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Abstract—A comprehensive evaluation of the transport of U, Th, Ra, and Rn nuclides f%de and
232Th-decay series in an unconfined sandy aquifer (Long Island, NY) was conducted. Groundwater
data are compared with results of a theoretical transport model of weathering of aquifer grains and
interaction with surface coatings to establish relationships between the concentrations of the
radionuclide activities in the water and flow line distance. The data provide estimates for geochemical
parameters including weathering rates and chemical reactivities in both the vadose zone and the aquifer.
A theoretical treatment of the transport is presented that considers the reaction between the water and a
reactive surface layer. It is found that a model with chemical exchange between the surface layer and the
water for all species is not valid, and that the effects of saturation and “irreversible” precipitation of Th
is required.

The water table shows a relatively wide range in U activities, the only element in the U-Th series for which
vadose zone input is significant in the aquifer. High weathering of U and recoil inpGtéloto the water
occur in the uppe3 m of thevadose zone, while lower weathering and removal of U from the water
occur below. The deeper aquifer has variald8®U activities that can be accounted for by input
from the vadose zone and is not a result of non-conservative behavior. The isotopic composition of U is
shown to be directly related to the recoil rate relative to the weathering rate. The wide raRgf&J of
in the aquifer waters is a reflection of diverse vadose zone inputs, showing that dispersive mixing
is not a dominant effect. The higher values 83U in the aquifer reflect the recoil/weathering
input ratios from within the aquifer where the weathering rate is lower than the vadose zone. Both high
U activities and highs**“U values cannot be obtained in the vadose zone or within reasonable
flow distances in the aquifer. Radium isotopes are found to be in exchange equilibrium with the surface
layer.??“Ra,??®Ra, and??®Ra have comparable activities throughout the aquifer. In the vadose zone, the
dominant input of Ra to groundwater is weathering and recoil. As found elsewheré?ZRe in the
water is a large fraction~5%) of the Rn produced in the aquifer rock. This cannot be due to Ra
precipitation onto surface coatings in the aquifer as supported by present weathering with Th in
exchange equilibrium with the surface layer. It is found that Th is saturated in the waters under oxidizing
conditions so that the weathering input is irreversibly precipitating onto surfaces. However, it is
shown that under somewhat reducing conditions, Th activities are much higher and the Th/U ratio in
the solution is approximately that of the rock. We propose that under oxidizing conditions the source
of Rn is a surface coating enriched #i°Th and2%°Th. This Th was precipitated in an earlier phase
during rapid dissolution of readily weathered phases that contald% of the U-Th inventory of
the rock, with the associated U carried away in solution. Therefore, the previously precigitatdd
and?®2Th produce daughter nuclides in the surface coating which are the dominant contributors of Ra
and Rn to the ground water. In particular, Rn is provided by very efficient losses (by diffusion or recoil)
from the surface coating. This then does not require recent, large recoil losses from the parent
rock or the presence of nanopores in the rock. The first data of both long-f¥éth and
short-lived®®**Th and?®?®Th in ground water is reported. The Th isotope activities indicate that desorption
kinetics are slow and provide the first estimate, based on field data, of the Th desorption rate
from an aquifer surface. The mean residence time of Th in the surface coatin@d80 y while
in the water it is~1 h. Ra is in partition equilibrium with the aquifer surface layer. However, the
strong fixation of Th on surface coatings is very susceptible to changes in oxidation state as is shown
by a comparison of two adjacent aquifers. This makes it difficult to define with certainty the retentive
characteristics in natural systems. In general, it is shown that the distributions of naturally occurring
nuclides can be used to calculate values for transport parameters that are applicable to the transport
of anthropogenic nuclidesCopyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

. i Naturally occurring radionuclides provide analogues for
Aluth?]r t‘é V\;hom correspondence should be addressed ('SOIOpeS@gps'pollutant nuclides. The behavior of U, Th, Ra and Rn isotopes
caltech.edu). ) ! !

" Present addressinstitute for Isotope Geology and Mineral Re-  can be studied through their relationships in & and®*?Th
sources, ETH 8092 Zurich, Switzerland decay series where the half lives are given in parentheses:
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29(4.5Ga)— =Th(24d)— *%U(0.25Ma)— 2°°Th(75ka)— ??°Ra(1.6ka)— ???Rn(3.8d)

1o} B «
B2Th(14Ga)— %?°Ra(5.8a)— 22°Th(1.9a)— 2?Ra(3.6d)

These two decay chains permit comparison of the behavior of equilibrium) depend on the concentratiof@)(of each species
two isotopes of the same element which are assumed to havei in the different phaseg-(vater, rock, surface coating). How-
the same chemical properties but very different lifetimes (two ever, as the U and Th decay series connect the production of
isotopes of U, three isotopes of Th, two isotopes of Ra). nuclides along the chain by radioactive decay, the activity
Although the U-Th series nuclides are expected to be in secular (A icj) of each species is a governing parameter. We will
equilibrium in unaltered aquifer host rocks, examples of pro- therefore couch our representation of the transport problem in
nounced disequilibria are found in groundwater. This clearly terms of activities and on occasion refer to the concentrations.
shows that in open systems such as aquifers, water-rock inter- The approach used in this study was to choose a simple
actions induce significant elemental and isotopic fractionations aquifer with generally known flow patterns and to follow the
(see e.g., Osmond and Cowart, 1992). While the thermody- abundances of the U-Th series nuclides from the vadose zone
namic properties of these elements in aqueous solutions underinput along flow lines. The intent was to determine the evolu-
laboratory conditions are well known (see Langmuir, 1997), it tion of these nuclides along the flow path considering the
is difficult to predict behavior in more complex natural systems. vadose zone input and subsequent effects of water-rock inter-
Several studies have considered the aquifer transport of U-Th action along the flow paths. This study uses the available
series nuclides (see Ku et al., 1992; Cowart and Burnett, 1994). hydrologic information available at the site. It does not depend
Andrews and Kay (1982) and Andrews et al. (1989) calculated upon the residence times as may be estimated from other
the time-scales for nuclide supply and removal. Krishnaswami tracers but upon the flow rates. The time and distance scales
et al. (1982) calculated supply rates, sorption rate constants,inferred from this study thus result from the rock-water inter-
and residence times of short-lived nuclides by deducing recoil actions themselves using a typical flow velocity obtained by the
inputs of U-Th series nuclides froffRn activities, but did not hydrologic data. For a more extensive discussion of the theo-
consider dissolution, precipitation, and advective transport. Da- retical model, the reader is referred to Tricca et al. (2000).
vidson and Dickson (1986) included dispersive flow for U and
Ra, but not dissolution and precipitation. 2 SAMPLING AND ANALYTICAL PROCEDURES

This study uses data from an unconfined sandy aquifer to
understand the transport of naturally occurring U, Th, Ra, and  This study focuses on the unconfined Upper Glacial Aquifer in Long

Rn nuclides. The approach here differs from earlier works in ﬁ'ahd, ’I\nL( %Figs. 1 ??3?\18 V_\I{i;‘hinhagd afOllmd thfe EOE Bro}:)kh%ven
; s Faring- ational Laboratory . The hydrogeology of the area has been
using a unified transport model by considering: described by de Laguna (1963), de Laguna (1966) and Warren et al.
) (1968). The aquifer consists of 30 to 70 m of unconsolidated Pleisto-
1. more complete sequences of U, Th, Ra and Rn nuclides cene sandy deposits overlain by an unsaturated zone (3—30 m). The
within the 2®U- and 2*?Th-decay series; aquifer and unsaturated zone consist of quartz, feldspars and traces of

; ; ; ; micaceous minerals, as well as U/Th bearing zircon and apatite (Faust,
2. the vadose zone input into the aquifer through analysis of 1963; de Laguna, 1963). No carbonate or evaporite minerals were

Wate.rs fromlwater .table weIIs;. ) ) reported. Ground water flows atX1 10 4—2 X 10 % cm sec’; the
3. the interactions with the aquifer solid through sampling upper value will be used for discussion here. There is an east-west
waters of different “ages”; groundwater divide north of the site, and flow across the study area is

4. the distribution of radionuclides between different filtration ~Southward. Available piezometric data provide horizontal flow direc-
size fractions: tions (see Fig. 2 and Geraghty and Miller, 1996), but not vertical flow

. . . rates, so unambiguously following the descent of flow lines is not
5. the relationship of the observed activities to a water flow possible. Yet, the ages of waters sampled by deep wells are likely to
model (Tricca et al., 2000) that includes vadose zone input, increase with greater distance from the groundwater divide (see Fig. 2).
weathering and recoil within the aquifer and reaction with a In this study, well lines have been selected to be along possible flow
surface layer lines, although incorporation of waters that have evolved along differ-

’ ent paths is also considered. The underlying Magothy aquifer is locally

A model is used to discuss the data that includes weathering, zﬁpar(""c;e‘i(;m’)“ tThhe Up';/ler G{ﬁ‘:ia' th“ifer by ”(‘je confining dGa_r diner's

- . : . . ay (0—10 m). These Magothy waters are under more reducing con-
a-r(_acoﬂ, and a reactlv_e s_qrface coat!ng on the aquifer mineral ditions and give key complementary data to that found in the Upper

grains that plays a significant role in storage of Th and Ra gjacial unit.

radionuclides. If one assumes the sites are in exchange equi- Ground waters were obtained to determine the vadose zone contri-
librium with the water, it will be shown that this storage is bution to the aquifer and effect on the nuclide behavior along flow lines

; ; - (Fig. 2 and Table 1). In October, 1997, samples were taken along two
inadequate to provide sufficient sources®&Rn. From exper well fines (W and E) in the Upper Glacial Aquifer. Data for past

imental data, Th is close to the saturation limit with thorianite, Ethylene Dibromide contamination (BNL, pers. comm.) indicated that
which is not compatible with an exchange equilibrium model. waters from wells E1(S) and E2(l) were on the same flowline. A

A modified model is proposed whef&°Th and®32Th are quasi sample was collected in the Magothy (M1) to characterize that aquifer.
irreversibly removed from the water and deposited on surface Note that water from the Magothy was yellow indicating the presence

. . . . ) of organic carbon or Fe. No }$ was detected in the Magothy waters.
coating. This Th coating from an earlier stage of weathering Othegrlwatertable samples (Vﬁ@)SJW S2,, S3,,) were golle)(/:ted in

can readily provide a surface layer sufficient to supp&fRn. March, 1999 to study nuclide behavior in the vadose zone.
The basic chemical interactions (both equilibrium and non-  Ground water was drawn using a submersible pump run at 0.5 to 20
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The unconfined Upper Glacial aquifer

at BNL chosen for study:
mUnconsolidated sandy aquifer;
m\Well-characterized hydrology;

mExtensive groundwater monitoring
network.
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Fig. 1. Schematic diagram showing the location and general layout of the aquifer under investigation. Water table samples
are from the base of the vadose zone. Aquifer samples from wells presumed to be along a flow line.

L/min. Temperature, pH, and dissolved, €oncentrations were mea
sured on site along with Rn. Oxygen was measured byifusion
with a YSI55 oxygen probe. During this measurement, the authors

avoided exchange between the sample and the atmosphere. Major.

anions and cations, Fe, and Mn were measured by SGAB Analyses
(Luled, Sweden). For analysis 81U, 234U, and?*?Th, separate water
samples were collected either unfiltered or filtered on-line through 0.45
um cellulose filters. A fraction of the filtered samples were further
separated into colloids and ‘dissolved’ fractions using ultra-filtration
systems with a nominal cut-off size of 10 k Daltons. Samples were
ultra-filtered with Amico® polyethersulfone hollow fiber cartridges
(see e.g., Porcelli et al., 1997). All filtrations were done, and all samples
were acidified, in the field. The filtration system was rinsed between
each sample with 1N ultra-pure HCI to collect material remaining in the
system. This rinse was kept for analysis. A second HCI rinse was
circulated followed by ultrapure water. THé®U, 23U, and?*?Th of

3. RESULTS

General chemical compositions of the samples are shown in
Table 1. The total dissolved solids (TDs) are given in the
standard units which include SiL0 mg/L) and K €1 mg/L).

