporally. For example, the particulate
and total (total = dissolved + particulate) 'Be acti-
vities in June 2003 in Tampa Bay, Florida varied
between 107°° and 10°* atoms g~' (0.05 and
0.39 mBq L") and 10 and 10*° atoms g~ ' (1.7 and
49 mBq L"), respectively while the corresponding
values varied between 10%* and 10" atoms g~' (0.3
and 3.7 mBq L Y and 10" and 10%3 atoms g_1 (2 and
28 mBq L"), respectively in August 2003 (Baskaran
and Swarzenski 2007). Particulate "Be concentrations are
generally higher in the spring compared with summer,
mainly due to higher amounts of water discharge and
precipitation in late spring and early summer months,
which results in higher particulate fluxes, resuspension,
and scavenging during that time. The total residence time
of "Be (tge) is calculated using a simple approach,
assuming that the water column is uniformly-mixed:

he = In2 X Ape x h/Ige 5.1

where Ag, is the total activity of "Be (Bq m73), Ige is
the atmospheric input rate of 'Be (Bq m ™2 day "), and
h is the mean depth (m) of the well-mixed sampling
area. The residence time of dissolved Be in coastal
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Table 5.2 Residence time of dissolved "Be in various coastal

waters
Location Residence  References
time of
"Be (d)
New York Harbor 8-17 Olsen et al. (1986)
James River Estuary 2-4 Olsen et al. (1986)
Raritan Bay 7-17 Olsen et al. (1986)
Chesapeake Bay 5-52 Dibb and Rice (1989a)
Galveston Bay 0.9-1.8 Baskaran and Santschi
(1993)
Sabine-Neches estuary 0.8-10.5 Baskaran et al. (1997)
Tampa Bay 1.6-58.7 Baskaran and
Swarzenski (2007)
Clinton River 1.0-60.3 Jweda et al. (2008)
Hudson River Estuary 0.7-9.5 Feng et al. (1999)

waters varies over an order of magnitude, from <1 to
60 days, depending on the depth of the coastal/estua-
rine waters and concentrations of suspended particu-
late matter (Table 5.2). The K4 values in coastal waters
may vary over two orders of magnitude, between
7 x 10° and 1.2 x 10° (Olsen et al. 1986; Baskaran
and Santschi 1993; Baskaran et al. 1997; Kaste et al.
2002; Jweda et al. 2008). The K4 values are reported to
be higher in June than in August, which is related to
the variations in the amount of freshwater discharge
and the amounts of precipitation that control the extent
of resuspension of bottom sediments.

The concentration of dissolved '°Be in marine sur-
face waters typically varies between 10*° and 10>
atoms g ', and the residence time of Be has been
generally reported to be shorter than the mixing time
of the oceans (Merrill et al. 1960; Frank et al. 2009).
Meltwaters from glaciers (both polar and high-altitude)
could have higher concentrations of '°Be compared
with surrounding waters (e.g., Antarctic ice contains
about 10*7 atom g*1 of 1OBe, Raisbeck et al. 1978b).
With the exception of one dataset, all data indicate that
the water column inventory of '°Be, in the Pacific is
higher than that in the Atlantic (Table 5.3), perhaps a
result of lower suspended matter concentrations in the
Pacific. The transfer of '°Be from the dissolved phase to
the solid (adsorbed) phase may be regulated by the
recycling of biogenic particles in the oceans (Fig. 5.4).

A wide range of dissolved residence times of '°Be in
the open ocean have been reported in the literature.
Several approaches have been used to obtain residence
times that include the inventories of '’Be and annual
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removal or depositional input of '°Be, and from the Fe-
Mn crust and Mn-nodule measurements (Raisbeck et al.
1978a, 1980; Kusakabe et al. 1982, 1987; Segl et al.
1987; Anderson et al. 1990; Ku et al. 1990; Brown et al.
1992a; Measures et al. 1996; von Blanckenburg et al.
1996; Frank et al. 2002, 2009). A large range of resi-
dence time values, if real, has major implications on the
changing geochemical processes that lead to varying
removal rates of Be®* from the water column. In order
to assess the variations, the data from all the open ocean
sites were recalculated to determine the inventories of
19Be in the water column (a standard depth of 3,600 m
was used for all the basins) and the inventories are
given in Table 5.3. Except the Arctic Ocean, where
we compared the residence times of '’Be in all four
major basins (Nansen, Amundsen, Makarov and
Canada Basins), we used the same depositional flux
for each of the sites. The vertical profiles of dissolved
'9Be from these four basins are given in Fig. 5.5. The
errors associated with the concentrations of '“Be in
individual depths reported in the publications are pro-
pagated to obtain the error associated with the inven-
tory, which we use in the calculation of the errors
associated with the residence times. The residence
time of '’Be in these major deep basins of the Arctic
Ocean ranged from 680 to 830 years (Table 5.3), and
given the propagated errors, there is no discernable
difference in the residence time of '’Be between the
four basins of the Arctic. This observation can be com-
pared to another particle-reactive radionuclide, Th in
these major basins. A compilation of **°Th data from
these four basins clearly showed that the residence time
of Th in the Makarov Basin is the longest (45 + 1
years) compared to Canada Basin (22 + 2 years),
Amundsen Basin (19 £ 1 years) and Nansen Basin
(17 & 2 years; Trimble et al. 2004). The lack of differ-
ence we observe with '’Be could be real or due to using
the same atmospheric depositional input of
0.25 x 10° atoms cm > yearfl (Frank et al. 2009) for
all four basins. Since the annual removal rate and
annual depositional flux data are sparse, we do not
know whether there is a real difference between the
residence times, but there are real differences between
the particle concentrations and particle fluxes between
these basins (Trimble et al. 2004).

Our calculated residence time given in Table 5.3
varies by a factor of 2.4 (between 236 and 505 years)
between the Atlantic (western North Atlantic, South
Atlantic) and Pacific Ocean. Thus, it appears that the
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Fig. 5.5 Vertical profiles of dissolved '’Be concentrations
from all four major deep basins of the Arctic Ocean. Data are
plotted from Frank et al. (2009)

wider range of residence times reported by various
authors in the past (factor of ~10) may be due to poorly
constrained input term used in their calculations. Lao
et al. (1992a) estimated the deposition rate of 1Be for
the entire Pacific Ocean to be 1.5 x 10° atoms cm >
year ', during the Holocene based on dated sediment
cores. While the inventories can be measured precisely
(with better than 10% precision), the annual deposi-
tional (input) flux is more difficult to constrain, as it
can significantly vary depending on the amount of
precipitation. Multi-year depositional flux measure-
ment could reduce the uncertainty in the depositional
flux. Perhaps by quantifying the relationship between
'Be and another fallout isotope that is easier to mea-
sure in rainfall or has longer term datasets available
(e.g., 21OPb, Preiss et al. 1996; Sheets and Lawrence
1999), the depositional fluxes of '’Be could be better
constrained for residence time calculations.

