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Abstract

The long-lived halogen radioisotopes '2°I and **Cl provide valuable information regarding the source of fluids in hydro-
carbon systems and in localized areas where infiltration of younger meteoric water has occurred. Despite the utility of these
two isotopes in providing time-signatures for fluid end-members, considerable uncertainty remains regarding the interpre-
tation of “intermediate-age’ waters in hydrologic systems. These waters are likely the result of the combination of two or
more halogen sources at some time in the past, each with its own characteristic concentration and isotopic composition. In
order to unravel the evolution of these “intermediate-age” waters, the effect that infiltration of meteoric water has on the
isotopic composition of older formation waters is modeled. Also evaluated is the effect that the timing of dilution has on
1291 and 3Cl signatures observed in the present, specifically, the hypothesis that halogen isotopic signatures imparted by
the mixing of brine and meteoric waters early in the development of a sedimentary basin are quantitatively different from
those imparted by the mixing of old brines with recent meteoric waters.

The modeled results are compared to previously published isotopic data from production wells in the Fruitland For-
mation coalbed methane system. Portions of the basin preserve enough of the original brine source to retain '*’I/I ratios
roughly recording the age of deposition of organic matter (73-76 Ma) even where some degree of dilution by meteoric
water has occurred. However, the '*I signatures of waters that presently contain less than 10% of the original formation
water component indicate that mixing has occurred within the past 10 Ma, consistent with recently published “He data.
Both ¢Cl concentrations and **CI/Cl ratios show that waters containing more than 10% formation water are all in secular
equilibrium with the host formation coals. In contrast, waters with less than 1% of the original formation water’s Cl”~ con-
tent all have *°Cl/Cl ratios which are greater than secular equilibrium values, indicating the migration of meteoric water
into the coal formation more recently than 2 Ma. Although *Cl signatures in the Fruitland Formation are not significantly
affected by anthropogenic input, '*’I/I ratios in a subset of samples that retain less than 1% of the initial formation water
component suggest input of anthropogenic '*’I during the past 50 a.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The element iodine is generally biophilic in oxic

aqueous environments such as oceans and lakes,
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and Truesdale, 1980; Kennedy and Elderfield, 1987,
Anschutz et al., 2000). These two characteristics
make I a unique tracer in hydrocarbon systems,
because the oxidation of organic matter to produce
hydrocarbons is generally associated with the
nearly-simultaneous release of I into marine sedi-
ment pore fluids and hydrocarbon-rich groundwater
(e.g. Martin et al.,, 1993; Egeberg and Dickens,
1999). Isotopic studies of I also show great potential
in tracing the source and migration of these waters,
because I has only two naturally occurring isotopes:
long-lived '*°I (¢,/, = 15.6 Ma) and stable '*"I. Over
the past two decades, progress has been made in
bounding the age of the organic source in hydrocar-
bon brines, based on the assumption that the initial
marine-cosmogenic ratio of 291/ has remained
fairly constant over time (1500 x 10~'° & 10%) and
calculating the time required for it to decay to the
present observed ratio (Moran et al., 1995; Fehn
et al., in press). This approach has been applied to
a variety of geologic settings including regions
which host gas hydrates (Fehn et al., 2000, 2003;
Tomaru et al., 2007), areas of commercial produc-
tion of coalbed methane (Snyder et al., 2003; Riese
et al., 2005), fluid inclusions in salt domes (Fabryka-
Martin et al., 1985) and regions where groundwater
chemistry is influenced by volcanic-geothermal cir-
culation (Fehn et al., 1992; Snyder et al., 2003; Hur-
witz et al., 2005). When combined with other water
and gas characteristics, '*°I determinations provide
valuable insight into the source and migration of
fluids (e.g. Fehn et al., 1992; Moran et al., 1995).
In other cases, where waters of relatively low '*'I
concentrations are in prolonged contact with rocks
containing even background concentrations of U,
the in situ production of '?°I is sufficient to influence
1291/1 ratios significantly, providing insight into the
residence time of water in the formation (Andrews
et al., 1989; Fabryka-Martin et al., 1989; Bottomley
et al., 2002; Fehn and Snyder, 2005). Finally, in
hydrologic systems fed by recent recharge, the
increase of '*I due to anthropogenic nuclear activ-
ities is reflected by high '*’I/I ratios in these young
waters. Although other anthropogenic tracers in the
atmosphere such as *H and *°Cl produced through
the surface testing of nuclear devices have largely
returned to pre-anthropogenic levels (Cornett
et al., 1997; Delmas et al., 2004), the influx of recent
water with its enhanced '*°I content is readily dis-
cernible through accelerator mass spectrometry
(AMS) analyses of scawater (e.g. Edmonds et al.,
2001; Aldahan et al., 2007 Schnabel et al., 2007),

lake and river water (e.g. Fehn and Snyder, 2000;
Buraglio et al., 2001; Moran et al., 2002; Atarashi-
Andoh et al., 2007) and shallow groundwater (Sch-
wehr et al., 20095).