The dominant ions are generally Nand either HCQ or CI~,

with no systematic relationship. The waters are slightly acidic.
Major element data for ultra-filtered waters were indistinguish-
able from those of corresponding 0.4 filtered samples and
are not shown. The water table samples are oxidizing, with
dissolved oxygen concentrations of 0.25 and 0.47 mM. These
samples have the lowest pH values of the Upper Glacial Aqui-
fer of 4.78 to 5.74 (compared to 5.74—-6.09 for deeper wells),

each fraction was concentrated and measured by mass spectrometnyand also generally have the lowest TDS. Dissolved organic

(Chen et al., 1986). For analysis of short-lived Ra and Th isotopes,
100 L samples were passed on-line through Qub prefilters and
through Mn-oxide coated acrylic filters. The Mn-oxide filters were
ashed and measured byand y counting at Texas A&M, Galveston
(Baskaran et al., 1993). Absolut&Ra activities were determined from
20 L of 0.45um-filtered water, passed through Mn-oxide impregnated
fibers that have high Ra adsorption efficiency (Reid et al., 1979).
Total recoveries for the ultra-filtration procedures were evaluated by
comparing concentrations in 0.48n-filtered waters with the sum total
recovery in<10 k D ultra-filtered water>10 kD colloids, and HCI
rinse. The U recovery for the Amicon ultra-filtration system for sample
#W3(D) is only 75%. In addition, a significant amount of U appeared
in the acid rinse that was retained during ultra-filtration. TH&U
value (see Table 2 for definition) of the acid rinse shows that the U lost
by adsorption belongs to the10 kD fraction (Table 2). Therefore, the
U concentration measured in the filtrate is a minimum value for
“dissolved” U.

carbon concentrations are between 0.96 to 6.6 mg/L, and are
typical for groundwater (see Stumm and Morgan, 1996). Only
0.42 to 0.95 mg/L DOC is associated with 10 kD colloids.

The Total Dissolved Solid (TDS) concentrations ard 00
mg/L (except W3(D)). The lack of correlation between TDS
and distance from the recharge area or depth requires that the
waters sampled on a single well-line have undergone substan-
tially different evolutionary histories due to either changing
interaction with the vadose zone, or mixing in the well of
waters of different ages, or sampling from different flow lines
with different aquifer input conditions. These issues will be
evaluated further below. The elements (Ca, Mg, Na, HCD,

SO, are in millimoles per liter (mM). Fe and Mn are given in
micromoles per liter ¢M). The Fe concentrations in the Upper
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Fig. 2. The location of the wells sample®)(Samples W and E were
taken from the unconfined Upper Glacial Aquifer at either shallow (S),
intermediate (1), or deep (D) levels below the water table. Sample M is
from the confined Magothy Aquifer. The solid lines show the piezo-
metric levels of the Upper Glacial aquifer. The gray area represents the
surface of the Gardiner's Clay Unit discontinuously separating the
Upper Glacial and Magothy aquifers. Downward)(or upward ©)
vertical flow across the Upper Glacial Aquifer/Magothy boundary is
shown. Note the east-west trending groundwater divide locat@d
km north of the site.

Glacial are<0.2 uM (Table 1) which is in the lower range for
ground waters (Hem, 1992). These concentrations are 10
larger than the solubility limit of Fe(lll), and are too oxidized
to form Fe(ll); therefore Fe must be associated with colloids.
The Mn concentrations are much lower than the solubility limit
in the deeper wells<0.02—0.16uM), with the exception of
E3(D), which has a concentration of 7u81 Mn close to the
solubility limit that is common in ground waters (Hem, 1992).
Therefore Mn is likely to be in the soluble Mn(ll) form. For
wells E1(S), to E2(l), located on the same flow line, the
concentration of Cl, a conservative element, is doubled (see ¥
Table 1); this cannot be obtained by reasonable weathering
rates of the aquifer solid. There is no halite or saline layer in the
soil. Therefore, these Cl variations must reflect temporal
changes of a surface input induced by anthropogenic inputs
such as road salting.

The Magothy waters are chemically distinctive from those of
the Upper Glacial Aquifer (Table 1), with lower dissolved
oxygen (although no presence of$iwas observed), higher pH
(6.77) and very high Fe and Mn concentrations. The Fe con-
centration (214uM) in the filtered water is~10° times the
solubility limit of Fe(lll) (e.g., Fox, 1988, Stumm and Morgan,
1996). The dominant fraction of Fe (70%, see data, Table 1) did
not pass through the 10 kD filter and so is likely to be colloidal

et al.

Fe. The remaining 30%, 54M FelL, is still above the solu-
bility limit and is plausibly contained in smaller colloidal
particles). It is not due to dissolved organic carbon as the
concentrations are the same level as in the overlying aquifer.
The Mn concentration (2aM) is substantially above the value
of 2 uM commonly found in oxidizing ground waters else-
where and is above the solubility limit of Mn(ll) (Hem, 1992).
Note that all the Mn is in the<10 kD fraction, (Table 1), and
must be in colloids of size<10 kD or else the solubility is
significantly enhanced. The high Mn concentration (e.g., the
Mn/Mg ratio is ~10 times that of upper crustal rocks, (Taylor
and McLennan, 1985)) could be due to release of Mn oxyhy-
droxides previously deposited under different redox conditions
(Section 5 on Thorium).

Sr was measured in samples from the Upper Glacial and
Magothy (Table 2 and Fig. 3). Water table samples have higher
87SrPeSr ratios (0.71191-0.71357) than the deeper samples
(0.71144-0.71163) indicating that Sr provided by mineral
weathering in the aquifer is less radiogenic than that provided
at the water table. The Sr isotopic ratios in the deep wells are
indistinguishable from in the Magothy, whef&SrfeSr
0.71144, suggesting that the deep ground water flows through
host rocks of composition similar to that of the Magothy. Sr
concentrations range from 12 to 5®/kg in no simple pattern.

For the U-Th series nuclides, we will present the data in
terms of specific activity of nuclidein a given phasej) (iAj)
(disintegrations per minute per kg). The relative isotopic
abundance of%*U in waters @) wil be given by

8234y = ("va, /YA, — 1) X 10° (see Table 2).

The 28U activities |n the aquifer €0.45 um) vary within
2% 1073 to 18 x 103 dpm/kg (3-24 ng/kg). This is in the
lower part of the extreme range reported for ground waters of
2 X 10 ° to 10° ng/kg (Osmond and Ivanovich, 1992). They
have §**U = 30 to 1400%. and so are all enriched 3#fU.
Water table U activities vary between <1103 to
1.9% 10 2 dpm/kg. This range covers all activities measured
in the aquifer. Therefore, U input from the vadose zone to the
aquifer can represent an important portion of the U within the

0.7140
m Upper Glacial Aquifer
0.7136 ] 0 Magothy Aquifer
S1
0.7132 L
S
g) 0.7128 | Shallow Wells
—
o 07124 |
~
0
0.7120 1
W4(D)
0716 1 " Deep Wells .E3(D)
w5(D) m & M1
0.7112 — f t t t
001 0.02 003 004 005 006 0.07
1/Sr

Fig. 3. Sr data of filtered samples from the Upper Glacial and
Magothy Aquifers. Samples from deep wells within both aquifers have
similar 8’SrP°Sr ratios, and are distinct from those of water table
samples Note that for a two-component mixing model, the relationship
is of the form £7Srf®sr) = A + B/Sr.
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Fig. 4. (A) > activities from deep wells in the Upper Glacial Aquifer. The distance of each well from the groundwater
divide to the north (see Fig. 2) is plotted; there is no correlation of activity with this distance. The slopes of the dashed lines
define the weathering rates yielding the sample U activities assuming no U input from the vadose zéR&UBJrom

deep wells in the Upper Glacial Aquifer. The dashed lines

show the model evoluti®i4f, along flow lines for (a)

Wogq, = 3 X 107 sec?, (b) Wogq, = 7 X 10 *®sec’, and (C)Wogq, = 8 X 10 "> sec™.

aquifer fluid. The U activity in well W1(S), varies by~18%
between two sampling dates. U activities at the water table
(symbol “wt”) are not correlated with the thickness of the
overlying vadose zone; wells §land S2,,, where the unsat
urated zone is~3 m thick, have the highest and lowe&sfu
activities, respectively (Table 2). The water table samples usu-
ally show moderate U disequilibriad?®U = 31—46%o).
Therefore, thé*/U input by a-recoil into vadose zone water is
small compared to that by weathering. An exception is well S2,
with 622U = 698%.. In all wells, the®*>®U activity in the
dissolved fraction generally follows that of the TDS and shows
no correlation with distance from the recharge area (Table 2,
Fig. 4a). Note that for the wells E1(Q)and E2(l), which are
likely to be on a flow line (see Sect. 2), the U activity increases
from 5 to 10X 10 3 dpm/kg. However, E3(D), which we
thought to be on the same flow line has a lower value than
E1(S) or E2(]). Along both sampling lines, the U activity does
not increase regularly and tH#>“U values vary between 40
and 1394%. and do not vary regularly with distance (Fig. 4b).
Although ultra-filtration experiments indicate that only 12 to
50% of the®3®J in filtered water pass through the 10 kD
ultra-filter (Table 2), these values are lower limits (Sec. 3).
Note thats*3U values of the ultra-filtered fractions are always
smaller than those of the corresponding filtered fraction; thus,
the colloids are greatly enriched ff“U and have not equili
brated with the bulk U in the water. The particulate U load was
determined by measuring U in bulk and filtered waters from
W3(D); the bulk water contained a slightly low&U activity,

due to some variation during pumping, and so particles gener-
ated during pumping do not contribute significantly?f8U in
ground water samples.

The 2*8J activity in Magothy filtered water (18.& 103
dpm?38J/kg) is in the higher range of activities from the Upper
Glacial, with =40% of the®*®U in the <10 kD fraction. The
238 activity in the bulk water (35.% 10~ dpm/kg) shows
that 46% of the totaP*®U is associated with particles. Cem
parison of thed?3“U values in the filteredd**U = 197%o) and
ultra-filtered $23U = 112%.) waters shows that, like in the

Upper Glacial, colloids are enriched fit*U relative to the
dissolved fraction.

232Th activities in Upper Glacial filtered fractions lie be
tween 3X 10 ° to 4 X 10 ° dpm/kg (14-165 pg/kg) (Table
2). Note that for32Th 3 X 10~ ° dpm/kg= 3 X 10*° atoms/kg.
There are no systematic differences between water table sam-
ples and the deeper wells. Data for sample W3(D) shows that
95% of the total®*2Th is carried by particles. Thé&*?Th
activities are around the solubility limit (Fig. 5) of thorianite,
calculated assuming there are no organic ligands and using the
pH-solubility relationship of Langmuir and Herman (1980),
which we consider to supercede the values given in Baes and
Mesmer (1976). Note that the DOC concentrations measured in
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Fig. 5.2%2Th activities in Upper Glacial Aquifer samples versus the
distance from the ground water divide (see Fig. 2). #&h activities
appear to correspond to solubility limits estimated for the correspond-
ing pH (open circles). Solubility limits were calculated for each sam-
pling site and were indicated for each sample. In most cases the
measurement agree with the solubility limit except for sample
W1(S),.b that is largely above the solubility limit.
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Table 3. Short-lived nuclides in 0.4&m filtered groundwater.

234Th 22Ra 22Rn 22%Ra 228Th 22Ra 22(RaP*Ra 22RaP*Ra

Well # 10 %dpm/kg 10 3dpm/kg dpm/kg 10 3dpm/kg 10 °dpm/kg 10 °dpm/kg  Activity ratio  Activity ratio
West line

WL(S). 12 26+ 6 109 37+ 7 1.8 58+ 12 0.7 1.6

W2(1) 15 59+ 12 65 193+ 38 — 145+ 29 0.3 0.8

W3(D) 30 33+ 6 336 42+ 8 6.7 357 0.7 0.8

W4(D) 26 63+ 12 108 150+ 30 — 159+ 31 0.4 1.0

W5(D) 15 26+ 6 84 45+ 9 7.1 92+ 18 0.6 2.1
East line

E1(S) 74 32t 6 174 35+ 7 — 36+7 0.9 1.0

Elyomo 44 <15 — <5 — <3

E2(I) 22 22+ 4 162 56+ 9 — 40+ 8 0.4 0.7

E3(D) 22 22+ 4 522 24+ 4 3.4 26+ 5 0.9 1.1
Magothy

M1 34 27t 6 80 45+ 9 5.2 23+ 4 0.6 0.5

All errors (20) for nuclide activities are errors equal to 20%, unless otherwise noted.

our samples might allow solubility limits that are orders of

The particulate®>>Th activity, deduced from bulk and filtered

magnitude higher than the measured activities. However, there data, is~44 X 10~ 2 dpm/kg. A similar calculation for U yields

is no clear correlation between the DOC ﬁﬁH‘AN. In addi

tion, although both nuclides are provided by weathering, the
232Th/238 activity ratio in the water is 107 that of the rock.
This shows thaf*2Th precipitates and that the organic matter
is not a ligand controlling the Th solubility. We will not
consider Th-DOC complexes in this case. The activity of one
sample (W1(S) is clearly below saturation, while W1(gp
collected at the same location but at a different time is above
the predicted solubility limit £2—4 X 10~° dpm/kg) (Table

2). This discrepancy may be due to the presence of colloids in
the second sample. The Th/U ratio of the colloids in sample
W3(D) is ~2 X 1073 times that of the average continental
crust, assuming all th&*2Th and 40% of the U (Sect. 3) are
colloid-bound.