5.2.2 Measuring ’Be and "°Be in
Environmental Samples

5.2.2.1 Preconcentration Methods

The concentrations of 'Be in surface water samples are
so dilute a preconcentration method is usually needed.
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Table 5.3 Concentrations, inventories and residences times of dissolved '°Be in the major world oceans

Sample code Coordinates Depth Surface water '9Be inventory Residence References
(m) 98¢ (atoms g_l) (108 atoms cm_z) time (years)
Arctic ocean
Nansen Basin 84°16.87'N; 4,039 460 1.98 4+ 0.30 790 + 120 Frank et al. (2009)"
33°39.81'E
Amundsen Basin 88°24.48'N; 4,400 693 2.08 4+ 0.38 830 4+ 150 Frank et al. (2009)"
95°22.78'E
Makarov Basin 87°54.97'N; 3,985 841 1.70 £+ 0.15 680 + 60 Frank et al. (2009)"
154°22.50'E
Canada Basin 75°12.5'N; 3,850 911 1.72 £ 0.24 690 + 96 Frank et al. (2009)"
149°57.0W
Atlantic ocean
Transect at 25°N 25°N; 60°W >4,500 1,407 4.50 + 0.22 372 + 18 Segl et al. (1987)?
Transect at 25°N 26°N; 50°W >4,500 1,671 6.80 £+ 0.78 562 + 64 Segl et al. (1987)2
Transect at 25°N 27°N; 44-45°W >3,319 1,310 5.98 + 0.70 494 + 58 Segl et al. (1987)°
Transect at 25°N 27°N; 35°W >4,500 1,416 4.57 + 0.59 378 + 49 Segl et al. (1987)°
Western North A, 41°32'N; 63°37W  >3.411 430 2.85 + 0.18 236 £ 15 Ku et al. (1990)°
Western North A.  34°1'N; 63°0'W >5,178 640 2.94 4+ 0.22 243 + 18 Ku et al. (1990)°
South Atlantic 24°40'S; 38°21'W  >3.830 930 3.35 £ 0.14 279 + 12 Measures et al.
(1990)*
South Atlantic 24°55'S; 01°00'W  >4,152 585 3.66 £ 0.16 305 + 13 Measures et al.
(1990)*
South Atlantic 01°59'S; 04°02’W  >4,850 671 3.12 £0.13 260 + 13 Measures et al.
(1990)*
Drake Passage 57-63°S; >3,700 1,400 497 +£ 041 49 + 12° Kusakabe et al.
66-69°"W (279 &+ 12)* (1982)
Pacific Ocean 25°00'N; 169°59'E 6,013 1,060 5.74 £ 0.36 879 + 54° Kusakabe et al.
(475 + 29)° (1987)
Pacific Ocean 17°28'N; 3,950 610 5.74 + 0.33 870 + 50° Kusakabe et al.
117°58'W @75 £ 27)° (1987)
Pacific Ocean 2°46'S; 117°02’W 4,200 810 6.11 £ 0.27 926 + 41° Kusakabe et al.
(505 + 22)° (1987)

The following atmospheric inputs were assumed: 1: 2.5 x 10° atoms cm > year ' (Frank et al. 2009); 2: 1.21 x 10°
atoms cm> yearf1 (Segl et al. 1987); 3: 1.21 x 10° atoms cm 2 yearfl (Monaghan et al. 1986); 4: 1.21 x 10° atoms cm >

—1
year was assumed

aDownward flux of 6.9 x 10° atoms cm > year ' calculated using concentration gradient in '°Be and assuming a vertical diffusivity
(Kusakabe et al. 1982); the number in parenthesis is calculated assuming 1.21 x 10° atoms cm ™2 year ' (Monaghan et al. 1986)
“Influx value of 6.6 x 10° atoms cm > year‘1 was assumed (Kusakabe et al. 1987); the number in parenthesis is calculated

assuming 1.21 x 10° atoms cm ™2 year ' (Monaghan et al. 1986)

This is particularly important for partitioning studies
in lakes, rivers and marine system which require pre-
cise measurements in the particulate and dissolved
phases. For the extraction of particulate matter,
filter cartridges have been widely employed (Silker
1972; Baskaran et al. 1997, 2009b; Feng et al. 1999;
Baskaran and Swarzenski 2007). When the dissolved
phase (<pore-size of the filter, either absolute cut-off
or nominal) is passed through a prefilter, it is possible
that some of the dissolved phase may sorb onto the
polypropylene/acrylic/glass filters. So far, no studies
have been made to quantify this, although recent work
indicates that a finite fraction of the dissolved Th is

removed by the prefilter (Baskaran et al. 2009b). For
preconcentrating the dissolved phase, three common
methods are employed that include: (1) evaporation;
(2) co-precipitation; and (3) ion-extraction or extrac-
tion onto sorbents. Of these three methods, very low
ionic strength solutions, including rainwater and fresh-
waters can be evaporated to reduce the volume (as low
as 5-10 mL) that can be directly gamma-counted in
Ge-well detectors. Evaporation of seawater samples
will result in large amount of salts (~35 g L™ of
seawater) and hence it is not the suitable method for
seawaters and other waters with high total dissolved
solids. Co-precipitation with FeCl; is one of the most
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common methods employed to preconcentrate;
detailed procedures are given in Baskaran et al.
(2009b). Stable Be carrier is added as yield monitor.
Sorbents that have been utilized to extract dissolved
radionuclides include Fe(OH);-impregnated fibers and
a bed of aluminum oxide (Lee et al. 1991; Kadko and
Olson 1996). Silker (1972) demonstrated that a flow
rate of 35 L min~ ' through a 6.4 mm thick alumina
bed removed 70% of the "Be from seawater. Kadko and
Olson (1996) assumed a constant efficiency of 69 & 3%,
although most cartridge methods for particle-reactive
radionuclides (such as Th, Pb, etc.) have been found
to have variable extraction efficiencies (Baskaran
et al. 2009a). The constant efficiency assumption for
Be removal needs to be rigorously tested. Concentra-
tions of '°Be in surface waters of the global ocean vary
between 10? and 10° atoms gf1 (Raisbeck et al. 1978a;
Kusakabe et al. 1982, 1990; Ku et al. 1990; Frank et al.
2009) and hence preconcentration is required. A mini-
mum of a 2-L. water sample (~0.4-2 X 107 atoms) is
needed and details on chemical separation and purifi-
cation are given in Baskaran et al. (2009b). For 9Be
analysis, sediments and aerosol samples are digested
with concentrated HF, HNO;, HCI and brought to
solution with the addition of °Be carrier. Beryllium
from this digested solution can be separated and pur-
ified following the procedure summarized in Baskaran
et al. (2009b). The purified Be in the form of Be(OH),
is mixed with a small amount of AgNO5; powder and
then ashed at 850°C for 6 h and the ashed BeO powder
is to prepare the target for the AMS analysis. Although
the separation and purification of '°Be is straight for-
ward, isobaric interference from boron isotopes (IOB)
could affect the measurements of '°Be by AMS and
hence care must be exercised in the purification of Be
to eliminate B. Earlier studies added "Be spike
(obtained from a commercial company) for the mea-
surements of '“Be in seawater as a yield monitor
which had a high blank levels of '’Be and hence
caution needs to be exercised in utilizing 'Be spike
as a yield monitor (Kusakabe et al. 1982).