Because Cl™ behaves conservatively in low-tem-
perature groundwater systems and is generally unaf-
fected by changes in the redox state of natural
aqueous systems, the ratios of Cl™ to other aqueous
species such as Br~ have been the subject of numer-
ous studies pointing to the source and mixing of
groundwater end-members (e.g. Farber et al.,
2007). Investigations of a second long-lived halogen
isotope, *°Cl (t;, =301 ka) can further elucidate
the migration of fluids in groundwater systems. As
with %I, studies over the past 20 a have included
basin waters (Bentley et al., 1986; Fabryka-Martin
et al., 1991; Nolte et al., 1991; Lehmann et al.,
2003), coalbed methane brines (Snyder et al.,
2003), fracture fluids (Andrews et al., 1986, 1989;
Lippmann et al., 2003; Fehn and Snyder, 2005),
geothermal systems (Hedenquist et al., 1990; Fehn
et al., 1992; Rao et al., 1996) and also water from
wells and springs (Davis et al., 2000, 2001; Rao
et al., 2005). Unlike '*°I/I ratios, *°Cl/CI ratios in
seawater are below the detection limit of AMS
(~2x 107" Sharma et al., 2000). Due to the
shorter half-life of *°Cl, old groundwater which still
contains a significant fraction of its initial marine-
cosmogenic '’ signature may only have **Cl derived
from in situ nucleogenic production. Although the
production mechanisms of in situ '*°T and **Cl differ
in fundamental ways, their relative production rates
have been discussed in the context of other nucleo-
genic, radiogenic and fissiogenic isotopes such as
*H, “He, and 8'Kr (Andrews et al., 1991; Lehmann
et al., 2003).

Although '®I and **Cl have been useful for con-
straining the age and source of meteoric and forma-
tion water end-members, both uncertainty and
debate remain associated with interpretation of
samples which show intermediate '*’I/I and *°Cl/
Cl values. When distributed across broad regions,
these intermediate values could result from multiple
processes including: admixing of recent and forma-
tion waters, minor additions of anthropogenic
waters to formation waters, dissolution of halite
or leaching of old organic material from rocks and
sediments, or leaching of in situ-produced '*°I and
Cl from rocks and sediments. The distinctions
among these different processes are neither clearcut
nor trivial, and interpretations of the signals are also
subject to our understanding of the extent to which
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sampled groundwater reside in a compartmentalized
system of different '*’I and 3°Cl “ages”, or derive
from a single interconnected regional flow system.

Samples from the Fruitland Formation coalbed
methane system of the San Juan Basin exemplify
the complexities involved in groundwater dating.
In the central, overpressured portion of the basin,
3CI1/Cl values in the older brines are at secular equi-
librium with the host formation, while '>’I/I ratios
(Snyder et al., 2003) coincide both with the age of
the coals (Fassett, 2000), as well as with fluid resi-
dence times determined by the accumulation of
“He (Sorek, 2003). In contrast, towards the western
edge of the basin, ages based solely on the radioac-
tive decay of the marine-cosmogenic '*°I component
are younger than the host coals, but still signifi-
cantly older than those based on the decay of **Cl
(Snyder et al., 2003; Riese et al., 2005) and the accu-
mulation of “He (Zhou and Ballentine, 2006). This
apparent disparity among ages derived from differ-
ent dating methods is by no means unique to the
Fruitland Formation (e.g. Fabryka-Martin et al.,
1991; Lehmann et al.,, 2003) and has even been
observed in the bottom waters of modern brine
lakes (Poreda et al., 2004; Lyons et al., 2005). The
classic concept of groundwater “age” must there-
fore be modified for time-sensitive tracers to
account not only for the decay and in situ produc-
tion of *°Cl, I and “*He, but also for variable
degrees of mixing of end-members of different isoto-
pic composition (Bethke et al., 2000).

This paper focuses on reconstructing the evolu-
tionary pathway that produced the '*’T and *°Cl sig-
natures observed in the dilute hydrocarbon waters
of the Fruitland Formation, across southern Colo-
rado and northern New Mexico. Although the prin-
ciples presented are applicable to a number of
different settings, the Fruitland Formation provides
the largest published database of '*’I and *°Cl val-
ues for a single hydrocarbon basin. Among types
of hydrocarbon accumulations, coalbed methane
systems are also comparatively simple, because the
hydrocarbon source and its trap are one and the
same formation (Levine, 1993). The data presented
in this paper were collected as part of a basin-wide
hydrologic modeling project (3M Project, 2000)
and are published in Riese et al. (2005) and Snyder
et al. (2003). Although these publications provide a
qualitative discussion of the mixing of formation
waters and meteoric waters, this paper uses '*°I
and *°Cl data to model the evolution of these mixed
fluids over time. This paper is the first to investigate

the hypothesis that halogen isotopic signatures
imparted by the mixing of brine and meteoric waters
early in the development of the basin are quantita-
tively different from those imparted by the mixing
of old brines with recent meteoric waters.