The 23*Th activities in the Upper Glaciat 15X 1072 to
74 x 102 dpm/kg. Due to the short half-life G*Th, 234Th
input from the waterzstable gaoes not influence the composition
of deeper waters. TheLr“A,J BUAN ratios (A,, is the activity of
nuclidei in the filtered water) range from 2 to 10 and show that
in addition to decay of*®U in the water**Th is provided by
2rge4:oi| or weathering from the aquifer rock. The ratid"A,/

A, in filtered waters varies by a factor of 80, reflecting the
different controls on the activities of these isotopes. The data
for E1(S),, (Table 3)shows that 60% of3*Th is in ultra-
filtered water. The®?®Th activities in the Upper Glacial of
1.8x 103 to 7.1x 10 3 dpm/kg (Table 3) are 100 times
higher than that oP32Th. Therefore,??®Ra decay is more
important to the supply ofSTh than weathering of Th from
the rock. However, A,/ 8R""AN ~ 0.1 (Table 3) and so both
nuclides are not in secular equilibrium.

The 232Th activity in filtered water from the reduced Ma
gothy is 21x 10~ dpm/kg (88 ng/kg); this is ftimes that of

(3%2Th/”?8U) ~2.7 for the particles, similar to upper crustal
values.

These data on Th do not indicate any controlling complex-
ation with organic matter and the activities in filtered samples
generally coincide with the solubility limits of ThOTherefore
we consider thé32Th activity in the groundwater is limited by
saturation, so that once this limit is reach&&Th added by
weathering is precipitated onto the surface of the aquifer solid.
Changes in solubility can occur only with pH changes. In
particular, due to weathering of the aquifer rock, the pH of
ground waters will increase along a flow line, so that the
solubility of Th will decrease, and progressive precipitation
will occur. Note that our calculation of the saturation limit is
based upon the assumption t#atTh in the filtered water is
largely dissolved. There is no data f6¥Th on colloids in the
ground water to confirm this; however, f6t*Th (see below),
one water table well (E1(S) appeared to have 60 15%
234Th in solution (Table 3) and s& 40% of?32Th is expected
to be associated with colloids. At the water table, ti&Th
activity of one of the samples is below the calculated solubility
limit. Yet, the 232Th/”*®U in the water table sample is lower
than in the aquifer rocks; suggesting that if U and Th are
weathered at similar rates, Th is removed more effectively than
U in the vadose zone (Langmuir, 1997, lvanovich and Harmon,
1989).

22%Ra activities in the Upper Glacial fall in a narrow range
(22—63x 10~ 3dpm/kg), with*?*RaP?*Ra and®?’RaP?*Ra ra
tios of 0.7 to 2.1 (Table 3). Most samples have (22-83)0 3
dpm 2%Ra/kg. Samples W2(l) and W4(D) are exceptions (59
and 63x 10 3dpm ??*Ra/kg), so that Ra activities alternate
along the western well line (Table 3). No Ra was detected in
ultra-filtered water; so Ra is carried mainly on colloids as

the shallow aquifer (Table 2), and therefore greatly exceeds the expected for a surface-reactive element (Langmuir, 1997).

Th solubility limit calculated above. The DOC concentration
(~5 mg/L) is comparable to that of the Upper Glacial and, as
indicated previously, is not likely to account for this high
activity. This water also has high Mn and Fe concentrations and
232Th may then be bound to Fe-rich colloids. In contrast, the
234Th (34 102 dpm/kg) and??°Th (5.2x 103 dpm/kg)
activities are comparable to those in the Upper Glacial waters.

However, in the “Discussion” we use the Ra activities without
distinguishing between the dissolved and colloidal Ra, and the
data show that adsorbed Ra is rapidly exchanging with Ra in
the water. The Magothy has comparable Ra activities.

The Rn activities must be in steady state and equal to the
supply rate into solution. Thé*?Rn activities in the Upper
Glacial generally vary over a narrow range of 65 to 174 dpm/kg
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Table 4. Model parameters: Typical values for the upper Glacial aquifer in Long Island, New York.

Symbol Parameter Units
A, Activity of i in the water dpm/kg-water
A Activity of i in the surface coating dpm/kg-coating
A, Activity of i in the rock g%€YA, ~ 232TA ) 440 dpm/kg-rock
AL Activity of i in the water in the vadose zone dpm/kg-water
D Distribution coefficient ofi between surface coating and water

& Fraction of nuclides produced in the rock and ejected or leached into the water after alpha-recoil (X6LB)°

f; Fraction ofi produced in the surface coating by decay of parent p and ejected into the water

F; Total fraction ofi in surface coating released by desorption and ejection during production

R (see Appendices)

‘If,l “Velocity” of i desorbing from surface coating cm séc

'k, “Velocity” of i adsorbing onto surface coating cm séc

L a-recoil length of nuclidé 2X 10 %m

A Decay rate of nuclide sec’

S'If1 Removal rate of from solution (per atom per unit volume)

Sk_, Desorption rate of from surface

n Porosity 0.3

q =n/(1—n)

r Average grain radius (10-100)X 10 ®m
Reman Emanation fraction of Rn

pr Rock density 2.7 glen?

Pw Water density 1 glen?

Psc Surface coating density 2.7 glen?

S Moisture content 0-1

S Surface coating area per volume of rock <

S¢ Volume of surface coating per volume of rock

v Advective water velocity in the aquifer (water flux/m) (1-8)10 * cm-sec?*
w; Weathering rate sec?

3 Surface coating thickness um

Xi Atomsi in surface coating/atoms ofin water

X Characteristic length scale for transportiof m

(Table 3) with higher values in W3(D) (336 dpm/kg) and E3(D)
(522 dpm/kg). Such high Rn contents have been observed
previously (e.g., Krishnaswami et al., 1982). Té&Rn activity

in the Magothy 80 dpm/kg) is comparable to the values of
the Upper Glacial. No correlation exists betwe®&3iRn and
238 or ?2°Ra. The???Rn activities are 1®times those of
parent®**Ra in the water, and cannot be produced?8Ra
from the water. With &%°Ra activity in the aquifer solid of 440
dpm/kg of rock and~ 2800 dpm/kg of water (Copenhaver et
al., 1993), the emanation fractions (the fraction of Rn produced
by ?*°Ra in the rock that is released into solution) are generally
(3—-6) x 102, with two high values of 0.12 and 0.19.

4. TRANSPORT IN THE VADOSE ZONE AND UPPER
GLACIAL AQUIFER

The groundwater activities differ by several orders of mag-
nitude, with”“Raa >> “Rap > “Tha > ZUp _ "UA que to
differences in groundwater input rates, as well as in removal
rates. A transport model will be used to interpret the measured
disequilibria. After a brief introduction of the model, each
element will be discussed with respect to vadose zone input and
aquifer transport so that the behavior of U, Th, Ra and Rn in
groundwater can be characterized.

4.1. Radionuclide Transport Model

The one-dimensional model used here (Tricca et al., 2000)
includes advective transport and physico-chemical reactions
between three phases: water of advective velogjtynineral

grains, and a reactive surface coating of specific surfaceSrea
and thicknesg. All parameters used in the model are listed in
Table 4 and the model is presented schematically in Figure 6.
Note that each nuclidei)(in the chain is produced by its
respective parenpj. This model can be applied to the average
transport rate in the vadose zone by assuming that the pores are
filled with water by a fraction equal to the moisture content
The symbols used for variables in the vadose zone are the same
as those in the saturated zone but with a prime. The moisture
contents is unity in the saturated zone below the water table
and has a value between 0 and 1 in the vadose zone.

Input of each species into the water occurs through:

weathering characterized by a nuclide-specific weathering
rate constant for the bulk rockv();

recoil ejection or preferential weathering as suggested in
Hussain and Lal (1986) of a fractian of atoms produced in
the rock bya-decay of parenp. Note that in case of no
preferential weathering; is directly related to the radiusof

the emitting mineral and to the recoil length L; for homoge-
neous spherical graing = 3L/r whenL << r (Kigoshi,
1971). Herel. ~ 200 A (Fleischer, 1982).

production in the surface coatinfj:is the fraction of atoms

i produced in the surface coating that are ejected into the
water after production bw or 8 decay;

desorption from the surface coating (of volui@&per vol-
ume of rock) characterized Big_, (cm sec'?), the velocity

of atomsi that cross the surface-water boundary to go into
solution; Tk _, /& is equivalent to a first order kinetic con
stant (see Eqgn. 9);
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Fig. 6. Model of the aquifer and the reactions taking place between the different phases.

e decay of the parent nuclidewithin the aquifer.
Removal from the water occurs through:

e decay of the nuclide within the groundwater;

e adsorption onto the surface coating characterize by(cm
sec %), the average velocity with which atomsn solution
impact and sorb onto the surface layer.

We first present in Eqn. 1 (Tricca et al., 2000), the transport
equation in terms of concentratiorfsgo and then convert to
activities (Az). This equation represents the transport in terms
of mol/kg of speciesin phase ('cy). The velocity of the water

is the macroscopic water flux in the medium divided by the
porosity and the density.
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As all nuclides within a decay series are linked by radioactive
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decay reactions, the activity of a nuclide depends on that of its
precursors. To convert the concentrations to activifie§) (we
multiply both sides of Eqn. 1 by; and replace\; 'cg with (‘Ag)

and A, Pc, with PA,. The following transport equation for
nuclide activity must be integrated for each nuclide progres-
sively through the decay series, starting witliU and2*2Th.

1 9'A, N A, b
v oot | oW pugsv
° <WiiAr + Si)\ipAr + iR,1 %SC iASC + fi pscsg AipASC>
r r

+Moa, - <)ﬁ+‘|2 E) ‘A, (1a)

v oV v Ygv) TV
Here'A, is the activity of nuclidé in phasek (waterw, rockr,
or surface coatingc), andp, are the densities of the phases.
The rock being weathered provides the source of U-Th series
nuclides. We assume that the activities in the roek)(are
constant over the time range of interest. The void ratig is
n/(1—n), wheren is the porosity. At the boundary between two
regions with different properties, the flux of all species (includ-
ing water flow) must be conserved.

The solution to equation (1a) depends on the boundary
condition at some surface and a constitutive equation describ-
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ing the relationship and state of the surface coating. The vari- daughter species are, in general, then different from those
ation with time of the total number of specief the surface obtained for the exchangeable mechanism given earlier.
coating in activity units is:

4.2. Transport for an Exchangeable Surface Coating

psc% = Sp, kA, We will first develop the model of an exchangeable surface
coating site and derive the general conclusions from this. It will

+ peSE(L — F)APAL — peS(k_y + NiE)A.  (1b) be shqwn that thjs appears to be a rea;onable description but
that it is not consistent with the observation th2fTh appears
to be saturated. It completely fails to explain the Rn data. We
will then develop a model that includes the saturation behavior
of 2%2Th and show that a model of no exchangeable sites for Th
isotopes and exchangeable sites for the other nuclides appears
to present a self-consistent picture.

When production from the decay of a parent within the
surface coating is negligible, then at steady state we obtain
from equation (1b):

All parameters are defined in Table 4. The paramgtisr the
fraction of the production of by decay which is lost from the
surface layer by recoif; is dependent on the thicknesd bf

the surface layer withf; ~ 1/2 when¢ << L (the recoil
distance forx decay). For production bg decayf; is then 1 if

the daughter is not adsorbed and so completely released into
solution, or O if it is strongly adsorbed.