5.2.2.2 Measurement of Be and '°Be
Concentrations

"Be is most commonly measured in environmental
samples using low-background decay counting
techniques (Arnold and Al-Salih 1955; Larsen and

Cutshall 1981). "Be decays to "Li via electron capture,
with 89.6% of the decays emitting a very low energy
x-ray as they go directly to the ground state, and 10.4%
of the decays first going to an excited state, which is
the fraction that emits the 477.6 keV gamma. Gamma
measurements are usually done using shielded scintil-
lation detectors (e.g., Nal crystals) or semiconductor
detectors made of Ge(Li) or pure (intrinsic) germa-
nium (Arnold and Al-Salih 1955; Silker 1972; Larsen
and Cutshall 1981; Krishnaswami et al. 1982; Murray
et al. 1987; Baskaran et al. 1997; Baskaran and Shaw
2001). The absolute detection efficiency of Nal detec-
tors for gamma rays is typically higher than the effi-
ciency of Ge detectors, but Nal detectors have poor
energy resolution. The width of the peak at half of the
maximum value (full width at half maximum, FWHM
of the Gaussian curve) for Nal detectors at 478 keV is
commonly >30 keV, which is inadequate for resolv-
ing the "Be gamma from possible emissions from U
and Th series isotopes. Most notably, ***Ac (***Th
series) has a strong emission (4.74% yield) at
463 keV (Dalmasso et al. 1987), and radon progeny
have low yield emissions at 480 and 487 keV (Morel
et al. 2004) which can be significant when counting
samples high in *?°Ra. Separation and purification of
the Be atom is therefore necessary when using scintil-
lation detectors, but Ge(Li) and intrinsic Ge detectors
have high enough resolution (~1-2 keV FWHM) in the
478 keV region which allows for the direct analysis of
soils, sediments, waters, or filter papers for the "Be
gamma.

One of the most important considerations that must
be made when analyzing for 'Be is the background of
the gamma spectrum, which can control the detection
limits. Compton scattering occurs when high energy
gammas eject an electron with only a fraction of their
full energy, which can create a “count” on the detec-
tor’s spectrum and a newer lower energy gamma ray
that can also create counts on the detector. Thus, high
energy photons (>500 keV) from the U and Th decay
series, 4OK, and cosmic rays thus generate random
noise in the region of the gamma spectrum where
"Be decays. By completely surrounding the scintilla-
tion or Ge detectors with 4” of lead and using detector
hardware (preamplifier, wires, etc.) made of ultra-low-
background materials, the Compton scattering effect
from gammas originating from external sources (the
ground, the walls, and the atmosphere) can be mini-
mized. As a general rule, if the detector is completely
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surrounded by 4” of lead, external gammas from the
238U, 235U, and >**Th decay series and 40K are effec-
tively attenuated. To minimize the Compton scattering
effect from cosmic rays, detectors should be housed in
basements of buildings or below ground. A thin copper
liner is often used to separate the detector (and sample)
from X-rays generated by the lead shielding itself.

In general, the larger the scintillation or Ge Detec-
tor (in thickness and surface area), the higher the
efficiency for the Be detection process, but larger
detectors require the thickest shielding. The efficiency
of the detector type for absorbing the full energy of the
478 keV "Be gamma is a function of the detector and
the counting geometry. The relationship between effi-
ciency and energy for each detector and counting
geometry must be defined to calculate accurate 'Be
concentrations. This is commonly done by counting a
synthesized mixture of radionuclides that decay over a
wide range of energies (40-1,400 keV) in the exact
geometry that the unknown samples will be analyzed
in, which allows the analyst to construct a relationship
between energy (keV) and detection efficiency. Alter-
nately, if certified "Be Standard Reference Material
can be obtained, then, the detector can be calibrated
for well-defined geometries and dpm/cpm ratios can
be obtained for different geometries and these ratios
can be directly used to obtain the activities of samples.
Detectors can be planar in form for petri-dish style
counting geometries, but large well detectors have the
highest efficiencies for small geometry samples (a Ge
well detector has an absolute detection efficiency at
478 keV of 21.9 4+ 0.3% for 1-mL geometry; Jweda
et al. 2008). There have been successful measurements
of "Be in environmental samples by accelerator mass
spectrometry, which has a detection limit of ~10*
atoms (corresponding to 0.09 dpm or 1.5 mBq)
which is at least an order of magnitude more sensitive
than the counting methods (Nagai et al. 2004). Details
on calculation of activities and calibration methods are
given in Baskaran et al. (2009b).

A number of accelerators (e.g., Tandem Van De
Graaff and other high-voltage Tandem accelerators,
cyclotron, etc.) have been utilized to measure 10B¢
(Raisbeck et al. 1978b; Turekian et al. 1979;
Galindo-Uribarri et al. 2007). Details on the differ-
ences between these accelerated mass spectrometers
are beyond the scope of this article. A detailed meth-
odology on how the Tandem Van De Graaff accelera-
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tor is set-up and used for the '’Be measurements is
given in Turekian et al. (1979).

5.3 Applications

The near-steady input of 'Be and '°Be and the particle-
reactive nature of the Be atom makes meteoric Be
nuclides a very useful tracer for quantifying a range
of environmental processes operating on timescales
from weeks to millennia. Both nuclides can be used
to study atmospheric transport and depositional pro-
cesses (see Lal and Baskaran 2011, Chap. 28). "Be can
be used to quantify a number of short-timescale pro-
cesses, including the infiltration of particle-reactive
elements in soils, overland flow processes, and topsoil
erosion (see Matisoff and Whiting 2011, Chap. 25). In
lakes, streams, and marine environments, "Be is a
valuable tracer of colloid and particulate dynamics,
recent sediment deposition, mixing and focusing, and
particle resuspension and transport. Meteoric '’Be has
been used to quantify landform age, creep rates, ero-
sion rates, loess accumulation, and it has potential for
dating authigenic mineral formation.

5.3.1 Using “Be and "°Be to Trace
Hillslope and Soil Processes

The short half-life of "Be makes it a valuable tracer of
event-scale transport in soil profiles and on hillslopes.
Given that 'Be is usually deposited during rainfall
events, especially intense rains and thunderstorms,
the vertical distribution of this nuclide in soils can be
used to infer the initial depth-penetration of other
particle-reactive radionuclides and contaminants
from a single deposition event. The initial conditions
for an advection-diffusion transport model of other
fallout isotopes (e.g., 2'°Pb) can be constrained using
the vertical distribution of 'Be (Kaste et al. 2007).
Measurements of 'Be in stormwater, for example, can
be used to study the fate of atmospherically-deposited
particle reactive contaminants (Hg, Pb, etc.) released
from a melting snowpack (Cooper et al. 1991).
The spatial distribution of "Be on hillslopes measured
after a significant storm can also be used to trace
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event-scale soil sediment redistribution. If the "Be
distribution is compared with the distribution of
other sediment tracers that track longer timescales (e.
g., ]37Cs), the contribution of single, intense storms to
soil movement can be put into perspective with pro-
cesses operating over the course of years to decades
(Walling et al. 1999).