2. Geological and hydrologic setting

The Upper Cretaceous Fruitland Formation of
the San Juan Basin is presently the second largest
gas producing basin in the United States, with total
reserves estimated at 1.4 x10°m® (Choate et al.,
1984; Kuuskraa and Boyer, 1993; Fassett, 2000).
As such, the basin is also one of the most extensively
studied in the world, with a wealth of information
available from chemical and isotopic investigations
(Scott et al., 1994; Snyder et al., 2003; Riese et al.,
2005; Zhou et al.,, 2005; Zhou and Ballentine,
2006), geophysical logging (Clarkson et al., 1988;
McCord et al., 1992) and well production histories
extending over 25 a. The Fruitland coals themselves
reach thicknesses of 30 m, and consist of a series of
discontinuous beds. These coals were initially
deposited as peats behind the shoreline of the Wes-
tern Interior Seaway between 76 Ma and 73 Ma.
During this time, shoreline migrations coupled with
fluctuations in sedimentation rates resulted in step-
wise, shingled interbedding between the Fruitland
coals and marginal marine sandstones of the Pic-
tured Cliffs Formation (Scott et al., 1994; 3M Pro-
ject, 2000; Fassett, 2000). Uplift of the northern
margin of the basin was initiated during the Oligo-
cene at 35-25 Ma (Clarkson et al., 1988) and pro-
duced buckling of the basement rock and
development of the present basin hingeline whose
axis crops out roughly 10 km north of the Colo-
rado-New Mexico state line, and extends to the
SE in New Mexico (Fig. 1) (Choate et al., 1984; Fas-
sett, 2000). High vitrinite-reflectance coals, hosting
groundwaters rich in dissolved halides, are located
to the north of both the state line and the structural
hingeline, and represent the lowermost portion of
the basin prior to uplift (Fassett, 2000; Snyder
et al., 2003).

In the late 1970s, it was discovered that coalbeds
in the region host large amounts of natural gas
derived from both biogenic and thermogenic pro-
cesses within the coals (Scott et al., 1994) and that
the gas is retained in the coals by fluid overpres-
sures. Since then, commercial production of this
unconventional gas resource has generally involved
hydrofracturing the coals to increase permeability
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Fig. 1. Spatial distribution of dissolved I concentrations in the
Fruitland Formation coals, northern San Juan Basin (after
Snyder et al., 2003). Circles show sampled production wells.
Formation outcrop indicated by the solid black line, the dashed
black line along the 37th parallel indicates the Colorado—New
Mexico state line. White dotted diagonal trending from NW to
SW shows the approximate position of the present structural
hinge line. The high production “Fairway” is located just to the
north of the structural hinge line. Iodine concentrations reach a
maximum (109 uM) near the village of Ignacio.

(Palmer et al., 1993), and then pumping off the
water to induce gas desorption (Choate et al.,
1984; Schraufnagel, 1993). Areas of major interest
for gas production include the San Ignacio region,
located in the northern portion of the basin, which
hosts the high vitrinite-reflectance coals, and the
coalbed-methane high-productivity “Fairway”, a
20-km wide zone of thick coals and groundwater
overpressure which runs parallel to and north of
the structural hingeline (Fig. 1). In the mid-1990s,
the total number of production wells in both areas
exceeded 3000 and the cumulative amount of pro-
duced water from the coals exceeded 4 x 107 m>.
This high extraction rate prompted the residents
of the area to express a number of environmental
concerns, including the possibility that the draw-
down of the water table would exacerbate problems
of contamination of well water, coal fires and tree-
kills (Bureau of Land Management, 1999; Gorody,
2001).

In order to assess environmental impact, the Col-
orado Oil and Gas Conservation Commission, in
conjunction with the Bureau of Land Management,
initiated the 3M Project with the objectives of mod-

eling the hydrology of the Fruitland Formation in
both present and pre-production conditions, and
then projecting the response to different scenarios
through the course of commercial production (3M
Project, 2000). Three possible hydrologic scenarios
are contemplated in the model. In the first, the coal-
beds are considered to comprise an essentially open
artesian system, where overpressures are produced
in the center of the basin by the present topographic
relief, recharge is focused in the north of the basin,
and discharge is to the south. In the second, the
structural hingeline is considered to be a hydrologic
barrier, impeding basin-wide throughflow in an
otherwise open system. In the third scenario, the
system is considered to be highly compartmental-
ized, with fluid overpressures preserved in some of
the compartments from a time prior to basin uplift.
Proponents of the first scenario cite a number of
lines of evidence including: presence of secondary
microbially derived gases in portions of the basin
(Scott et al., 1994), thermal evidence for lateral
advection (McCord et al., 1992), low ClI™ concentra-
tions in portions of the northern basin (Scott et al.,
1994), and high permeability based on production
tests of hydrofractured wells. Proponents of the sec-
ond scenario cite evidence of an abrupt transition
from an overpressured system to the north to an
underpressured system to the south of the hingeline,
as well as distinctly different water and gas compo-
sitions on each side (Rice, 1993; Scott et al., 1994;
Zhou et al., 2005). Finally, proponents of the com-
partmentalized scenario cite abrupt differences in
production histories of adjacent wells, numerous
discontinuities in the coals themselves, water chem-
istries that parallel syndepositional structures, and
evidence that authigenic mineralization makes the
coals less permeable than would otherwise be pre-
dicted (Riese et al., 2005).