There are two distinctive types of behavior of the surface
layer that require attention. Thg sim.plest case is where the Kipw Ay = pedk_q + M)A (2a)
surface layer can exchange species with the fluid and where, for
stable species, it is in local chemical equilibrium. In the steady The ratio of the numbers of atoms in the surface coating

d ) [psc' AsSE(1—n)] to those in the waterp(,'A, s is x;. Using
state casey; (‘AsS) = 0 and a relationship betweeh,, and  equation (2a), for a water-saturated zose=(1) we obtain:
iA.. is then explicitly given. This approach is similar to the i
usual treatment given in box model calculations. The functional = (Sg) =ip % (2b)

) ; Xi =T a
form for ‘A, in terms of'A,, from equation (1b) can then be kot g\ g q

substitgted into _equation (1a_) and the steady s_tate S°|Uti°r_‘SHere‘D — i"k/(iR_l + \,8) is the effective distribution coeff

determln_ed. A different case is _when a species is sat.urated INcient between surface coating and the water. It may also be

the solutlon.so that further adqlltlons above.the saturation value ghoun, using equation (1a) that usigg there is a character

by weathering or by production are precipitated out_ on the stic distance for each specigs= vsi\; (1 + x,).

surface layer. The total number of atoms (or total activity) of  As described in Tricca et al. (2000), the general solution to

this species in the surface laygg{'A,Sf) must then increase  equation (1a) is of the forid,, = 'A, g% + A, (1—e7%) +

and the surface layer is not in steady state iJ(x) (see Appendix A in this paper). The functiti{x), with

J(0) = 0, represents the component of the activity (the 4ran

d ) sitional activity’) of nuclidei that evolves with distance, pro-
dt (PseAsSE) > 0. duced by the ‘transitional’ decay of the precursors. The con-

stant value ofA,,.. is reached when lifJ),_... = 0 andx >

X;. The activities increase along a flow line frdf,,, towards

a limiting value'A,.., resulting from a balance between the rate

into, and the removal rate out of, the groundwater. The term

'A,.. is simply the value ofA,, corresponding to the limiting

case where the total rate of decayiafiuclides in the water

(\ipy, 'c,N) plus the surface coatingyp, SE(1—n)'c.y) is equal

to the production rate afin the rock (both recoil and weath-

ering) plus the production rate in the surface coating. For the

case of exchangeable sites this uses equation (2b) for the ratio

of the number of atoms in the surface coating to that in the

water. Also note that for all reactive species that are treated

To expand on the behavior at saturation of a species, we
consider a simple box model of the aquifer with no flow and
where a surface phase is growing from a solution. Then the rate
constant for removal of a species from solutionkjsS/q in
terms of the parameters used here. The time scale correspond
ing to this chemical removal is much shorter than the transit
time for water motion to cover a few cm. If a system was
initially saturated with a concentration @f'in the water and
icsatin the surface phase, it can be shown that the addition of
more species to the water at say a constant ratgc, will be

rapidly.removedAang have an excess concentraligpabove here thaty, >> 1 so thaty, + 1 is extremely close tg,. Most
saturation ofp,w; 'c./k;Sp,,, In terms of the rate constants used  of the expressions in Appendix A can be written down by
here, this is very small compared '3 It also follows that  jnspection from the above considerations. The tekg, is the

equation (1b) begomes, for species with no precursor (e.g., boundary condition at = 0. If we take the upper boundary of

23 238 n. ; - i Ao the vadose zone to be at= 0, then' = 0 for all species
_ZTh’ BU_)' Pse gt (AE) = pWi ‘A = puSKA'A,,, where where rainwater and dust are the inx{o(excepfi‘an, €vhich

A'A, = N\A'c,,. This leads to a regular growth in the content of  is not treated here). For the underlying aquifer, if we take

i in the surface coating. It also fundamentally alters the fluid 0 to be the boundary at the water table, thap, is the value

transport equation. For example, if either of the parent nuclides at the base of the water table.

238 and #*Th are saturated, then the transport equation re At steady state fof*®U and®32Th, the primary nuclides with

duces to their saturation valuégéJcW or 232Thcw and are not no parents, the solutions to equations (1a) and (1b) are of the

related to the weathering rate. The resulting equations for the form:
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Table 5. EstimatedX; and y; values for the unconfined aquifer. 1x 10% It follows that 2**Th is strongly adsorbed. For a
. i 3
homogeneous aquifetA, constant), then L”‘AW should be

Nucli = 1k - constant. As can be seen in Table 3 the total ranéSélrﬁAW is
uclide sec Xi X;(m) . . . .

constant to within a factor of two in accord with this inference.
238 2 x 10v 0 4.07x 10 We now estimate the ratio of the activities Gf'Th to 232U
iizh 3% 1?3 700 1x 1072 in the water. Using Eqn. 3 fd*Th and Egn. (2d) fof*?U, we
2301, é:ii iolz 5w 206 2 é 10 obtain: ™A, /YA, = Veoz4 (14 Xoga,) XWagg . From
22Ra 7.3 10%° 700 3X 107 the values above and usirg- 1 km, we l‘indm”‘AW /mUAW ~
#%Rn 4.7x 10° 0 9x10°* 5 X 10%(1 + xya4,)- It follows that even for a high value of
2321 6.3% 107 2% 10° 6% 10 ~ 10% the activity of***Th in the water is substantially greater
22%Ra 2.6X% 10° 100 5 than that of>*®J. This is what is typically observed for all
Z;’;h g-gi 18; 10082 93910*3 aquifer samples except the Magothy (see later discussion).
ZZOR‘;’]‘ 8.0% 10 Py 159% 104 Only in the case where the concentratior?U in the water

is exceptionally high or the removal of Th is much more
* From model of exchangeable sites on the surface layer. efficient will 234ThAw /ZQSUAW ~ 1 be achieved.
[In treating 2**Th, we have assumed a steady state and an
exchange reaction (i.ek,_, > 0). However, if we consider a
condition wherek_, = 0 for no transport foP3*Th from the
iA (1 — e %) surface coating to the water (i.e., irreversible precipitation),
20) then a steady state fGP“Th is still possible due to the short
lifetime of 2**Th. The value ofh)(g34rh would be the same as

As the mean lives 2/ for 2*3U and ?*2Th are very long, it calculated above anghn— kg S corresponding t@A
follows that even fory; as large as thatx/x. << 1 for the - M N P 9 @234,
scale of any aquifer (see Table 5). As a result, the solution of >> ~ ""k_;. As we consider*%U to be soluble, the above

equation (2c) reduces to the simple form: solutions for bot?*®J and®3**Th are more generally applicable
(see Sections 4.3 and 4.4)].
p(1—n) w, i For 234U, which is produced by3*Th, there is a surface
Npw VS " x production term but as U is not kept in the surface layer, all
terms in Egn. (1b) vanish. The steady state problem then
reduces to Eqn. (1a) f&“U. All terms involving” Yk , and

pr(l - n) Wi
npw A1+ xi)

A, = AL+

A, = A+ [ (2d)
where we have used the definition xfin equation (2b). At
steady state fof>*®U and®*°Th, the distribution coefficient (or Ao
the retardation factor) plays no role as the surfaces are satu-""Yk, vanish. ASyay, is very small,—- A, is negligible.
rated.

The simplest case of a decay product is f6fTh. The Aase
behavior of this short-lived nuclide can be seen from inspection — #Tha is negligible. The key term ifsq, Pse Séhsser ™ C.

: . . ! v .

?cj tehqeuzgggn(c}i)e.rrll: ii]\((i:?}u?*r‘aAfI;:;iiiztlg%olrt)h?Afslrtskt\;erm For thisp decay f,34, = 1 and using Eqgn. 3, (2a), and (2b), this
rock is taken to be in secular equilibrium, the ratio of the term becomes Mosaoza, 23“ThAr yielding 9 HUp
activities is unity. Fore,z, ~ 5 X 102 and Wogg, ~ 2 X Ix
10 *® sec™?, the ratio of the terms is & 10~ . Thus, weath S (Wasay, “U A, + sy £20ern ™A,). The solution for
ering of 2**Th is negligible relative to recoil. The last term 23“Upig then:
within the brackets is for the decay 6f®U in the surface '
coating. As U is soluble under the conditions studied here, this pi(1 — ) (Wasag + g23e7p Azsa)
term is zero. The term between the brackets represents the *VA, = - A, - X+ Mg 4)
decay of**U in the water {34, “UA,/v). In equation (1a), Pull sV

the ratio of the weathering term to tR&U decay in the aquifer e note that 83U and3%U are considered soluble, and that
234Th

As there is almost no®3*Th in the water (see above),

P ' . . 23%Th has a short life time, that Eqn. (2d) fé¥U, Eqn. 3 for
= — —— ~15X ' ' .
water 6 = 1) is pug 2 2y 1.5 10" using the datain 234Th, and Eqn. 4 fof**U may be used for these nuclides as a
Tables 2 and 4 and with,5,, 25 % 102 Thus.238U decay starting point in case of saturation-precipitation of other species
h ! .
in the water is negligible. The other terms vanish because of further down the decay series.
Eqn. 1b or 2a. The approach as outlined above is applied sequentially to
For steady state, the equation f3Th reduces to: each of the nuclides in the decay series in determining the
steady state concentrations for the exchange model.
234TH __ 2%4Th _ & 234Th Eaaeh
Aw Awe [pwq A’] (1 + xzs67n) @) 4.3. Uranium in the Vadose Zone
Using the data orf**Th in Table 3 in Eqn. 3, we find that We will now use the above equations to discuss the uranium

typically &34 /X234, ~ 5% 10°® in the aquifer water. For isotopes. As the rainfall contributes essentially none of the
€534 =5X 1073 x0s, = 1 X 10° while for a large value of  nuclides under consideration (input ®Pb is important and

Ay A !
€334, = O X 10~2 (Krishnaswami et al., 1982)x234, = not considered here), the input tet#), = 0 in the atmospheric
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Fig. 7.2°%U (m) and*%U,,...(A) activities in water table samples
representing vadose zone input into the shallow aquifer. The slopes of
the dashed lines give the minimum,q, values yielding measured
238 activities. Both?*4U,,...cand 238U activities in the vadose zone
decrease with increasing depth. Note thattH,,..cactivities at 3 m
depth are identical, while th€®U activities are very different.

interface with the top of the vadose zone. As discussed in Sect.
3, the vadose zone input can account foriff&J in the deeper
aquifer. Note that samples from water table wells are affected
to a small degree by processes occurring within the aquifer; but
generally contain waters that have had limited aquifer interac-
tion. Therefore, while the input from the surrounding aquifer
rock often dominates over vadose zone input for short-lived
nuclides, the vadose zone contributions of the long-lived nu-
clides**&U, 231U, 2°2Th, and??*Ra remain important. In va
dose zone waters (all parame2t3ers in the vadose zone will be
noted with a prime), the activityBUA;v is from weathering of
aquifer minerals and follows the relationship:

23MA'W=[ H ]

The parameters in the second term (the moisture cosfené
water velocityv', andw,q ) are highly variable, and estimated
average values will be used. Within the vadose zone, where
recharge by rainwater R ~ 50 cm/yr,v' = R/n. Withn = 0.3
ands = 0.5, then the averagé = 1 X 10 °cm/s. The distance
X is the distance along the macroscopic flow line. The value for
x that we will use (which is the distance between two sampling
points on an averaged smooth flow line) therefore may well
underestimate the true distance over which a stream line of
water has flowed. It will be used as a first approximation in our
discussion.

As seen in Figure 7, thé®*U activities are not linearly
correlated with depth and cannot be explained$y input by
a single weathering rate constant. If a rate constejy,  is
calculated for each water table sample, then a wide range of
2Xx 10 *®sec *to 1 X 10 **sec ' is obtained; these core
spond to a bulk removal of (0.3-2) mg/émper yr from the
vadose zone. The highest weathering rate corresponds to com
plete removal of the upper 3 m of the vadose zone within
2 X 10° years. The enhanced mobilization of U in the vadose

WéssU
sV

Pr 238UAr
pwd

®)
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zone is consistent with widely observed high chemical weath-
ering rates in the subsurface (e.g., Langmuir, 1997), which
reflect the effects of increased mechanical weathering, small
grain sizes, high levels of pCQand high concentrations of
organic acids (see e.g., Domenico and Schwarz, 1990). These
values for the sandy deposits here are somewhat lower than the
average for continental chemical weathering-& mg/cnt per
yr (Garrels and McKenzie, 1971), which, however, is highly
influenced by the weathering of carbonates. In general, the
comparison indicates that the values obtained herevtag,
are reasonable.

Using the solution formUA(N from Egn. 4, we obtain:

(Whsay + &hserpy A2sa)
CYATAY) = (6)
Woass |y
Here Wha4 Mbze, ~ 1. Using the definition of6**4U, the
isotopic shift (in permil deviation from secular equilibrium) in

the vadose zone is:
] X 10°

Note that 823U is simply related to the ratio of recoil to
weathering and is independent of depth.