Because of its longer half-life, meteoric '°Be has
great potential for quantifying soil and sediment trans-
port processes and authigenic mineral formation rates
on soil-mantled hillslopes (Willenbring and von
Blanckenburg 2010a). The inventory of meteoric
9Be (7, in units of atoms area™ ') at a point on Earth
can be expressed as:

0
I= J Cp dz (5.2)

where —z is the depth in the soil to which meteoric
19Be has penetrated, O is the soil surface, C is the
concentration of meteoric '°Be (in atoms massfl),
and p is the soil density (mass volume ). In practice,
this is measured by collecting samples with sampling
depth resolution (dz) on the order of 20 cm to up to a
meter (Pavich et al. 1985; McKean et al. 1993; Jungers
et al. 2009). The inventory [ at a location is governed
by '°Be deposition, which is a function of production
in the atmosphere and wet + dry depositional pro-
cesses, age, radioactive decay, particulate losses, and
solute losses. Inventories are used to find the age of
stable, non-eroding surfaces if the nuclear production
rates in the atmosphere and deposition varies around
some mean value that can be constrained for time
period of interest (Tsai et al. 2008; Willenbring and
von Blanckenburg 2010a). However, at many sites,
solution and/or erosional losses limit the '“Be inven-
tories (Monaghan et al. 1983). Given an eroding sur-
face where weathering, soil formation, and soil loss
are in equilibrium, inventories can be used to calculate
steady-state erosion rates (Pavich et al. 1986; Brown
et al. 1988). This technique can be extended to study
the fate of other particle-reactive elements on land-
scapes. For example, the loss and accumulation of
'9Be over different points of a landform can be used
to study how sediment transport processes control the
fate and storage of carbon on a hillslope (Harden et al.
2002).

Inventories of meteoric '°Be along points on soil-
mantled hillslope profiles often increase with distance
from the divide (McKean et al. 1993). This gradient
results because points farthest from the divide have
traveled the longest distance and resided on the hill-
slope for a longer duration and thus received more of
a 'Be dose. By constructing a linear regression
between I values measured for points on a hillslope
profile and projected soil particle paths, Jungers et al.
(2009) used the rate of inventory change (dI/dx) and
an average '’Be input assumption to calculate virtual
soil velocities for a hillslope in the Great Smoky
Mountains, NC. Downslope soil transport velocities
calculated using '°Be inventories can be used to test
assumptions about landscape equilibrium. McKean
et al. (1993) used this technique to show that the
soil creep flux was related to slope, which supported
G.K. Gilbert’s hypothesis (1877) that hillslopes exist
in a dynamic equilibrium with a uniform soil produc-
tion rate.

Meteoric '’Be may be useful for dating authigenic
minerals in soils, which was first suggested by Lal
et al. (1991). Dating of secondary minerals in soil
profiles could be extremely valuable for quantifying
the rate of soil formation, and, using additional infor-
mation, can be used for putting formation rates into
context with erosion rates. Secondary minerals have,
for the most part, defied traditional isotopic dating
methods, such as U-Th series chronology, because of
large uncertainties in defining the initially inherited
isotopic composition (Cornu et al. 2009).

Barg et al. (1997) developed a “closed system”
model which relied on the '’Be/’Be ratio as a chronom-
eter for modeling the age of clays and iron and alumi-
num hydroxide minerals. In this model, cosmogenic
'9Be and bedrock-derived “Be equilibrate in the upper
soil horizons, and slowly move down the profile by
adsorption-desorption reactions. It is assumed that sec-
ondary minerals form primarily in the C-horizon, and, at
the time of formation '°Be/’Be is locked in, and will
change as a function of time. Indeed, the 19B¢/"Be
values were found to be in a narrower range than the
19Be concentration, and, by using selective chemical
extractions that targeted secondary minerals, they
found that the highest '°Be/’Be values were found at
the soil-bedrock interface, where authigenic mineral
formation is projected to take place. This technique
needs considerably more development, to account for
secondary mineral dissolution and illuviation processes.
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5.3.2 Using “Be as a Tracer in Lake
and River Systems

5.3.2.1 ’Be as a Tracer of Metal Scavenging,
Colloidal, and Particulate Dynamics
in Lakes

When dissolved metals are introduced into lake waters
via atmospheric deposition, they can be scavenged by
colloids, a process that greatly reduces their potential
toxicity to the lake’s ecosystem. Honeyman and
Santschi (1989) describe a “colloidal pumping” process
by which metals are removed from waters in three
stages: (1) in the first stage, dissolved trace metals and
radionuclides are released into the water column, either
from atmospheric deposition or through production
from the parents and these species are removed quickly
onto colloidal particles through sorption reactions; (2)
colloidal-bound trace metals and radionuclides undergo
coagulation relatively slowly with the small particle
pool and (3) the particles move in the particle size
spectrum and are then eventually removed from the
water column. In this, the coagulation of colloids is
the rate controlling step in trace metals and radionuclide
scavenging. Steinmann et al. (1999) modified a steady-
state particle scavenging model (Honeyman and
Santschi 1989) so that (A = 0.013 d~!, the decay con-
stant of "Be) "Be could be applied to study mechanisms
and rates of metal scavenging from the waters of Lake
Lugano (Switzerland, Italy):

Bedﬂvads = Bec‘;h + Be('/lcoag
Be Acoag = Bepl + BeyAdsea

F%, = Be,/seq (5.3-5.5)

By directly measuring the concentrations (in
Bq m ) of dissolved 'Be (Beg; <10 kD), colloidal
"Be (Be,; 10 kD1 pm), particulate 'Be (Be,; >1 pm),
and the sedimentary flux of "Be (FZ¢. in Bq m°
day '), the adsorption rate (A,qs) of ‘Be onto colloids
was calculated to be approximately 0.02—0.005 day ",
corresponding to a dissolved "Be residence time of
50-200 days. The residence time of colloids (1/Acoae)
ranged from a few days to a few weeks, while the
residence time of particulates (1/Asq) Was typically
less than a week. The authors suggested that colloids
<10 kD containing "Be could be affecting the calcu-
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lated residence times, and thus adsorption rates of 7Be,
and that perhaps the rate limiting step for the removal
of Be from the water column was in fact the coagula-
tion of small colloids <10 kD. This application of 'Be
was also useful for quantifying the effect of biological
processes on trace metal scavenging, as the highest
coagulation rates (A.o,e) followed algal blooms. While
true steady-steady conditions may not be possible on
timescales of weeks because of the episodic nature of
"Be deposition, the quantitative modeling approach
described above is still useful for constraining the rates
of metal adsorption, colloidal coagulation, and particle
sedimentation in natural systems (Dominik et al. 1989).
"Be can also be used to identify sources of particu-
lates to the water column in lakes and to examine mix-
ing processes. In Lake Michigan, under isothermal
conditions that persist from December to May, the con-
centration of "Be on suspended matter is nearly constant
with depth (Robbins and Eadie 1991), indicating that the
waters are mixed vertically on short timescales.
However, in early summer, the "Be content of sus-
pended sediments reaches a maxima near the surface
of the lake (<20 m) as lake stratification limits the
settling of sediment (Robbins and Eadie 1991). A
similar stratification effect on the vertical distribution
of "Be has been observed in waters of Lake Zurich
(Schuler et al. 1991). In the summer, calcite formation
and/or algal blooms can effectively scavenge 'Be from
the upper fraction of the water column, reducing 'Be
in the epilimnion (Robbins and Eadie 1991; Vogler
et al. 1996). In the late fall, lake turnover recharges the
suspended sediment pool to lake water again, as 'Be
increases again in the epilimnion (Robbins and Eadie
1991; Vogler et al. 1996). These tracer studies have
demonstrated how the dissolved to particulate 'Be
varies seasonally, and that the scavenging of metals
from surface waters can be controlled by biological
productivity and/or authigenic mineral formation.