In the course of modeling the hydrology of the
San Juan Basin (3M Project, 2000) and in studies
which have followed, a number of discrepancies
have arisen regarding the appropriate application
of isotopic age-dating. There is general agreement
that production well waters from portions of the
basin yield quite old isotopic signatures. The por-
tion of the Fruitland Formation that appears to
have undergone the least amount of exchange with
meteoric water appears to be the San Ignacio region
to the north of the structural hingeline. There, CI™
and I~ concentrations are high (Fig. 1), as are “He
ages (Sorek, 2003) as well as '*’I ages (Snyder
et al., 2003; Riese et al., 2005), which both extend
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into the tens of millions of years (Fig. 2). Values of
35CI/Cl in the same region indicate secular equilib-
rium with the in situ neutron flux, and provide cor-
roborating evidence that the residence time is longer
than a million years. In contrast, overpressured
regions near the Fairway yield “He ages determined
to be 100 ka at a distance of 5 km from the western
outcrop and that increase to nearly 500 ka at greater
distances from the western outcrop (Zhou and Ball-
entine, 2006). Across the same area included in the
“He study, '*°I ages, based solely on the decay of
the marine-cosmogenic signature, range from
anthropogenic values (i.e. less than 50 a) to as old
as 30 Ma (Snyder et al., 2003).

The arguments, “reinterpretations”, and rebut-
tals that have ensued as a result of these age discrep-
ancies in the San Juan Basin bear striking
resemblance to a flurry of papers published a decade
earlier in Applied Geochemistry and Journal of
Hydrology. These earlier discussions were instigated
primarily by the publication of two studies (Mazor,
1992; Mazor and Nativ, 1992) which ‘‘reinter-
preted” previously published *°Cl data (Bentley
et al., 1986; Phillips et al., 1986) to indicate the pres-
ence of essentially static or “dead” volumes of water
throughout the Great Artesian Basin of Australia
and the Milk River Aquifer of Alberta, Canada.
These papers elicited a variety of discussion papers

108'W 107.5°'W
375N 37.5°N

37°N

129] age (Ma)

Fig. 2. Distribution of apparent *°I ages, based on Eq. (1) (After
Riese et al., 2005). The oldest apparent ages (samples with low
291/1 ratios) are focused in the areas of high I concentrations.
Apparent ages in the intermediate range radiate from the areas of
old 1 ages.

(Fontes and Andrews, 1993; Kellett et al., 1993;
Phillips, 1993; Torgersen, 1994) pointing to evidence
that *°Cl varies systematically with distance from
the edge of the basins and that these changes are
consistent with existing conceptual models of basin
flow as well as a variety of other chemical and isoto-
pic data. These papers were accompanied by a num-
ber of replies (Mazor, 1993a,b; Mazor and Nativ,
1994) which focused on depositional and structural
aspects common to basins, as well as on assump-
tions of hydraulic entrapment that have long been
espoused by the petroleum industry.

Although the arguments set forth in the early
1990s did not achieve any consensus within the
hydrological community, they did underscore the
fact that simple piston-flow modeling cannot ade-
quately explain discrepancies in the isotope ages of
groundwater. Subsequent flow and solute transport
models have taken into account other mechanisms
that affect isotopic distributions, such as diffusion,
advection, and hydrodynamic dispersion (Bethke
et al., 2000; Park et al., 2002). The approach taken
in this paper is to consider exchange between dilute
waters of meteoric origin with halide-rich formation
waters, both in the past and the present. By consid-
ering the hypothesis that halogen isotopic signatures
will evolve differently if meteoric waters were
flushed through the system millions of years ago
as opposed to recently, this study should serve to
corroborate or refute earlier concepts. Old mixing
times would strongly support hydrological isolation,
either during diagenesis or during basin uplift, and
would suggest effective compartmentalization
within the coals. In contrast, young mixing times
would indicate active exchange between recent
recharge waters and old brines.

3. "I sources in coalbed systems
. . 129 .
3.1. The marine-cosmogenic *~”I signature

In order to assess the residence time of I present
in hydrocarbon systems, an initial input value of
291/1 must be assumed. Early estimates of the
steady-state '*’I/I ratio in the hydrosphere, based
on a mass balance of '*I fluxes from cosmic-ray
production, volcanic emissions, and other sources,
range from 3 x 1073 to 3 x 10~'? (Fabryka-Martin
et al., 1985). Subsequently, '*°I/I ratios determined
for shallow marine sediments (Moran et al., 1998)
and those determined for seaweed that was archived
over a century ago (Fehn et al., in press), coincide at
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1500 x 10> £ 10%. Pre-anthropogenic ratios have
also been preserved in cores taken from living corals
(Biddulph et al., 2006). Because the residence time
of I in the oceans is quite long (~300 ka, Broecker
and Peng, 1982), the marine-cosmogenic '*I/I sig-
nature is assumed to be well mixed with regards to
any latitudinal or temporal variations that might
have occurred in cosmogenic production and depo-
sition throughout the time period of interest for this
study. Iodine is transported from the oceans to the
atmosphere via seaspray and volatilization of
organohalides by bacteria (Amachi et al., 2001) or
by phytoplankton (Carpenter et al., 1999; Green-
berg et al., 2005). On the land surface, I in surface
waters and terrestrial organic matter is derived from
wet and dry deposition of marine seaspray and from
photolysis of marine-derived organics, with atmo-
spheric residence times ranging from days to a few
years. Because of the dominance of the marine
source term even for locations remote from any
ocean, pre-anthropogenic groundwaters are also
assumed to have the same initial marine-cosmogenic
ratio as seawater.