From the data in Table 2 samples,shnd EL(S),, with
5% ~ 30 to 40%0 and the weathering rates calculated above,
havee’ values of 6xX 10~“to 3 X 102 (requiring grain sizes
down to 2um). Well S1,, also has the highesf®U activity,
and so has the highest value fat,, . Overall, the U data
require both high weathering and high recoil rates in the shal-
low portion of the vadose zone. For most of the samples listed
in Table 2 (see Figs. 4 and 7), there is a limited rang&#U’,
so thatess,, /w’zs% ratios are relatively constant (Egn. 7),
while the range of U activities requires a wide range wh g
(Egn. 5).

The co-variation of YA/, and §23U., at the water table is
obtained by combining Egn. 6 and 7 to eliminatgsg :

)\234U € £34Th

%), = [ ()

W£33U

Pr ZSBUAr )\zaau 8£34-|-|-,103
pwasv

X

238UA,
w

524, = 8)

This is plotted in Figure 8a fafz3,, = 5 X 10 2andx=15m

(the maximum unsaturated zone thickness) thus establishing
the possible range of vadose zone compositions. For a fixed
vadose zone thickness there is thus a hyperbolic relationship
betweens?34U., and "V A,. For smallerx or &ha4,, the curve
shifts to downward. High values of eithe’A’, or 822U/, can

be obtained, but not both together. Water table datgaﬂﬂ\’,v and
8234, (shown in Fig. 8a) are compatible with this calculation;
most samples have 106734, and a range of VA’ while

one sample has hight*U,, but low “YA’ . Samples SJ, and

S2,, fall on the calculated curve far,s, = 5X 102 while
deeper samples in the vadose zone reqefkg, = 5 X 103

4.3.1. U transport in the unconfined aquifer

For nuclides with very long half-lives, the solution of Eqn. 1
is a curve uniformly increasing with flow distance. As noted in
Sect. 3, U activities do not show such a pattern along each well
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Fig. 8.a. The evolution 0823*U;, and 238UA(N at the water table. The curves show the model predictiorefox, ~
5 X 102 and for different vadose zone thicknesses (3 m and 15 m, that is the maximum thickness of the non-saturated area).
Since the thickness of the vadose zone is variable, all U compositions generated in the vadose zone gre located in the area

below the 15m curve. The water table samplsafe all within that region. 8b. The evolution 8t*U,, and

flow lines for different§*°4,,, and
§2%4,, asymptotically approaches Y,,.. In the Upper Glacial Aquifef>>U,, values are likely to be<s**4,,.., then

8§31, is expected to increase with U addition. Curves a, b and ¢ are

A, along

A,o- As U is added, and the influence of the water table input diminishes,

wo = 2, 12 and 22< 102 dpm/kg, respec-

tively. The flow distances are marked on each trajectory; note that these depend upon the vajyg for

line, and so cannot be readily explained by evolution along a
single flowline with uniform conditions, but rather are consid-
ered to be on different flow lines with different vadose zone
inputs to the aquifer inputs. The data can be used to limit the
range of conditions yielding the observed U isotope activities.
The solution to Eqgn. (1a) fof*®U, that is provided to the
groundwater by input at the water table and weathering within

an homogenous aquifer, is:

zssUAW _ (

238

pr A
PuaVv

) Wazgy + 238UAW0

Herex is the distance along a flow line, which is not actually
known. The maximum x value for each sample is the distance
between the well and the ground water divide to the north of the
site. Figure 4a shows measured U activities versus distance
from the water divide. A maximum estimate O¥,zq ~
(1—7) X 10 *®* sec ! is obtained from the&>8U activities in

the aquifer, assuming no vadose zone inﬁf&tAwo = 0. For
comparison, weathering rate constants of 1 to 60 **sec *

can be obtained from the Sr data, using as the host rock Sr
concentration that of the average upper crust of 350 mg/kg

9)
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(Taylor and McLennan, 1985). Since tR2%U in the aquifer
can be provided entirely by the unsaturated zongg may be
much smaller.

234U is provided both by weathering (along witA®U) and
decay o?**Th going into solution. Combining the solutions of
Egn. 1a for?**U and**U (and assumingv,s,, = W,zq) We
have:

p 238
Rl ()\234U 8234Th)
238

pwd
PrWassy
pud

X
Lo+ 8%, x 1070
\

8234U= w0
X
i
Vv
0

X 10°

238 A
r

238 A
w
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5234y, and “VA,,. Note that the data do not fall on a single
curve, and so cannot be explamed by a single set of values for
€234, Wazg 53U 0, and’ AWo If the vadose zone input is
significantly modified by aquifer input, then U compositions of
ground water can be described by Egn. 12, and by curves
shown in Figure 9a. Such trajectories are shown (curves b and
¢ in Fig. 9a) fors?*4U,,, = 0 and different © A, , values. The
deeper aquifer data which also show h@‘ﬁ“u values are
close to curves forw238U ~ 2X 10;3;6 sec t, €234, _=
5X10°% v = 2X 10 % cm sec Awo:2><10
dpm/kg andé***U,,, = 0. It follows that vadose zone inputs
with low U concentration even with no exce8$U will show
substantial increase #73“U,, due to substantial recoil GFU.
When e,34, W,34 goes up,5°>U,, goes up markedly. The

(10)istance to achieve a glveﬁ?34u depends mainly on the
At long distances, an asymptotic isotope composition is ap- weathering rate. In the case of curve ¢ where vadose zone U

proached:

A23q €23
53, = ( M) 10° 11)

Wosg

input is much higher, then much longer trajectorie} dre
required to reach the sanéé>*U,, (see Fig. 9b). However, the
238 activity of sample W4(D) (increased by a factor of 3 with
respect to the assumed initial input) and its h&gh*u,, value
increased by more than 1000%o., requires a flow distan@o

Eqn. 10 represents mixing of U supplied at the water table (with km (Eqn. 9 and 10). This is 2 times further than the distance to

8%3*4,,, from the vadose zone) with a progressively added,
aquifer-derived component with compositiéf*!U,,... = £,34, /
W34, As bothe andw are proportional to the surface areas of
the grains, changes iR,34 /W,34, Cannot be obtained by

the ground water divide (9 km, Fig. 2). For a flow velocity that
is 2 times lower, which is within the range given in Table 4, the
flow distance is correspondingly reduced to 10 km. Alterna-
tively, a higher8®*“U,,, value would readily allow achieving

changing the mineral surface area, but rather must be due tothe W4 values; however, similar,zq ande,,, values are still
changes in weathering reaction rates caused by changes inrequired. Note that Wh|Ie a high weathering input within the
water or mlneral chemistry (Sect. 4.2). A relationship between aquifer could yield hlgh A values, it could not generate

823U and “*A,, independent of flow distance is obtained by
eliminating x combining Egn. 8 and 10 and using the vadose
zone input (primes):

238

5234UW — (6234ul 8234UW3€) + 8234UWOC (12)

W

Samples along different distances on a flowline will fall on a

trajectory defined by values fot,s, Mpsg , 83,0, and
WO (see Fig. 9b).If there were no vadose zone input

(YA, = 0), 82U = §2%4,,. (a constant) and YA, would

increase proportionately to distance, so that a horizontal trajec- excess, activities YA

tory is followed. Otherwise3*3%U,, will asymptotically ap
proach 823U,,.. (Eqn. 12); whether this approach will be

samples with highs**%U,, values. The Magothy water sample
(M1) lies slightly above the vadose zone envelope and may
result from, either a hlgh AWO from the vadose zone and
subsequenat recoil within the aquifer with low weathering rates,
or a low AWo and U input from the aquifer at higher
weathering rates.

4.3.2. Redistribution of uranium in the vadose zone

A noteworthy feature of the U isotope distribution in the
vadose zone is that both the highédtU, and highesf*U
Lxceswere obtained for the two shallow

wells, S1,, and S2, (Figs. 7, 8a, and Table 2). TH&®U and
excess**U activities appear to systematically decrease with

ascending or descending will depend upon the sign of increasing vadose zone thickness. An exception to this pattern

(6°*Upo — 87°U,..) Which depends 0MV,zq /Whag . As the

is the data for one shallow well, with a relatively lo®W®U

weatherlng rate in the aquifer is expected to be much less thanactivity but an exces$3U activity comparable to the other

in the vadose zone 5t%U,,, — 83U,,..) < 0 and 83U,
increases frond?3U,,,, upward toward**U,,.. (see Fig. 8b)

weII of same depth. That the shallowest wells have the highest
Agxcessvalues may be a general feature within the vadose

Note that for the parameters used, the maximum measuredzone, and would suggest that high U activities are generated at

value for” A is 20 X 103 dpm/kg and the distance required
to reach8234U of 2000%. is 100 km. Consequently, only the
lower part of Figure 8b is pertinent for the present discussion.
The measured ground water valuessei‘U,, and” AW are
compared with the model in Figure 9a. Most of the Upper
Glacial Aquifer well samples are in the area defined for the

shallow depths throughout the study area, with progressive
removal of U from the water during downward migration. From
this point of view, samples collected at locations with different
vadose zone depths then represent waters that are at different
stages in this evolutionary history. The highest value for
Whag = 1 X 107*° sec™* calculated for the top 3m, may be

vadose zone input (Egn. 5), and so the bulk of the U data in the applicable in the upper portion of the vadose zone throughout
aquifer can be explained by variability of the vadose zone with the site. Such enhanced mobilization of U from the upper
no significant input from the aquifer. However, sample W4(D) vadose zone agrees with the largely observed depletions of Fe,
lies outside the region indicated, and so requires U input from Al, and other elements in the A horizon due to complexation by
the aquifer. No deep aquifer sample has high values for both organic humic acids (Domenico and Schwarz, 1990). The un-
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Fig. 9.a.8%%U,, vs. Z%AW in water table ¢ ) and deepers() Upper Glacial Aquifer samples. Curve a represents the
envelope of the vadose zone input (calculated for the maximum thickness of the vadose zone) and shows the maximum
values expected in the vadose zone; since the vadose zone thickness varies, all water table values fall below this line. Most
deep well -A,, values have the same range as water table values, and so may result mair213I from vadose zone input.
Dashed lines represent two evolutions along flow lines with flow distances marked. Curve b start =2Xx 103
dpmU/kg a8**,,0 =0 and has a Iowvm% (2 X 10" *®sec 1) and increasing*“U due to recoil input. Curve ¢ has similar
W34, and starts from 8UAWO = 12X 10 ° dpmU/kg. Note that curve b passes close to W4, which U isotopic composition
obtained from this initial input requires a flow distane®0 km. This distance can be halved if the flow velocity is twice
lower than assumed here. The sample M1 from the Magothy can be explained by a high U initial activity from the vadose
zone input and subsequent recoil from vyithin the confined aquifer at low weatherinzq rates. 9b. Distances for trajectories like
curve c (Fig. 9a) but a range of values ?oﬁ"AW(,. Note high values for botd>3“U,, and E\JAW can only be generated over
very long distances.

derlying soil layers are a sink for these less soluble constituents, above for radionuclide transport in ground water can be used to
forming a zone of precipitation characterized by maxima in Fe  model removal of U including reversible adsorption onto host
and other elements along soil profiles (Langmuir, 1997; Land, mineral surface coatings (see Sect. 4.1 and Figs. 6, 8a), with a
1998; Greenman, 1999). Incorporation of U into these layers Xyzq = V'S/(Az34,(1 + X23g,))(EQN. 2b). The deep vadose zone
may possibly be a mechanism for U removal at deptam. value~ 3 X 10~* dpm***U/kg (Fig. 7), is reached iRbzq, ~
The U removal can be examined by comparing calculated 6 m. Then from Eqn. 2&5s5, > 2 X 10°, which implies that

U-depth profiles and the decrease in U activity below the 6 X 10° dpm23®U/(kg of water) is associated with the surface
maximum &3 m for sample S}, (Fig. 7). The model described  coating in the deeper zone, and that the bulk solid has a U
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concentration>1000 ppm. This is unreasonable; so, the model
assumption of reversible equilibrium between the water and the
surface coating is not valid. Alternatively, U removal may
occur onto a surface layer that is not in steady-state equilibrium
with the water. If U is removed from the water by irreversible
adsorption, thed*®U desorption may be neglected in Eqn. 1a,
So:

sy, _ P Xesny Mp 1 - g 13
W sqv ¢ (1 — gxeaa) (13)
where
L (v > 14
)?ézm_ . SQ\/ ( )

Usingi’BaJ ~ 6 m (deduced from Fig. 7),/'v~ 5 X 10 %cm/s,
and a void ratiaq ~ 0.5, then“k, ~ 4 X 10~%/S. This can be
related directly to the removal rates by

. S v’
:| |:Uk:,l :| 238UAW T |: ’:| 238UAW
sorb sq Xazay

where (/'/x;34) is the constant controlling the rate of U-re
moval; the mean time-scale calculated for removal is thér7

(15)

d*V A,
dt
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4.4. The Behavior of Th in the Unconfined Aquifer

The first insight into the behavior of Th is seen in the
measured ratios of the activities ©¥Th to2%®U. From inspee
tion of the 2(3ata inSTabIe 2 and the discugsion i3n Section 3, we
cansee that A,/ VA, ~ (10 2to 10 %) ("T"A/UA). From
tt;g excr;3angeable surface layer model, the rzzftz?iﬁ‘,(\w/ EUAW)/
(A YA,) = Wyap W,se . This indicates that the weath
ering rate for This 10° to 10 3 that of U. This means that the
intrinsic weathering rates of minerals supplying U is far greater
than for those minerals supplying Th. However, this requires
that U-providing minerals have extremely low Th contents. It is
difficult to reconcile this with the Th/U ratios in radioactive
minerals. The fact that the Th concentratiorfiTh appears to
be fixed by the solubility limit is also in conflict with an
exchange model for Th.