5.3.2.2 “Be as a Tracer of Sediment Source,
Focusing, Resuspension, and Transport
in Rivers

Sediment can directly and indirectly degrade river
ecosystems, and humans have altered landscapes and
sediment fluxes and dynamics in nearly every river
system on Earth. The focusing of fine sediment depo-
sition from land use change, in particular, can degrade
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spawning gravels, and, in some cases, sediments con-
tain particle-reactive contaminants such as Pb, Hg, and
PCBs that directly impact organisms. Cosmogenic 'Be
can be a useful tracer in fluvial systems, and has been
successfully used to trace sediment sources in rivers,
residence times, resuspension rates, transit times, and
the fate of recently contaminated sediments. In many
cases the use of 'Be in fluvial systems relies on the fact
that sediments that are buried for a period of more than
6 months will have undetectable 'Be. This “old” sedi-
ment can be separated from recently exposed sediment
by doing end-member mixing analysis (Bonniwell et al.
1999; Matisoff et al. 2005). In rivers, sediment deposi-
tion and resuspension rates can be calculated by pro-
jecting the inventories present in bed sediments present
from atmospheric deposition, and quantifying depletion
from resuspension, or excess, from deposition (Jweda
et al. 2008). This technique was used in the Fox River,
in Wisconsin, to determine the fate and dynamics of a
PCB-contaminated sediment layer (Fitzgerald et al.
2001), much of which was resuspended during high
flow despite the impounded nature of the river.
Humans have profoundly altered the flow regimes
and sediment supplies of rivers through urbanization,
logging, the construction of dams, and the engineering
of stream banks (Croke et al. 1999; Magilligan et al.
2003). In recent years, the use of "Be as a tracer of fine
sediment deposition, resuspension, and transport has
been expanded to study processes in a wide range of
fluvial environments, and to quantify how sediment
dynamics might respond to different forcings. The
enrichment of the upper few cm of topsoil with 'Be
makes it a valuable tracer of sediments derived from
surface erosion (Blake et al. 1999, 2002; Wallbrink
et al. 1999) and enables a quantitative partitioning
of runoff processes between sheetwash and rilling
(Whiting et al. 2001). Sediment transport rates within
a fluvial system can also be calculated using 'Be.
Salant et al. (2007) repeatedly measured point bar
and streambed sands in a regulated river immediately
downstream of a dam in Vermont, U.S.A. During
the winter months, sediment stored behind the dam
became depleted in 'Be, and when the gates were
opened in the early spring the pulse of depleted
“new” sediment was discernable from the surrounding
sediments that were supplied by tributaries and previ-
ously exposed bars. Sediment transport rates of 30—
80 m day ' were calculated using the known starting
point of the sands and monthly sampling at fixed

points to monitor the pulse of sediment as it moved
down river. The "Be content of bedload sediment in
a single river varies by more than a factor of two over
the course of a single year, as seasonal changes in 'Be
delivery (Olsen et al. 1985) and flow regimes regulate
sediment source, grain size, and transport processes.
Cosmogenic 'Be may trace sediment substrates and
nutrients that are favorable for certain aquatic insects.
Svendsen et al. (2009) reported a significant correla-
tion between 'Be concentrations in transitional bed
load sediment and benthic community structure at
tributary junctions along a mainstem river in Vermont.
There is a strong dependence of grain size on the
adsorption of "Be, and, in rivers, grain size will vary
with flow regime which can make the relationship
between 'Be and age difficult to reconstruct. To nor-
malize for grain-size effects on "Be values, models
have been developed that utilize the 7Be/szbex ratio
for calculating sediment age or fraction of new sedi-
ment in suspension. This relies on the fact that 210Pbex,
which is the atmospherically-delivered portion of
219ph in sediments (*'°Pb in “excess” of that projected
to be supported by in situ **?Rn decay) also adsorbs
strongly to sediment and organic matter surfaces, and
is reported to have partitioning coefficients (K4) at
least as high as Be (Sauve et al. 2000a, b). The change
in the "Be/*!°Pb,, can thus be a more sensitive indica-
tor of age, since 'Be decays much faster than *'°Pb.
Others have found a very strong correlation with
"Be/*'°Pb values and "Be divided by grain surface
area (Fisher et al. 2010). In a study of a coastal plain
river in Maine, U.S.A., Fisher et al. (2010) used a
constant initial "Be/*'’Pb model to measure the time-
scale of sediment storage behind large woody debris
and boulders. They found that in independently-
assessed “transport-limited” reaches of the Ducktrap
River, sediment sequestration behind in-stream
obstructions was >100 days, but in supply limited
reaches sediment was replenished more quickly.

5.3.3 Applications of Meteoric “Be and
Be as Process Tracers in the
Marine Environment

From the time the "Be and '°Be are produced in the
atmosphere until its ultimate disposal, either through
radioactive decay or their permanent incorporation into
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the bottom sediments in oceans, these nuclides often
pass through a number of transient reservoirs, such as
various layers of atmosphere, precipitation and surface
waters. The half-life of "Be is suitable for studying the
vertical eddy diffusion coefficients and associated verti-
cal transport rates in the upper layers of the thermocline
(Silker 1972; Kadko and Olson 1996). Silker (1972)
utilized the vertical concentration gradients of “Be in
the Atlantic water column to determine the vertical eddy
diffusion coefficients within the thermocline, assuming
that atmospheric input of "Be is constant and the hori-
zontal advective transport is negligible. Due to its short
mean-life (76.9 days) and the lack of biological removal
of Be, the effects of long-range advective transport on
the vertical distribution is likely negligible and hence it
is reasonable to assume that ‘Be will be effective in
tracing diffusion at the top of the thermocline. Since’Be
is delivered at the air-water interface, that layer is
“tagged” with "Be constantly and when this layer under-
goes sinking, the vertical profiles of "Be can be utilized
to retrieve the record of the seasonal changes in the
mixed layer depth (Kadko 2000).