Several portions of the Fruitland Formation to
the north of the Fairway and of the New Mexico—
Colorado state line host moderately elevated CI™
concentrations (73 mM) as well as the highest I
concentrations measured in the local groundwaters
(109 uM). Although the general brackish nature of
these groundwaters probably results from dilution
of formation waters that were initially similar to
seawater, the dissolved I contents are enriched by
over two orders of magnitude relative to seawater,
which is assumed to be due to the release of I from
the peat deposits during the coalification process
(Snyder et al., 2003).

The same area hosts the lowest "2°I/I ratios
(<150 x 107"%). Ignoring any effects of mixing and
in situ production of '*’I, the observed I isotopic
ratio is a function of the burial time, as expressed
by the simple decay equation:

Robs = Rie_/llzgtv (1)

where R, is the present observed '*’I/I ratio, R; is
the initial value (1500 x 10~'°), the decay constant
Ja9is 4.41 x 108 a~!, and ¢ is the time elapsed since
burial of the coal-forming peats. Using this ap-
proach, '*°I decay ages for these oldest samples in
the Fruitland Formation exceed 50 Ma. Both the
Fairway and most of the study area south of the
state line have apparently younger '*’I-based ages
(Fig. 2). As with other isotopic systems (Bethke

et al., 2000), the mixing of formation waters with
younger groundwaters in fairly open hydrologic sys-
tems may impart a net '*’I/I signature that can be
easily misinterpreted as characteristic of intermedi-
ate-age groundwaters. With the exception of a few
cases south of the state line, the younger “ages”
and higher '*°I/1 ratios are coupled with both lower
Cl™ and I" concentrations. The exceptions include
areas with low I~ concentrations accompanied by
high Cl~ concentrations and high '*°I/I ratios.
These anomalies are found in the southern portion
of the study area, situated between the state line
and the structural hingeline, and may be related to
thinning of the coalbeds (Riese et al., 2005). As will
be discussed, if the initial I contents were low in
these cases, then any contribution of '*°I from other
sources will have a proportionately larger effect on
the '*°I/I ratio and hence would decrease the appar-
ent “age”.

3.2. In situ "*°I production, escape efficiency, and
excess

In situ production of '*°I within rock formations
is due to spontaneous fission of 2**U. The presence
of in situ produced '*°I in old groundwaters has
been well documented in the fracture fluids of
granites and other U-rich host rocks (Andrews
et al., 1989; Fabryka-Martin et al., 1989; Bottom-
ley et al., 2002; Fehn and Snyder, 2005), in which
cases fissiogenic '?’I manifests itself by increasing
the '*°I/I ratio well above the level expected if only
the marine-cosmogenic component were present. In
I-rich systems younger than 30 Ma, the marine-
cosmogenic component generally dominates over
the fissiogenic component (e.g. Moran et al.,
1995; Muramatsu et al., 2001; Fehn et al., 2000;
Snyder and Fehn, 2002). The influence of in situ
production on '*’I/I ratios in waters with only
low I levels may be significant, however, because
the fissiogenic production of '*°I is independent
of the amount of stable I in solution. The amount
of fissiogenic '*°I accumulated in groundwater as a
function of time — referred to as “excess '*’I” in
this paper — may be expressed as (Fabryka-Martin
et al., 1989):

Nizg = NasgAst Yiaoep{ (1 — §)/}(1 — e ">") [ dn,
(2)

where Nj»o = "I atoms/L-fluid, Ny = >>¥U-atoms/
kg-rock, A= spontaneous fission decay constant
for 28U (8.5 % 10717 a~!, Decarvalho et al., 1982),
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Y129 = spontaneous fission yield of 28U at mass 129
(3% 107* Hebeda et al., 1987), & = escape efficiency
of I from the mineral lattice into the fluid,
p =rock density, ¢ = effective porosity, A9 = de-
cay constant for '*°I (4.41 x 10~%a™ 1), r = residence
time of fluids in contact with the rocks.

For the purposes of this investigation, coal den-
sity is assumed to be 1.79 g/cm® (Zhou and Ballen-
tine, 2006) and effective porosity to be 0.01
(Young et al., 1991; 3M Project, 2000; Sorek,
2003). In such cases, where the effective porosity is
<1, the term {(1 — ¢)/¢} in Eq. (2) reduces to
(1/¢). A mean U concentration in the coals of
2.8 ppm (11.8 umol/kg) is assumed (Zhou and
Ballentine, 2006).