We follow the behavior of the isotopes for the case of an
exchangeable surface coating. At steady state the solution for
#%2Th is then given by equation (2d). Note thabds,,, <<
1, there is no adsorptive term. TR&U decay series produces
230Th, There is no®*°Th data yet available. However, some
inferences on th&*°Th isotopes can be made using the data on
234Th and the exchange model f6t*Th (see Eqgn. 3) is:

|

E2341h
(1 + X234Th)

pr 234Th

Al
pwd

2347h
oo

(16)

yrs. A corresponding weathering rate for the deep vadose zone|s we assumek , >> Aoza,és (see Eqn. 2b) theny,so, =~
- h>’ ) h

can be obtained from Eqn. 2 oz ~ 1% 10 ** sec?,
which is equivalent to an average weathering time of 30°
years. Thisw,zg value is lower than the weathering rate of
1 x 10 *® sec* required to obtain the high*®U activity of

well S1,,. Therefore, the vadose zone appears to be divided
into an upper region (0—3 m) characterized by a high weather-

Xo34, = 1 X 10°to 1 X 10* and we obtaiysg, = XosohoadV =

1.3 to 13 km. The relative importance of recoil and weathering
inputs can be seen by comparing the terms in the first brackets
of Eqn. 16. Withw,g4, = W,z = 7 X 10~ *°sec * (calculated
from Table 5),W,34 /Ass0, = 2 X 1077 it follows that for

€230 ~ 5 X 1073, either weathering or recoil could be the

ing rate, and the lower vadose zone (below 3m) characterized domihnant source of3°Th.

by a lower weathering rate. Note that the time-scale for removal
is longer than might be expected for chemical reaction rates. A
more rapid removal would imply a smaller value g . If
X»3g, IS lower by as much as a factor of 10, a uniform weath
ering rate would be applicable throughout the vadose zone.
The U isotopic compositions in the vadose zone vary over a
limited range (Fig. 7) with the exception of one sample,S2
discussed further below, so thall;, /w54 is relatively con
stant. Similar6***U values for the upper and lower regions of
the vadose zone (whevg, ;4 was found to decrease with depth
by an order of magnitude) requires thel,, decreases with
W3, Only an increase in the size of U-bearing grains will
decrease the effective value @f35 and keepesay Maag,
constant. As discussed above, the highgg, in the upper
vadose zone is likely due to differences in water chemistry, and

Using the asymptotic solution the maximum activity for

23%Th (whenx >> X34 ), We have
Woasorp /)\zaoTh+ E230Th
“p,, = < ) “TA, 17)
e X230m

This maximum?3°Th activity can be related t&**Th by com
bining Egn. 16 and 17:

20T
e

w?3°Th /)\zaoTh

1+

. 18)

E230Th

Therefore, an estimate of the maximui#fTh activity can
be obtained from the measuret?*Th activity from
Egn. 16. Forw,g, < 7 X 10 *°sec* andeygg, = 5 X 1077,

. . . 230 23 A )
so may have led to an overall decrease in grain size (and thus™ ""A,../” '"A,. = 6. If we consider a weathering rate

an increase i34, ).

of 2x 10 *®sec ' (corresponding to the U data) then

An exception to the trends discussed above is the shallow ZSOT“AWIMT“AWX, ~ 1.

well sample S2,, which has a substantially lowéf®U activity
than the other shallow well sample (S} scrgened at the same
depth. In contrast, these wells have the saﬁ‘fé\;xcessvalues
(and so differen$?3U], values). This suggests that while the
234 input rates byr-recoil ejection are identical at these sites,

A value for the desorption rate of Th from the surface
coating can be obtained knowing the distribution 3PTh
produced by??®Ac (r,,, = 6.2 h) from??®Ra. As there is no
recoil input of ?®Th (produced byB decay), the dominant
source for*?®Th is decay of?Ra in the water and desorption

the weathering rates are different. The chemical compositions of 2?2Th from the surface coating. Therefore, once the limiting

of the two samples (Table 1) also may indicate interactions
with different solids.

activities are reached (when>> X, .~ 5 mandx >>
Xo2g,, ~ 1 cm), the total activity of*°Th in the water and
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surface coating equals that 8°Ra in these two phases. The
activity of 22°Th in solution (correlated with the recoil supply
of ?2°Ra) is compared to that Gf“Th (supplied by recoil) by

combining the equations for the water activities of each (see

Appendix A):
22*?I'hAWOC Thlz,l + )\zz&”g F 1+ FzzsRazazTrNsc
=| T 2287h I
23"'I'hAWgc k—l + AZ“THS SZSAThHSU Nr
(19
“ThN, and “UN, represent the number of atoms BTh in

the surface coating arf®U in the rock respectively. The first
bracket varies betweend 102 for very slow desorption rates

A. Tricca et al.

4.5. Behavior of Ra Isotopes

The #?®Ra input in the vadose zone occurs by recoil and
weathering of the rock; assuming exchange between the solid
and the water, then for X < X, (see Sect. 4.1)

Pr (/\zzaRaS ézsRa‘l’ WézsRa)

TR b
w

HTA - x (23)

VI
Considering the term in the brackets, assumirigg, = Waq,,
and usingw,zg, = 1 X 10~ **sec * calculated for the top 3 m
of the vadose zone (Sect. 4.3), thek,e /Asp6, ~ 1 X 1072
If &56, ~ €53, ~ 2 X 1072, then the weathering and recoil
input are comparable. 48 m below the surface level, Z‘Ra

and 1 in case of very rapid desorption. The second bracket activity of 32 X 10~ dpm/kg is reached. For a thicker layer

represents th&®Ra and®*2Th on the surface coating supplying
228T (direct production from the rock is negligible) relative to
the 2°8J atoms in minerals supplying®**Th. We will assume
that ™k_, >> \,,g & in which caseF,,q ~ 1 (see Ap
pendig<3 A). If the dztzeasrorption rate is fasthk_, >> A23a, ),
Epen 23hAW°° = PA,,... However, measurements give

T /7 TA, = 0.1 (Table 3) and indicate (f6f2™N,, ~ 0)
that&™k_, = 3 x 107 sec (Eqgn. 19). Note that whif#*Th is
supplied directly into solution by recoil (and then adsorbs),
228Th s largely supplied into the surface coating, and the
activity in solution is determined by desorption. Note that
larger&/™k_, values would be obtained if a significant amount
of 2°2Th existed on the surface coating. The significance of
&™k_, is clearer by noting that (Tricca et al., 2000):

Tth:|
£ (20)

Theng™k_, ~1 yris the mean lifetime of?®Th in the surface

|: dzzeTthc:| _ zwrrNsc(Tths)
desorb

__ 228q]
dt £S =N [

coating. This calculation therefore provides the first estimate,

with a high weathering ratéz,eRaAW would increase proportien
ately. Consequently, the measured water table activities of
22%Ra (~ 40 x 102 dpm/kg) can be reached over vadose zone
thicknesses o=3 m. Sincex;,q,, = 300 m (this section and
Table 5), the vadose zone input may be a dominant source of
22%Ra in the upper 300 m of the aquifer. The Ra isotope
activities measured in two samples from the water table (Table
3) are comparable to those further down in the aquifer.

In the aquifer, the’*®Ra activities will be governed by the
aquifer input for Xx>> Xy, . ASSUMINGW,3q ~ Woq, then
Waog /Aoog,, << €226, @nd recoil is the dominant input
Pr E226Ry
Puq 1;';TX226Ra
€226, ~ O xz%ﬁoR* . MA. ~ 440 dpm/kg and no adsorption
(X226, = 0),  "A,.. ~ 13 dpm/kg of water. In contrast, the
observed values are30 X 102 dpm/kg. Therefore the supply
of 22°Ra bya-recoil is far more than is necessary to account for
the ??°Ra observed in the water. Each of the Ra isotopes has
quasi-constant activities in the deeper wells of the aquifer
indicating that they have reached the limiting valtféA,,..

zzeRaA _
\Woo

“TA, (see Appendix A). With

based upon field measurements, of the desorption rate param{Appendix A). Here, as Ra is dominated by recoil input,

eter of Th from aquifer host rock surfaces. Thgg,,, should
be~ 1/10 ofx; due to its short lifetime wherie= 22°Th, 2°°Th

or °2Th, andx,zg, = Xazo, = Xasz, = | Ki/ "k, (from Eqn.
2b). The sorption rate of Th can be obtained from (Tricca et al.,
2000):

234T|~DS§ Thlzls/q
Xz0mh = q - ThR71/§ + Azsery (21)
If X234, = 10°, and assuming thafk_,/& << A, . (desorp

tion of Th is slower than decay ot**Th) then ™k,S/q =
3 X 10 %sec’*. Noting that adsorption follows the relation

ship:
O 2287
:| — zza-rrNW |: SThk1:| _ |: d NW
sorb a dt

a mean residence time of Th in the groundwaterl h is

|: dzszsc

: | w

pr (8226Ra+ 0. 5823°Th)

226}23%\/oc — 230ThAr (24)
e ] X22Ra
23z7h 2327h
E228R, Ar + 0.5 A
zz&?awa — <i> a ¢ (25)
Pud X22%Ra
zzaRawa _
p, (8z2a+ 0.256z) “ A, + 0.25X 0.74° A
L (26)

pud X?2Ra

From Eqn. 24, using; ~ 5 X 10 2 and ?*°Ra activities be
tween 30 to 60< 10~ dpm/kg, values oK, ~ 300 to 700
and X,,¢,, = 100 to 300 m (Eqgn. 2b) are obtained. Similar
calculations done fof?*Ra and®?“Ra assuming that the pro
duction by?32Th decay from the surface coating is negligible
(™A, ~ 0) lead to similaryg, values (500—1000) as well as

obtained (see also Krishnaswami et al., 1982). In this treatment X,,5 _~ 7 m andx,,, ~ 0.3 m (Table 5). This agrees with the
of exchangeable sites on the surface for Th, we see that all well-known adsorptive behavior of Ra (e.g., Langmuir, 1997;

estimates ofyr, are very large so that the surface layer always

Osmond and Ivanovich, 1992). Using the data presented in

has almost all of the Th isotopes in the system surface layer Table 3, the??®Ra activity on the surface coating is calculated
plus water. As will be shown in the subsequent section, the to be~10 dpm/kg of rock forys, = 10°. This surface coating

amount of Th inferred to be on the surfaces in this model is
insufficient to support the Rn.

activity is much less than the 440 dpm/k&fRa inventory of
the rock but is a substantial portior-2%) of it.
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Using Eqgn. 24 and 25 (andszThASC% 0), then” Rap/“Rap present study we have included all possible contributions by
~ 1.5 Xopg[X?#ra From Eqn. 2a,xzzfxz2e, = 1 (also both weathering and recoil as well as a reactive, exchangeable
X2=d X254 = 1) SO that with no contribution from the surface surface layer that greatly enriches the Ra content in that layer.
“Rap Rap = 1.5. The measured ratios Of*2A/“RaA As shown here and noted by Tricca et al. (2000), this does not

are relatively close to this value. Note that if the Ra isotopes Provide the amount necessary to explain the high Rn levels that
reacted irreversibly with the surface coating, then the activity have been presented in the literature. Among the proposals are:
ratios in the water would be inversely proportional to the decay the special siting of Ra within the U mineral grains to provide
constants of the nuclides and the Ra activity ratios in the water 'éady Rn losses (Krishnaswami and Seidemann, 1988;
would deviate by orders of magnitude from unity. As this is not Semkov, 1990; Semkov and Parekh, 1990; Morawska and
the case, the assumption of reversible exchange for Ra appearghillips, 1992), and the existence of nanopores within a mineral
to be generally valid. and preferential diffusion Rn produced by**Ra (Rama &