5.3.3.1 Measuring Sediment Accumulation,
Mixing Rates, and Sediment Focusing
with 7Be

A large number of studies have been conducted utiliz-
ing "Be to identify and quantify flood deposits (Corbett
et al. 2007; more discussion are given in Du
et al. 2011, Chap. 16). "Be is also utilized to quan-
tify recent sediment accumulation and mixing rates
(Krishnaswami et al. 1980; Clifton et al. 1995; Corbett
et al. 2007). The sediment mixing involves both
advective (physical particle transport) and diffusive
mixing components. A combined effect of advective
and diffusive mixing is analogous to eddy diffusion
and has been modeled to determine eddy mixing
coefficients. In coastal areas, the 'Be profiles in sedi-
ments are not often in steady-state due to seasonal
variations in the riverine discharge which delivers
relatively large amount of 'Be. In marine and lacus-
trine environments, the sediment inventories at selec-
ted sites are often far excessive compared to what is
expected and this elevated levels is often caused by
physical transport processes of sediments (such as
sediment focusing by bottom currents and gravity
flows, e.g., slumps and gravity flows). A comparison
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of the measured sediment inventories (Is.q, Bq mfz) to
the measured depositional fluxes (or expected) of 'Be
(Iyep) will yield information on sediment focusing
(Liea/Lgep > 1) or erosion (Isea/laep < 1).

5.3.3.2 Boundary Scavenging and Long-Range
Transport of '°Be in Marine Systems

Advective transport of dissolved nuclides to regions of
high productivity waters in the margins results in
higher suspended particle concentrations and fluxes
which result in enhanced scavenging of '’Be and
other particle-reactive nuclides (e.g., 230Th, 231Pa,
210Pb, etc.). In ocean margin sediments, the 19B¢ con-
centrations were found to be much higher than that
expected from the direct atmospheric deposition and
this was attributed to boundary scavenging. The depo-
sition rates of '’Be in pelagic red clays were reported
to be much less than its global average production rate,
whereas in ocean-margin sediments, the '’Be deposi-
tion rate exceeds its global average production rate
(Brown et al. 1985; Anderson et al. 1990; Lao et al.
1992b). Particle composition (such as opal Si, Fe-Mn
oxides, carbonate, terrigenous material such as clays;
Luo and Ku 2004a, b; Chase et al. 2003) also plays a
significant role on the scavenging of dissolved '’Be.
Sharma et al. (1987) reported strong correlation
between '’Be and Al in the sediment trap and attrib-
uted the aluminosilicate to be the major carrier phase
for the scavenging of dissolved '’Be.

Deposition rates of '°Be at margin sites calculated
from sedimentary records (= sediment accumulation
rates (g cm > year ') x concentration of '°Be in sur-
ficial sediments (atoms gfl)) have been found to be
significantly higher than the rate of '°Be supply at the
Earth’s surface at sites far away from the margins
(such as off Northwest Africa and off California,
equatorial Pacific off Ecuador, margins in North
Atlantic, Brown et al. 1985; Anderson et al. 1990)
and is attributed to boundary scavenging. Boundary
scavenging exerts influence when the dissolved resi-
dence time of Be is greater than the time required for
the advective transport to move the water from the
center of the basin to the margins. Physical transport
processes such as bottom currents and gravity flows
(turbidities and slumps) also could lead to increased
rates of '°Be accumulation rates, resulting in higher
ocean-wide average '’Be deposition rates.
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There are limited data on the temporal and spatial
variations of '°Be and "Be isotopes in oceanic particu-
late matter. Depositional fluxes measured in sediment
traps deployed at two sites in the eastern equatorial
North Pacific Ocean show that the '°Be flux at traps
deployed 50 m above the bottom of the sediment-water
interface were up to an order of magnitude higher than
that at mid-depth in the water depth column (at 1,565
and 1,465 m with total water of 3,100 and 3,600 m).
The flux in the bottom trap (4.6 x 10° and 2.4 x 10°
atoms cm ™~ year ') was significantly higher than the
average global depositional flux of 1.2 x 10°
atoms cm ~ year ' while at intermediate depth the
"“Be flux was lower (0.9 x 10° and 04 x 10°
atoms cm > year ') than the global depositional flux
(Sharma et al. 1987). This difference was attributed to
contribution from lateral input as well as from the
resuspended material in the bottom nepheloid layers.
A strong correlation between '9Be concentration and Al
suggest that aluminosilicate is the major carrier phase
of '°Be. Variations in atmospheric dust input may result
in variations in the scavenging of '’Be from the water
column and thus, the variations in particle fluxes can be
linked to the depositional fluxes in the traps.

5.3.3.3 7Be as a Tracer of Ice Rafted Sediments
(IRS) in the Oceans

Concentrations of 'Be in ice-rafted sediments (IRS) in
the seasonal ice-cover of the Arctic Ocean have been
reported to be relatively high (Masque et al. 2007).
When sea ice is formed mostly in shallow waters in the
marginal seas of the Arctic Ocean (such as Siberian
margins of the Laptev, Kara and Barents Seas), large
amounts of fine-grained sediments get incorporated
into the sea ice during formation of new ice mainly
through suspension freezing of bottom sediments and
river-borne sediments (Barnes et al. 1982; Reimnitz
et al. 1992; Nurnberg et al. 1994) and are subsequently
transported to different parts of the Arctic. During its
transit, atmospherically-delivered "Be is intercepted
by the ice cover and the "Be is added to the IRS during
freezing-thawing cycles (Baskaran 2005). The activ-
ities of "Be in IRS have been reported to be highly
variable, with values ranging between 10*° and 102
atoms g~ (13 and 212 Bq kg™ "), which is 1-2 orders
of magnitude higher than those reported in the coastal
sediments. The dissolved "Be activities in melt ponds

were also reported to be much higher (30-60 mBq L")
than the surface waters in the Arctic (0.6-2.3 mBq L™ 1)
as well as surface water samples collected between 1.0
and 2.0 m from the air-sea interface (2.6 mBq LY
(Eicken et al. 2002; Kadko and Swart 2004). The
concentrations of 'Be in sea ice also were reported to
be ~2 orders of magnitude higher than that in the ocean
mixed layer below the sea ice and this was attributed
to dilution of "Be with longer depths of the mixed
layer compared with the <1 m thick seasonal ice
(Cooper et al. 1991). During summer, the snow and
upper 0.3-0.7 m of the ice melt off the ice surface.
Tracer studies indicate that meltwaters disperse over
distances of tens of meters on time scales of days, with
much of the meltwater pooling in depressions at the
surface (Eicken et al. 2002). IRS accumulates at the
surface and in melt pools and are subjected to meltwa-
ter flushing (Nurnberg et al. 1994). During this pro-
cess, the IRS released from melting comes in contact
with seawater in meltponds and additional scavenging
may take place. It has been estimated that ~60% of the
"Be inventory is found in the water column from the
sea ice melt and the remaining ~40% in found in sea
ice (Eicken et al. 2002). Based on controlled experi-
ments, it has been estimated that ~15% of the total
sediment load is released to the water column during
melt (Eicken et al. 2002). During multiple freezing-
thawing cycles, the IRS is often pelletized and thus,
can undergo sinking very quickly. Cooper et al. (2005)
reported "Be in benthic surface sediments collected as
deep as 945 m in Barrow Canyon in the Arctic, but it
has not been reported from any other ocean basins.
The activities of 'Be in benthic sediments at different
water column depths will be useful to quantify the
amount of sediments released from melting of sea ice.