The escape efficiency (&) is an expression of the
fractional release of a given radioisotope produced
within a mineral or maceral and transferred into
the fluid phase. Factors influencing ¢-values include
diagenetic alteration, metamorphism, degree of
fracturing, and other physical alterations of the
mineral surfaces that affect grain size. Diffusivity,
as well as the retentivity of different isotopes within
the mineral lattices, can also strongly influence
their escape efficiencies (Torgersen, 1980; Torgersen
et al., 2004). Thus, even though the escape effi-
ciency of radiogenic “He in the Fruitland coals
may be assumed to approach unity (Zhou and
Ballentine, 2006), the release rate of fissiogenic
1291 from coals is likely quite low due to factors
such as a greater atomic radius, lower diffusivity
and interactions between I and the coal maceral.
If, for example, '*°I is assumed to behave similarly
to **Rn in a setting where ¢ =1 for *He, the '*’I
escape efficiency would be expected to vary from
&£ =0.03 for grain sizes of lum, to something on
the order of ¢=0.0007 when grain size exceeds
30 pm (Torgersen, 1980). Given the uncertainties,
1291 escape efficiencies cited in the literature vary
significantly. In fine-grained, loosely consolidated
marine sediments, it has been estimated that ¢ =1
(Fehn et al., 2000). For brines associated with deep
crustal fluids, estimates range from ¢ =1 (Bottom-
ley et al., 2002; Starinsky and Katz, 2003) to
e¢=0.15 (Fehn et al., in press), given the assump-
tion that porosity is 0.01. The latter of the two esti-
mates for ¢ may represent a more reasonable value
for coals, especially when compared to other pub-
lished host rock types. When e¢-values have been
calculated based on '*I accumulated in old
groundwaters for which other constraints place
bounds on the age of the water, they range from

£=0.003 to £=0.031 (Fabryka-Martin et al.,
1991) and roughly coincide with e-values reported
for **Rn in shaley sandstones of the same locality
(Andrews et al., 1991).

In order to calculate the escape efficiency for the
Fruitland Formation coals, the amount of excess
2T in the porewaters was calculated, and ¢-values
were adjusted to yield an age identical to the coals
(73 Ma) for the most concentrated water sample
(I =109uM). The initial marine-cosmogenic '*°I/I
ratio (1500 x 10~'%) for I in the 73-Ma Fruitland
Formation would have decayed to a ratio of
60 x 107! at the present-day, were there no subse-
quent addition of fissiogenic '*°I to the fluid. For
an I-rich groundwater sample from this formation,
it is assumed that any elevation of its 1291/ ratio
significantly above 60 x 10~'° is therefore due to
accumulation of fissiogenic '*°I produced in situ.
Using parameters described in Table 1 and the
measured '*’I/I ratio (143 x107'%), for the most
I-rich sample (13.84 mg/L), over half (58%) of
the '*°I in this sample is estimated to be fissiogenic
in origin. Using Eq. (2), the escape efficiency ¢ is
about 0.006, ranging from 0.002 to 0.02 when
one factors in variability in U concentrations and
porosities. Compared to previously published val-
ues, this range coincides with that inferred for sha-
ley sandstones by Fabryka-Martin et al. (1991).
This range seems a reasonable balance between
the generally higher diffusion rate expected for
reduced 1™ and other conservative anions, coun-
tered by the generally limited diffusive migration
of readily sorbed organohalogen molecules out of
coal micropores (Littke and Leythacuser, 1993;
Levine, 1993).

As waters remain in contact with coals over time,
the concentration of dissolved stable I has a signifi-
cant impact on the eventual I291/1 ratio in the
waters, as illustrated in Fig. 3. The initial values
for 'I/1 ratios of both I-rich formation waters
and I-poor meteoric waters is assumed to be the
same as the marine-cosmogenic ratio. Over time,
reconstructed ratios of '?I/I in formation waters
(FW) decrease as the marine-cosmogenic '*’I com-
ponent decays. In contrast, '*’I/I ratios in dilute
waters derived from meteoric sources (MW) are
expected to increase over time due to accumulation
of in situ produced '*°I in the pore fluids. These
general trends are expected to be manifest even
given that the parameter values used in Eq. (2) will
deviate somewhat from the assumed averages due to
heterogeneities within the host formation. If, for
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Table 1

Parameter values used in this study

Parameter Symbol Value Units Reference
Physical constants

1291 decay constant Al29 441 %1078 y’l 1
3Cl decay constant 36 230x107° y ! 1
Isotopic abundance of **Cl - 75.77 % 1
238U spontaneous fission yield at mass 129 Y129 3% 107 Nuclei/fission 4
238U spontaneous fission decay constant Ast 8.5x107"7 y! 3
Average neutron yield per spontaneous fission of >**U v 2.0 n fis.”! 8
Thermal-neutron-absorption cross-section of **Cl a 43.6x 107 cm? 7
Formation-specific parameters

Coal density ) 1.79 gcm ™ 9
Effective porosity [0 0.01 Dimensionless 6
U in coal [U] 2.8 ppm 2
Th in coal [Th 7.0 ppm 2
1291 escape efficiency in coal 2 0.006 Dimensionless 5
Thermal neutron flux in coal [0 270 n-cm 2y ~! 5