All Ra isotopes have a precursor Th isotope; therefore, the Moore, 1984; 1990). However, laboratory experiments com-
parent-daughter decay pairs provide information on the relative paring the losses of both Ar and Rn in silicate minerals failed
behavior of Ra and Th. The model predicig®a/ ™A ~ 1.5 to find any evidence for preferential diffusion (Krishnaswami
X34,/ X226, (S€€ Appendix A); the measured ratios vary from and Seid(_emann,_ 1988). Thezauth(_)rs of that work proposed that
1 to 3, and indicate that,s,, ~ X206, Therefore, Ra and Th “thg relatively high Iqss ofz_ Rn in the samples_ has to be
have similar sorption characteristics by this model. The ob- attributed to preferential enrichment &®Ra on grain surfaces

served relatively small variations in?2A,,/~‘T"A,, can only be or to the existence of accessory U-Th minerals in or around
explained by a change iRu6, /X234, Since x; = 'DS¢ and grain boundaries from which substantial quant.itieszﬁmn _

‘D ~ 'k /'k_,, different values Of(226. /X234, CanN only occur escape.” T_he present report has sought to prov_lde a consistent
through a change itk, or 'k_,. set of relationships for all of the U-Th decay series nuclei with

We see that the model of exchangeable sites on the surfaceconsideration of all contributions, including an exchangeable
coating appears to describe the Ra data. However, we note thagurface layer. However, thlézan behavior cannot be ex
the estimates of.,are quite critical to the question of whether ~ Plained with ane; value that is compatible with other data but

there is sufficient input from the rock by recoil and weathering. requires values over a factor of ten greater. However, such an
increasect: value is not compatible with observed U data as it

would require a similaw,q, increase. This would imply that
both highs23%U values and high VA, values should be easily

As noted above, the exchangeable site model appears to giveobservable in ground water samples at short distances (Fig. 8a),
a reasonable semiquantitative description of the transport as the distances calculated in Sect. 4.3 decrease by a factor of
through the Ra isotopes, if we ignore the fact ##&Th appears ~ 10. Therefore, while highe; and w; values are valid in the
to be at saturation equilibrium. The radon isotopes are partic- vadose zone, it is not possible to apply them to all the decay
ularly important as this element is (when not outgassed) com- series nuclides in the aquifer. The explanation of high Rn
pletely in solution. As a result, the Rn inventory is a much activities appears to be specific to Rn and its immediate pro-
stricter constraint on the problem since it does not depend on aduction and other explanations have to be considered.
precise estimate ofx,. Inspection of Table 3 shows that the
ratio of activities 0f**Rnf?Ra in the waters range from 10 5. MODEL OF SATURATION-PRECIPITATION OF
to 10%. The ratio” A,/ R, ~ (1 + xpp6 )2 Herez THORIUM
represents the ratios of the recoil and weathering rates. As
226Ra andf??Rn are in the same chainis of order unity. It can
be seen that the high observed ratio can only be explained by 1 2321y, appears to be controlled by its saturation limit;

values ofyg, Which are even greater than estimated above. If 5 0 weathering rate 8F2Th is very much lower than that of
we use the Rn data to calculatg R,, the ratio of Rn in the U for the exchangeable surface model:

water phgse in a volume of aquifer to the production of Rn by 3 ihe Ra isotopes appear to be in exchange “equilibrium” with
the rock in that same volume, we have: the surface: and
4. the Rn can not be provided for by recoil, weathering and
=5x 102 calculated Ra concentrations in the exchangeable surface
layer.

4.6. Supply of222Rn

We now take into consideration the observations that:

P RA,, 1X 0.3x 150

Re = 2Rn
man p(1—n) f&r 2.5X 0.7X 440

27
@) Our approach is now to consider all the Th isotopes to be

Thus, about 5% of the totaF?Rn produced by the rock mustbe  controlled by precipitation for additions to the water above the
in the water phase. This would require a very high net recoil saturation limit for>*2Th; and that the surface layer, with
fraction ofe ~ 5 X 1072, If recoil for other nuclides were this  greatly enhance@®?Th and?*°Th, is the source of the Ra and

large (e.g.,>*%), then there would be greatér**U effects the Rn. This results in a “mixed model” of the surface layer,
observed here. dependent on the different chemical species.
It has been previously recognized that hifiRn activities To account for the Rn would require that the surface layer

in the water as measured here, require emanation fractions thatcontain~ 10% of the®*°Th in the rock. The evolution ot2Th
are too high to be explained by direct recoil from typical grain zgr saturation is now at steas(zjy staztaea for the watel"A,, =
sizes. This point has been earlier emphasized for instance by~ ™A, ... Thus, the ratio of ""A,/" VA, # Wago /Wogg .
Krishnaswami et al. (1982) and is again confirmed here. In the Using the discussion in Section 4 of behavior at saturation, we
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d ., » decay) the equation for the surface layer, using Eqn. 28 and 29,
have for the surface layeps.g; ( TASE) = pWery A, SO o giv)(/e)n by: quati u yer, using Eq

that the surface layer content increases with time and:

2:

23 a 38y a
(psc DThAscS@ = Pr(Wa + Azsory gl 2 Al-t (32)

psc(ZBZThAscS‘f) = prWaazry 232ThAr -1 (28) o o
. . . so that
As e require that at tzrslze present time, to provide the Rn,

psd TPALSE) ~ 10 Ypr TTMA | this yields: (Way o Aoy 85} U2

20Thaa /232Thpa _ Th 23077 v
Asc/ Asc - a (33)

Wazory t = 10t (29) Wzszn-, 232ThAra
For a time scale of-10* years this givest,z; ~ 3 X 107 Under the condition of rapid weathering we expect
sec !, which is comparable with the weathering rates found for )\23%8;3% /\,\,332Th to be much less than one. If the weathering

U in some of the vadose zone samples. To obtain a weatheringrates of U and Th are equalfy,, ~ W33, ), then the ratio of
rate of a factor of ten lower would require a time scale-df0” 230Th/2%2Th in the surface coating is the ratio in the parent rock.
years which we consider too long. While the rates are compat- As the Ra isotopes are all daughters of the Th isotopes, the
ible with a Th source in the vadose zone, the amount of Th hypothesized surface layer would provide Ra from both series
required to coat the aquifer grains can not be provided by the in the proper proportions. The subsequent evolution during
vadose zone as its volume is several orders of magnitude toophaseb will then depend on the subsequent transport and
small. If weathering of the aquifer were to provide this amount production when the more resistant phasgsremain.

of Th, with weathering rates typically from 2 10~ to

2x107*° sec’, would require time scales of 10 to 100 55 The present Regime with Inherited Surface Coating
million years. It follows that to provide the Th inventory

requires a high initial weathering rate, comparable with that of  After about 300 to 1000 yr (the flushing time for this aqui-
the vadose zone, and that this weathering is pervasive through-fer), the transport equation reduces to a steady st&ie £ 0)

out the rock. We therefore propose that the aquifer rock orig- in the new regime. The governing equation is now symbolically
inally contained two populations of U and Th minerals, one of the same as Eqn. 1b.

which (calleda) contains 10% of the U-Th inventory of the

rock and undergoes rapid weathering,j, and the otherk) IAL _ P

which undergoes much slower weathering,}. In an initial Ix  pugsv

stage, the weathering input is governed by minegaaldhd the peS St

highly reactive nuclides from minerah™ will be deposited on . <w}bArb + eph PAy + K, —— A+ f, Ps A pA§c>
r r

the surface coating.

A Ao S
_ _ _ . + o PAY, (f + 'k f) AL (34)
5.1. Thorium Transport in the First Weathering Phase v v qv

From some initial state of the system the activities of all the but where'A3; and'AY, represent the activities of nucliden
nuclides must be found by integrating Eqn. 1a and 1b, taking the surface coating and in the water aAfl the rock during the
into account the Th solubility limit and the weathering behavior second stage of weathering. A rigorous treatment would require
of the U-Th phasesa‘.” When phasesd" have been essentia”y that the activities in a different precipitated phase (i.e., different

exhausted by this initial weathering regime at some tintieen surface coatings such as THOnust be described by different
after that the?®>?Th on the surface phase will be governed by terms. However, this distinction is not pursued for simplicity.
Eqn. 28) and®>°Th by Eqn. 31. The surface coating activities in Eqn. 34 depend on the

At time t, for the short-lived®®*Th using Eqn. 1b and integrals of Eqn. 1a and 1b during the earlier stage of weath-
assuming that the rate constant ffTh is the same as for ~ €ring given above. Since the amounts of nuclides deposited

2321 \we have: during the earlier stage are presumed to be orders of magnitude
higher than the ones precipitated during the later stage of lower
p,[sjaATﬁ\zaATﬁ w‘;AT;I weathering ratesA%, . for long-lived reactive species that are at
AL = Sk A (30)  saturation will be dominated by the amount of nuclidkepos-
Puw ! ited during the earlier stage of weathering. We will assume that
For the surface coating (from Eqn. 1c) all other nuclides have grown back to secular equilibrium with

their respective sources.
TTALES = pr(WE, + £5, Aeery) AT (31) For all species that are at saturation, and becayse< <
w,,, any changes in the activities (6¥2Th and?3°Th in the

2
)\234Th Psc

It can be seen thazl%%hAW is now related to the rate of supply  surface coating) due to further additions in the more recent
g}_/r the removal rate and the connection betwczeggﬁASC and regime will not be significant. As a resﬁﬁThA’;C ¢':1nd23D”‘A’;C

A, is changed. We further note that the rate constant for in the present regime are the values resulting at tiaiehe end
234Th removal from the water 8%, S/q ~ 3 X 10 *sec * (as of the first regime. For exchangeable or dissolved nuclides,
found for the equilibrium model). This corresponds to a mean their activities from the earlier phase will be replaced by
lifetime of ~1 h for Th in the water. interaction with the water in the later phase. However, any

For 22°Th (using Eqgn. 1a and 1b and neglecting #&rh production by the “initial”2*2Th->3°Th content in the surface
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coating will have to be taken into account. Thus, in the second increase inyy, yields a change in the characteristic distances
regime the equations governing the radium isotopes must in- X, decreasing them by a factor of ten.

clude the®*°Th and?*2Th incorporated earlier in the surface Using Eqgn. 36a,b,c, the equations for Rn are then simply:
coating. The values in the surface coating are given by Eqn. 28,
29 and 32. 220Rnp * Pr a 232Thpa
AL = ” Al-t 37a
The equation foP?®Th is found to be: pwd Th (372)
PrAazery fazomy, 2R * 28 a
28Thab 232Tha b Aw = — W23 + A2 23 A -t 37b
hAW = m |i8223-|—h+ 10 :| hAr (35) pwa ( OTh 2ore OTh) ( )

for the case that 1/10 of tHE2Th |nventory is on the surface The ratlos of these actlvmes are around unity. As we have taken

coating. Using™k,S/q = 3 x 10 4 and” ; 440 dpm/ \g;t"l’;};/ thezzh%é: ;bls(;rvatlo;? (see Ean. 28), this will thus
kg, we obtain” ™A, ~ 1.1 X 10"t <8228T|-, + ;—Zgh . Fore _

5% 102 andfzzsrh ~ 101, zszThAW ~ 1.7 % 10" 2 dpmikg, 5.4. Summary of Results for the Th Saturation Model

which is at the low range of the observed values,Jf ~ 0.5 We here summarize the results obtained in this section. It

(requiring a very thin surface coating) then this would cover the was shown that if sufficier®Th and®3°Th are precipitated in
high range of observed values. Overall there is good agreementthe surface coating in non-exchangeable sites, then it is possible
2and self-consistency for the Th isotopic abundances. Note thatto explain the Ra and Rn data. However, this requires that the
" A, is typically about 1/10 of**Ra, in accord with the idea  depositec?®2Th and?*°Th be the result of an early weathering-
that Th is precipitated out while Ra is in exchangeable sites. deposition regime before the present. If this earlier regime was
of durationt ~ 10* years, then the rate of weathering is that

5.3. Ra and Rn from Surface Th found for the vadose zone. This weathering would have to be
pervasive through the aquifer rock and cannot be provided by
We now treat the radium isotopé$®Ra, ?*Ra, and®*"Ra, the present vadose zone. In the present regime, assumed to

considering them to be in exchangeable sites that are predom-occur ~ 1000 yr after the end of the initial stage of rapid
inantly in the surface phase and that their parents were depos-weathering, the system is then described by the current input of
ited during the first stage of weathering. Using Eqn. 34 at weathering and recoil of the rock, but with the added source of
steady state in the recent regime, we obtain: 232Th and 2°°Th in the surface layer. The behavior of all
nuclides except for Th isotopes is one of exchange with the

22 Psc 2 surface layer, in agreement with the Ra observations. The
R%W = Rak + fa2erq EN22g ThAX 36a . . . ’ .
pu K [ ! rahozmal o (363) implications of this model are that there should be a “remov-
able” surface layer in the aquifer rock that contain$0% of
2R Psc g 20T the total inventory of*2Th and?3°Th, ??°Ra,??*Ra, an?*Ra
Au= Pk, [+ froma Ehama] “TAL - (36D) of the bulk rock system. We infer that the weathering rate for
;I’h is about equal to that of U. The great difference between
» sc 2 A and’ ThA is due to saturation-precipitation of Th. It is
wop, = P G R faraBhon] “TRL (360) _precip

also found that the characteristic distances;dor Ra and Th

» are much smaller than for the equilibrium exchange model and
‘Thya [P?Thpa 20Thpa /P Thpa . .