5.3.3.4 Using Meteoric '°Be as a Chronological
Tool in Marine Sediments

'Be has been extensively utilized to date marine sedi-
ments, Mn-nodules, and other authigenic minerals.
Prior to the development of AMS techniques, dating
of Mn-nodules and deep-sea sediment cores were
dated by conventional beta counting technique
(Somayajulu 1967; Sharma and Somayajulu 1982).
The concentration of '’Be in Mn-nodules is very high
(~10"" atoms g~') and hence a very small amount of
sample is required (<10 mg). The first measurement of
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%Be by AMS basically confirmed the slow growth
rates of Mn-nodules observed by conventional count-
ing method (Somayajulu 1967; Turekian et al. 1979).
Based on the exponential decay of '°Be with depth on
manganese crusts over a period of past 7 Ma, Ku et al.
(1982) suggested that the '°Be/’Be ratio has remained
constant over this time period. The '°Be concentrations
in Mn-nodules extrapolated to zero depth indicate that
there is wide range of '°Be values in nodules collected
at different basins and varied between 1.5 x 10" and
6.5 x 10" atoms g~' (Kusakabe and Ku 1984; Segl
et al. 1984a, b; Mangini et al. 1986). The '’Be/’Be
ratios in nodules from Atlantic and Pacific only ranged
between 1.1 x 10~ "and 1.6 x 10~’. A comparison of
the extrapolated to the surface value (corresponding to
present time) of '°Be/’Be ratio to that in the deep
waters suggesting that the dissolved Be are well mixed
in the bottom waters and that the ratio is well-preserved
in authigenic minerals formed out of seawater
(Kusakabe et al. 1987). Sediment cores have been
dated using certain assumptions that include constant
supply of '“Be to the seafloor over the time interval of
interest. It has been shown that the flux of '°Be is largely
dependent on the sedimentation rate (Tanaka et al.
1982; Mangini et al. 1984). Sediment focusing and
boundary scavenging, however, make the assumption
of constant supply of '’Be questionable. In the Arctic,
the variations in the particle flux (due to variations in the
release of ice-rafted sediments) have resulted in highly
varying concentrations of '’Be in a vertical profile
(Eisenhauer et al. 1994; Aldahan et al. 1997). The authi-
genic minerals seems to be better candidates for '’Be
dating compared to deep sea sediments, as the chemical
link between deep seawater and authigenic minerals
make this method work well for authigenic minerals.
By measuring the '°Be in deep-ocean Fe-Mn crusts,
the decay corrected '’Be/’Be ratio was found to be
constant over the past 12 Myr and this was attributed to
constant global chemical weathering flux over this time
period (Willenbring and von Blanckenburg 2010b).

5.3.3.5 Case Study: Dating of Marine Particulate
Matter Using “Be/'°Be Ratios as Tracer

As was discussed earlier, once "Be and '°Be are deliv-
ered at the air-sea interface primarily through wet
precipitation, during their life-span in the water column,
they are scavenged by suspended particulate matter and
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eventually reach the ocean floor. Due to the short mean-
life of "Be, most of the 'Be undergoes radioactive decay
while virtually no '’Be undergoes radioactive decay.
Although there are more than an order of magnitude
variations on the monthly depositional fluxes of
these nuclides, the variations on the "Be/'°Be ratios is
very narrow, within a factor of ~2 (Brown et al. 1989;
Graham et al. 2003; Heikkila et al. 2008; Lal and
Baskaran 2011). When marine particulate matter leaves
the surface layer with a finite 7Be/ 10B¢ ratio, as it sinks
the ratio values will decrease and the rate of decrease
can, in principle, be used to date the marine particulate
matter, provided additional scavenging of 'Be and '°Be
in subsurface layers does not alter the "Be/'°Be ratio.
With the detection limit of "Be of 10* atoms using AMS
(Raisbeck and Yiou 1988), one can measure "Be/'°Be
ratios in particulate matter collected from ~20 L water
sample assuming that 0.2 Bq/100 L of "Be (2.65 x 10°
atoms), the average value for a six coastal water systems
along the Gulf coast (Baskaran and Santschi 1993; Bas-
karan et al. 1997; Baskaran and Swarzenski 2007) and
'Be abundance of ~500 atoms g~ (corresponding to
~10 atoms of in 20-L sample), particulate matter can be
reliably dated.

When particles leave the mixed layer with "Be/'*Be
ratio (Rp), at any depth below mixed-layer, the
measured ratio is Ry, then the time of transit (or resi-
dence time) of particulate matter is given by:

=71 ln(R()/Rd) (5.6)
where T is the mean-life of Be. If we assume that the
particles are fresh in the mixed-layer, then, ¢ can be
considered as the age of the particulate matter. At
depth “d,” if there is equilibrium between the particu-
late matter and dissolved phase, then, the dissolved
phase will likely have the same "Be/'’Be ratio as the
particulate matter and hence by measuring 'Be/'°Be
ratio in the dissolved phase, we will be able to deter-
mine the “age” of the particulate matter.

5.3.4 Other Applications of Meteoric ’Be
and "°Be at the Earth’s Surface

The unique source term of the ‘Be and '°Be nuclides
make them particularly useful for tracing deposition
and examining whether minerals are formed from ele-
ments derived from the atmosphere or the lithosphere.
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Recently, these nuclides were used to study how rock
varnish accumulates elements (Moore et al. 2001).
Rock varnish specimens shielded from rainfall accu-
mulate detectable 'Be, presumably from dew or dry
deposition, but specimens exposed to precipitation
accumulate considerably higher doses of 'Be. It was
calculated that rock varnish accumulates a few percent
of the total deposition of cosmogenic Be nuclides;
ultraviolet radiation did not inhibit ‘Be accumulation
in rock varnish, which suggests that varnish may be
formed abiotically (Moore et al. 2001). The use of
cosmogenic Be isotopes in conjunction with other
fallout radionuclides (*’Cs, *'°Pb) may be useful for
understanding the rates and mechanisms by which
atmospheric elements are incorporated into mineral
structures (Fleisher et al. 1999; Moore et al. 2001).

5.4 Other Future Directions
5.4.1 Deposition

There is considerable uncertainty on how cosmogenic
Be deposition varies spatially over the Earth’s surface
and how climate might control fluxes to points on land
and sea. The meteoric input uncertainty appears to be
limiting our ability to quantify and compare the resi-
dence time of dissolved Be radionuclides in the oceans
(Table 5.3). Climate change will likely result in the
global redistribution of rainfall, and changes in the
frequency and intensity of rainfall may affect the sea-
sonal depositional fluxes of meteoric Be. However,
input functions need to be well constrained in order
to effectively use 'Be and '°Be as tracers in the envi-
ronment, and, in particular, to apply '°Be to quantify
ages or steady-state erosion rates on timescales of
thousands to millions of years. While there is often
an inverse relationship between ‘Be and '“Be concen-
trations in rainfall and storm duration at many sites
(Baskaran et al. 1993; Baskaran 1995; Ishikawa et al.
1995), the dependence of annual cosmogenic Be
fluxes on precipitation rates has not been well
described. If cosmogenic Be is removed from an air
mass during the initial parts of a storm, as most data-
sets indicate, a question remains as to whether or not
additional rainfall over some threshold has an additive
effect on fluxes. A number of studies have demon-

strated that rainfall rates ultimately control the total
amounts of tropospheric contaminants and weapons-
derived atmospheric '*’Cs delivered to the surface
(Kiss et al. 1988; Simon et al. 2004). However,
Willenbring and Von Blanckenburg (2010a) suggested
that at coastal and island settings where the atmo-
spheric transport time is fast and '’Be and "Be con-
centrations in rain have a strongly inverse relationship
with precipitation rate, annual fluxes should remain
constant even if climate were to vary. The controls
that climate and annual precipitation have on cosmo-
genic Be nuclide deposition should be studied further.