]Parrington et al., 1996; 2Affolter, 2000; *Decarvalho et al., 1982; “Hebeda et al., 1987; SThis study; 6Young etal, 1991; 7 Mughabghab

et al., 1981. $Holden and Zucker, 1983; °Zhou and Ballentine, 2006.
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Fig. 3. Time trajectory plots for '*’I/I ratios for formation waters
(FW, white lines, dark gray shaded region) and meteoric waters
(MW, black lines, white shaded region), residing in the coals for
73 Ma. Plots showing the effect of changing individual variables
in Eq. (2) while holding the others constant as in Table 1. Iodine-
rich FWs show a decrease in '*°I/1 over time, while I -poor MW
waters show increasing '*°I/I ratios. (a) Increasing the escape
efficiency of '?°I from 0.01 (solid line) to 0.1 (dotted line) causes
an increase in '2°I/1 by roughly an order of magnitude in present-
day waters. (b) Increasing porosity by an order of magnitude
causes a decrease in '*’I/1 (dotted lines), particularly in MW. (c)
Increasing U concentrations by an order of magnitude causes an
increase in '*°I/I identical to the case for (a).

example, the estimated escape efficiency were to be
increased by an order of magnitude, the response
in dilute meteoric waters would be an almost imme-

diate increase in '?°I/I ratio, e.g., at 70 Ma, "I/
would be about 10! for &£ = 0.01 versus 10~ for
& =0.1 (Fig. 3a, black lines). Conversely, the change
in I-rich formation waters initially would be negligi-
ble; at 70 Ma, the '*’I/I ratio would be nearly indis-
tinguishable from its initial marine-cosmogenic
value of 107!% regardless of whether ¢=0.01 or
£¢=0.1 (Fig. 3a, white lines). Eventually, for both
water end-members, the effect of an order-of-magni-
tude increase in ¢ is an order-of-magnitude increase
in the secular equilibrium '*°I/I ratio as well. Simi-
larly, an order-of-magnitude increase in porosity
(e.g., from 1% to 10% in Fig. 3b) results in only a
small and gradual decrease in the FW '’I/I ratios
(white lines), while the same increase in porosity
has a dramatic and immediate impact on reducing
the rate of increase in '*’I/I ratios in MW (black
lines). Finally, the responses of the end-member flu-
ids to an order-of-magnitude increase in U content
in the host rock (from 1ppm to 10ppm in
Fig. 3c) parallel the trends for an order-of-magni-
tude increase in the escape efficiency for fissiogenic
1291 (Fig. 3a).

3.3. Anthropogenic sources of '*°I

Above-ground testing of nuclear devices in the
1950s and 1960s coupled with ongoing nuclear
reprocessing has dramatically increased the '*°I
inventory in surface reservoirs (e.g. Moran et al.,
1999, 2002; Snyder and Fehn, 2004; Aldahan
et al., 2007; Atarashi-Andoh et al., 2007; Schnabel
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et al., 2007). In order to characterize the anthropo-
genic "I end-member in the San Juan Basin area,
surface waters were collected from lakes and
streams. In addition, shallow monitoring wells
yielded waters from quaternary alluvium overlying
the Fruitland Formation in areas near the coal
outcrops (Snyder et al., 2003; Riese et al., 2005).
Anthropogenic waters would be expected to have
high excess '?°I concentrations as well as elevated
1291/1 ratios. Ratios for river and lake samples ran-
ged across three orders of magnitude, from
39409%x107" to 25+0.1x 1072 (Snyder
et al., 2003). A variety of effects probably contrib-
ute to the observed variability in the '*’I/I ratios
for local surface waters, including varying amounts
of snowmelt (Riese et al., 2005), microbial scaveng-
ing of oxidized I, adsorption, and dilution by brine
seeps. In any case, meteoric waters (MW) older
than 50 a (PRE-ANT) can be distinguished from
younger anthropogenic meteoric waters (ANT) if
the residence time in the host rock is sufficiently
short so that the '*°I/I ratio can be assumed to
be unaffected by '*’I decay or in situ production.
On the other hand, the interpretation of '*’I/I
above 1500 x 10~'° in production wells with dilute
waters may be less certain, as these waters could
either be old PRE-ANT affected by in situ produc-
tion, or recently infiltrated ANT. In such a case,
other techniques for bounding the residence time
of dilute waters in the formation, such as “He
age dating, are invaluable for distinguishing
between the two meteoric I end-members. The dis-
solved gas data suggest that *He ages are in the
tens of thousands to hundreds of thousands of
years even a few km from the western outcrop
for the Fruitland Formation (Zhou and Ballentine,
2006). The accumulation of *He strongly supports
the hypothesis that the predominant meteoric
end-member is PRE-ANT which has subsequently
also accumulated '*T from in situ sources.
3.4. Temporal trends resulting from mixing of '%°I
sources

Assuming that the predominant component of
groundwater in the Fruitland formation predates
the age of nuclear testing, the obvious question is
whether these waters were introduced during (or
shortly after) the deposition of the peats along the
shorelines of the Western Interior Seaway or, alter-
natively, during uplift of the basin to form the
present structural hingeline. Perhaps, based on the

interpretation of “He data by Zhou and Ballentine
(2006), the residence time of the dilute hydrocarbon
waters is even less than a million years.