We showed (Eqn. 33) that "AZ./ A~ AT AR reduce the equations for these nuclides to a local model, ap-

As discussed in Section 4.5, ¥, ~ wq,, the ratios of the proximating a “box model.”

activities of these isotopes are again all about unity. The great-

e_st _enhancement should be f&¥Ra which has the shortest 5.5. The Magothy Aquifer

lifetime (by over a factor of- 580) so that the terfy,,, éAoo4,,

makes some contribution. This may be seen in the results in As mentioned in Sect. 4, the waters within the more reducing

Table 3. Note that the expressions in Eqn. 36a,b,c are of the Magothy are distinctive from those of the Upper Glacial in

W

Ran PscSE - having Fe, Mn and Th concentrations that are orders of mag-
form ™A, = P e Ao Which is identical to the form given  hivge higher, but with Sr and U concentrations and isotopic
for an exchangeable surface coating in Section 4.5 (Eqn. 24, 25,compositions that are similar (Tables 1 and 2). These results, as

P A% .
 Rank Ra _ pscSE AseXra . well as those of the low ©concentrations (down by a factor of
26): TAWTAL = PrX kR A Since the xg, are cal- 5), show the Magothy aquifer to be more reducing and to

culated from the same obsen/gt,, values in both models the  contain a high amount of colloids. The enormous increases in
left hand side is equal to one. However, for the case of Th being Fe, Mn and Th concentrations is not directly attributable to the
saturated (precipitated without exchange) we have taken decrease in @but is most likely due to the activity of micro-
psSEPAL. ~ 0.1PA, in order to supply the Rn. It follows that  organisms causing the reduction with a large effect on Fe, Mn
! and Th (Arnold et al., 1988). The water from the Magothy is
recharged from the same area as the water from the Upper
Hence thexgr, values that are obtained for the Th saturation- Glacial Aquifer and the flow velocities are comparable. The U
precipitation model yield values over an order of magnitude isotopic composition and U activities in the Magothy are sim-
greater than obtained earlier (i.eyp, ~ 10%). This large ilar to those of the unconfined aquifer. Therefore, & and

Xhal Xra = e ~ 20. A similar argument can be made for Th.
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231U activities in water from the Magothy can be explained
similarly to those from the Upper Glacial Aquifer (Sect. 4.3).
The 5**%U values are constrained by the ratig,, /w-ss, and

the U activities are dependent on the weathering rate. For
instance, using &,3, ~ 5x 1072 and wgq ~ 10 **sec?,
measured U activities in the Magothy are obtained within a few
km of flow. However, the’*2Th activities are extremely high
and“VA,, ~ ™A, (Table 2) which indicates that U and Th
input into the Magothy waters occurs by rock weathering
without any fractionation or Th removal. The Ra activities
(similar to those of the Upper Glacial Aquifer samples) are also
shown to reflect reversible Ra adsorption onto the surface
coating. The???Rn activity is at the same very high level as in
the Upper Glacial Aquifer (80 dpm/kg). S3°Rn data in the
Magothy also require storage of Th on the surface coating
during an earlier stage of weathering. The U-Th series in the
aquifer economy in the Magothy is thus in consonance with the
two-stage model taking into account the change in solubility of

A. Tricca et al.

aquifer. Some highes***U values for waters with low U
activities in the deep aquifer show that further contribution by
recoil occurs within the aquifer associated with low rates of
aquifer weathering. For limited flow distances, generating high
8234 requires low U input activities from the aquifer. Values
of w=2x10"'®sec* and e,3,, ~ 5x 10" ° have been
calculated to explain the measured activities in the aquifer.
Observations 08?*"U and®**U indicate that both highe.,sq
ande,s,, values are not found in the aquifer. Hence, high U
activities along with hig$23“U values cannot be attained in the
ground water for the transit distances of the aquifer.

The present study provides the first groundwater data set of
both long-lived2*?Th and short-lived®**Th and ??®Th. The
232Th activities in the groundwater appear to be controlled by
the solubility of thorianite. If we assume that Th in the water is
in exchange equilibrium with a surface coating with a partition
coefficient, it is found that Th is strongly adsorbed. Using the
234Th data, the amount of Th in the surface coating relative to

Th under somewhat reducing conditions. At present, the Th is that in the water ¥) is calculated to be X 10°. The mean
transported on the colloids in the Magothy. This high release of residence time in the wates 1L h for Th isotopes and 1 yr in the
Th observed in the Magothy is indicative of the fact that rather surface coating. For Ra in the vadose zone, the main input to
modest changes in the chemistry of an aquifer can lead to the water is weathering. Calculated values 9fex ~ 300 m,
extension and rapid release of Th from what were insoluble )?228%~ 7m, and_>g24Ra~ 0.3 m indicate that while the vadose
precipitates in another circumstance. The Magothy certainly zone input of??°Ra is significant in the upper portions of the
requires extensive study to understand the chemical processesquifer, the Ra activities within the deeper aquifer are the result
involved. of local processes in the neighborhood of each sampling site.
Data for??“Ra,??*Ra and?*®Ra activities show that Ra adsorbs
reversibly on the surface and the calculated amount of Ra on
The study represents a comprehensive evaluation of U- andthe surface coating relative to that in the wate+300 to 700
Th-series radionuclide transport in an unconfined aquifer, and  The measured activities 6¥°Rn in the water require input of
provides a model for interpreting an extensive nuclide data set a large (~5%) fraction of the Rn produced in the solid phases
measured within an aquifer. The theoretical model consider- as also shown by previous workers (Krishnaswami et al., 1982;
ations used here are based upon a one-dimensional advectivé-leischer, 1982). This cannot be accounted for with the previ-
transport model considering weathering, recoil and interaction ous model, even considering contributions from a strongly
with a surface layer (Tricca et al., 2000). Values for input rates adsorbing surface layer in equilibrium with the water. Ra siting
were calculated for weatheringsrecoil into the waters (both in on the surface of the grain has been already suggested in
the vadose zone and in the aquifer) and removal by adsorption/previous work (Krishnaswami and Seidemann, 1988), where
precipitation. Rate constants for adsorption and desorption high?2Rn loss “has to be attributed to preferential enrichment
were determined from the field data. Samples from water table of 22°Ra on grain surfaces or to the existence of U-Th accessory
wells have been used to evaluate input to the aquifer from the minerals in or around grain boundaries.” However it is impos-
vadose zone. The activities (per kg of water) of the long-lived sible to reach the required amount?fRa by precipitation of
nuclides €38, 224U, and ?*2Th) in water table samples are  Ra within a system in steady-state. Considering that Th appears
comparable to those from deeper in the aquifer, demonstrating to be at saturation limit, we propose that the sourc&aRn is
that vadose zone weathering is a dominant supply of these due to precipitation of Th at saturation and not in exchangeable
nuclides to the aquifer. There is a relatively wide range in sites in the surface coating. We suggest fifath and>*°Th
measured U activities and#>U values within different water were deposited on the grain surfaces during an earlier stage of
table samples. However, the vadose zone does not yield waterhigh weathering rates in the formation of the aquifer. Note that
samples with both high U activitieand high isotopic shifts. the process of dissolution, and precipitation onto the grains, of
The range in measured U activities from water table wells Th spatially separate$*U and 3®U from the Ra and Th
suggests that the upper 3 m of the vadose zone is characterizedsotopes in the surface coating of the solid aquifer. This surface
by high fractional weathering ratevgsq up to 10 ¥ sec ) coating corresponds te- 10% of the total Th content of the
and recoil radionuclide inputg;(up to 5x 10 ?) to the water. rock and thereby provides the source of all daughters which are
Lower weathering and scavenging of U from the water occur at readily available to the water. Then, the effective value of
locations where the vadose zone is thicker. In the aquifer, the U ThoJTh,, 4.c, IS Shown to be~ 5 X 10" which is a factor of 18
activities follow two trends: a wide range of U activities with  greater than in the case of exchangeable sites discussed above.
low 8% values, and low U activities with highe$***U It is also shown that Ra is still in exchange equilibrium with the
values. The variable U activities in the aquifer are thus a surface coating while Th is adsorbed quasi irreversibly. The Th
reflection of diverse vadose zone inputs that are preservedactivities in the water are then controlled by the saturation
within the aquifer along different flow lines, rather than the condition. The Rn is lost by recoil or diffusion from the thin
result of complex non-conservative U behavior within the surface coating. This model predicts tR&tTh and®*?Th and

6. CONCLUSIONS
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their daughter products should be removable from the surface de Laguna W. (1966) A hydrologic analysis of postulated liquid-waste

coating by appropriate leaching techniques. From the data of
Krishnaswami and Seidemann (1988), it appears that the sur-

face layer must be formed even in granitic rocks. Therefore

weathering during first exposure to the hydrosphere is consid-

ered to be responsible for forming the Theurface layer. We
believe this model is broadly applicable in most geological
circumstances. We cannot identify the specific rapidly weath-

releases, Brookhaven National Laboratory and Vicinity, Suffolk
County, New York.U.S.G.S. Bull. 1156061 p.

Domenico P. A. and Schwartz F. W. (1990) Physical and Chemical
Hydrogeology. Wiley.

Faust G. T. (1963) Physical Properties and Mineralogy of Selected
Samples of Sediments from the Vicinity of the Brookhaven National
Laboratory, Long Island, N.YU.S.G.S. Bull. 1156B

Fleischer R. L. (1982) Alpha-recoil damage and solution effects in
minerals: uranium isotopic disequilibrium and radon release.

ered primary U-Th phases that are hypothesized to provide the  Geochim. Cosmochim. Ac#6, 2191-2201.

230Th and®*?Th surface coatings.

We have found that Th is precipitated on surface coatings for
time scales of~10* years in the Upper Glacial Aquifer. How
ever, in the underlying Magothy formation, the Th is essentially

Fox L. E. (1988) The solubility of colloidal ferric hydroxide and its
relevance to iron concentrations in river wat@eochim. Cosmo-
chim. Acta52, 771-777.

Garrels R. M. and Mackenzie F. T. (1971) Evolution of sedimentary
rocks. New York, Norton.

released. The water chemistry of these two aquifers is almost Gascoyne M. (1992) Geochemistry of the actinides and their daughters.

indistinguishable except for the drop (by a factor-éb) of the

O, content and a concurrent increase of Fe and Mn by many

powers of ten. This decrease in, @ plausibly the result of
bacterial action. It follows that under “nearly identical” condi-

In Uranium-series Disequilibriunged. Ivanovich and Harmon), pp.
34-61. Oxford Science Publications.

Geraghty and Miller. (1996) Regional Groundwater Model,
Brookhaven National Laboratory, Upton, New York. Geraghty and
Miller Inc., Melville, NY.

tions, species that are fixed on surface substrates can, with aHem J. D. (1992) Study and Interpretation of the Chemical Character-

minor change in chemistry (particularly 1) release these
precipitated species. This shows that the stability of retentive

sites for storage is very sensitive to changes and these sites can

readily become non-retentive, particularly if in situ reduction

istics of Natural WaterU.S.G.S. Water-Supply Paper 2254.
Hubbard N., Laul J. C., and Perkins R. W. (1984) The use of natural
radionuclides to predict the behavior of waste radionuclides in far-
field aquifers. Proceedings of scientific basis for nuclear waste man-
agement V, Amsterdam (ed. W. Lutze).

processes may take place. We have not established a causatussain N. and Lal D. (1986) Preferential solutior?#U from recoil

mechanism for this.
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APPENDIX A
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