There are essentially two methods by which annual
atmospheric fluxes can be determined for a region:
direct monitoring of wet + dry atmospheric deposition
on a weekly to monthly basis, or indirect determina-
tion using soil, sediment, and/or ice inventories. Long-
term monitoring of cosmogenic Be wet depositional
fluxes on landscapes can be costly, and it can be
difficult assessing dry fluxes. The use of stable sur-
faces that record cosmogenic Be inventories has some
advantages for calculating fluxes if surface age is
known or if steady-state can be assumed. Relating
'Be inventories to atmospheric fluxes would be com-
plex given that surface age, and solute and particulate
losses would be difficult to constrain in everything but
perhaps ice records, but the use of "Be for this purpose
does not suffer from these complications. The advan-
tage of using surface inventory measurements of 'Be
for calculating fluxes is that a single measurement can
integrate months of deposition, which works particu-
larly well in temperate climates where rainfall is gen-
erally evenly distributed throughout the year. At sites
where there is a distinct wet and dry season, multiple
samples may be necessary to calculate annual atmo-
spheric fluxes. There is an order of magnitude range of
"Be soil inventories reported for stable soils around the
world (Table 5.1). While many of the sites measured for
"Be inventories are of temperate climate, the one arid
region dataset falls in the low end of the range, reporting
approximately 85 Bq m > for Owens Valley, CA
(Elmore et al. 2008). Salisbury and Cartwright (2005)
used 'Be measurements of sheep feces to infer that
vegetation along an elevation gradient in North Wales
had higher concentrations of "Be. While they could not
calculate atmospheric fluxes from their measurements,
their data indicate some relationship between wet precip-
itation amounts and cosmogenic Be deposition. It would
be valuable to have surface 'Be inventory data available
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for a range of climates so that that processes controlling
atmospheric fluxes could be better understood.

5.4.2 Species and Geochemical Behavior

The geochemical behavior of Be is complex, yet sim-
plifications are often made in order to extend the use of
"Be and '"Be as process tracers. It is evident from
experimental work that partitioning strength is gene-
rally high (K4 > 5,000), but dissolved meteoric Be is
commonly measurable or even dominates over particle-
bound Be in the water columns of lakes and oceans
(Silker et al. 1968; Kusakabe et al. 1982, 1987, 1990;
Bloom and Crecelius 1983; Sharma et al. 1987; Dibb
and Rice 1989a; Dominik et al. 1989; Steinmann et al.
1999). It appears that the availability of particles in
a water column may limit the scavenging of meteoric
Be radionuclides, but the effects of salinity, time,
and particle composition (e.g., algae, organic detritus,
Al/Fe/Mn phases) on partitioning strength and kinetics
need to be better quantified.

In neutral to alkaline soil environments, Be is
expected to form complexes with oxygen on surfaces
of secondary clays and oxides and organic matter
(Nyffeler et al. 1984; You et al. 1989). However, it is
possible that soluble Be complexes could form, inhi-
biting adsorption and increasing the geochemical
mobility of "Be and '°Be in the environment. Equilib-
rium thermodynamic approach has been used to pre-
dict that Be forms soluble complexes with humic
and fulvic acids and fluoride (Vesely et al. 1989;
Takahashi et al. 1999) but there are no field-based
studies documenting enhanced mobility in the envi-
ronment from these species. It is also possible that
cosmogenic Be could adsorb to very small colloids
formed at soils through the breakdown of organic
matter and Be could migrate vertically downward.
Steinmann et al. (1999) used continuous flow centri-
fugation and tangential flow ultrafiltration to separate
dissolved, colloidal, and particulate "Be phases in lake
water. Despite their substantial efforts to separate truly
dissolved "Be from other phases, they concluded that
"Be might be adsorbed to very fine colloids (<10 kD)
that are not easily separated from other phases or size
fractions. More theoretical, experimental, and field-
based data need to be collected on the distribution of
Be species in the environment, and to identify the
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various mechanisms by which cosmogenic Be can be
transported in different systems.

5.4.3 “Dating” of Suspended Particulate
Matter with “Be/"°Be

Particulate matter at the air-sea interface is tagged with
a finite 7Be/lOBe ratio which is likely to remain con-
stant at any season and as the particles undergo sink-
ing, "Be undergoes radioactive decay. Typical settling
rates of a terrigenous particle (density = 2.6 g cm ™)
of 4 mm diameter is ~1 m day ' (for 16 mm diameter
~19 m day !, corresponding to reaching a depth of
~1,460 m over the mean-life of 'Be). Particulate matter
from a sediment trap deployed at ~1,500 m can be
utilized to determine the settling velocity of particulate
matter. 'Be/'’Be measurements on size-fractionated
particulate matter could provide differences in the
settling velocity of particulate matter. The deposi-
tion velocities could provide insight on the particle
aggregation-disaggregation processes that are taking
place in marine environment. It is known that beryl-
lium is biologically inactive and hence could serve as
an ideal tracer for the settling of terrigenous particulate
matter. In the Arctic, "Be/'"Be ratios in sediment
traps from seasonally ice-covered areas could provide
insight on the amount of sediments released from sea
ice during seasonal melting-freezing cycles. While "Be
in sea ice sediments records the history of the material
for <1 year, '’Be data would record a much longer
history, and hence the 'Be/'°Be ratio may provide
information on the time scale and extent of recycling
of IRS. There are currently no '°Be data available for
sea ice sediments, so more work is needed to develop
this potentially valuable tracing tool.

5.5 Concluding Remarks

Meteoric 'Be and '°Be are valuable tracers that can be
used to characterize an incredibly wide range of envi-
ronmental processes. While “Be can be used to quantify
short-timescale processes, including the scavenging
of metals and particles from waters, and the origin
and fate of fine grained sediments in terrestrial and
marine systems, meteoric 19Be can be used to date
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geomorphic surfaces and authigenic minerals, test
quantitative theories about landscape evolution, and
study boundary scavenging processes. However, a
considerable amount of fundamental work still needs
to be done to effectively use these isotopes of beryl-
lium as tools to study Earth systems processes. The
atmospheric fluxes of these nuclides and the processes
that control deposition need to be characterized better,
and the biogeochemical behavior of these isotopes in a
wide range of environments needs to be described. We
are optimistic that new studies will shed further light
on the dynamics of "Be and '°Be in the environment,
and that these tracers will continue to help scientists
solve complex environmental problems in the future.
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