Modeled time-trajectories of '*’I concentrations
and '*°I/1 ratios (Fig. 4) were constructed to distin-
guish among these alternatives, based on end-mem-
ber compositions as defined in Table 2 and
parameter values assumed in Table 1. Fig. 4a mod-
els the effect of adding varying proportions of low-I
meteoric water (PRE-ANT) to the pre-existing I-
rich formation water (FW) at 40 Ma, just prior to
the formation of the structural hingeline. A mixture
of 95% FW and 5% PRE-ANT starting at 40 Ma
will follow a similar decay trajectory as the undi-
luted formation waters, and with a present-day
12T concentration that is indistinguishable from
that which pure FW would have at the present-
day. Similarly, a mixture of 50% FW and 50%
PRE-ANT starting at 40 Ma would have an '*I
concentration which is only modestly lower (by
about 20%) than pure FW would be at present.
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Fig. 4. Effect of dilution of formation water (FW) with varying
amounts of meteoric water (PRE-ANT) at 40 Ma (black lines)
and 10 Ma (white lines). Lines labeled with % FW in the mix. The
black dashed line shows the combined effect of decay and in situ
production, assuming no subsequent addition of more recent
water. Trends calculated using end-member concentrations
(Table 2) and combined decay of the marine-cosmogenic source
(Eq. (1)) with in situ production (Eq. (2)). (a) Effect of dilution on
129 concentration. FW diluted to 5% of its original I content by
PRE-ANT, increases its '*’I content due to fissiogenic produc-
tion. The accumulation of fissiogenic '*I (and hence also '*°I/1) is
greater if dilution occurs at 40 Ma rather than at 10 Ma. (b)
Effect of dilution on '?’I/I ratios. Note that present-day ratios (at
time = 0) differ depending on the extent of dilution as well as
when the dilution occurred (e.g., at 40 Ma or at 10 Ma).
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Table 2

Fruitland Formation starting compositions for aqueous end-members

End-member Cl (mM) I (uM)

1 Ligie (1071)

OCI/Clinic (10°"%) Ty (at/pL)  *Cliyic (at/pL)

Formation water (FW)?* 223 109
Present meteoric (ANT)® 0.01 0.1
Pre-anthropogenic (PRE-ANT)® 0.01 0.1
Seawater (SW)? 530 0.44

2550000

1.04 90.3 140
1600 153 9.63
1600 0.903 9.63

1 0.398 319

% Formation water end-member based on maximum measured I and Cl~ concentrations in production wells (Snyder et al., 2003; Riese
et al., 2005). Assumed to be initially brackish mix of 42% seawater and 58% river water.

® Anthropogenic end-member based on maximum '*’I/I ratio measured for river water in the San Juan Basin (Snyder et al., 2003).

¢ Pre-anthropogenic end-member assumes the same Cl~ and I~ concentrations as for anthropogenic water, but with a marine-cosmo-
genic '2°I/I ratio (Moran et al., 1998) and present-day >°Cl/Cl ratios in the San Juan Basin.

4 Seawater composition based on average Cl~ and total I concentrations (Broecker and Peng, 1982), with **Cl/Cl assumed to be at the

AMS detection limit (Sharma et al., 2000).

When the formation waters are extremely diluted
with low-I PRE-ANT (95-99.5% PRE-ANT) at
40 Ma, the concentration of '*I in solution actually
increases over time because the '*°I contribution
from fissiogenic production exceeds the rate of its
removal by decay. A similar, although less obvious,
pattern develops if meteoric recharge is assumed to
have occurred in the more recent past. For example,
infiltration of meteoric waters at 10 Ma shows the
same trends as for infiltration at 40 Ma but, because
fissiogenic '*’I has less time to accumulate in the
dilute waters, the resulting '*’I concentrations are
lower than for the 40-Ma dilution event.

The dilution of FW water by varying amounts of
PRE-ANT in the past can also lead to significantly
different outcomes for present-day '*I/I ratios
because PRE-ANT dilutes the amount of stable
127 in solution while having no effect on the fissio-
genic production and release of '*°I (Fig. 4b). As
with '’ concentrations, dilution by 5% PRE-
ANT at 40 Ma produces negligible shifts in '*°I/I
ratios, and the effect of even 50% dilution by
PRE-ANT is small. Where the residual quantity of
FW water in the mixture is less than 5%, however,
the 'I/I ratio can actually increase by over an
order of magnitude, provided that the dilution event
occurred sufficiently long ago. If dilution occurs
more recently, the ratio will not increase as much.
For example, a mixture of 0.5% FW and 99.5%
PRE-ANT at 40 Ma will evolve to a ">°I/I ratio of
13.6 x 102 by modern times, while the present-
day ratio will only reach 6.05x 107! for a mixing
event occurring at 10 Ma.

This modeled evolution of the isotopic signature
of mixed water sources over time illustrates two
important principles of the '*’I system. Firstly, if
the objective is to study the organic source of a

hydrocarbon system similar to the Fruitland coals,
dilutions of the original I-rich formation water by
5%, or even by as much as 50%, of more recent
meteoric water will only modestly affect the
observed '*’I/I ratios and I isotopic “ages” calcu-
lated based on those ratios. Secondly, in dilute
hydrocarbon waters, where residual formation
water constitutes less than 5% by volume, the timing
of the onset of mixing will measurably affect the
present-day '*°I/I ratios.

The evolution of '*°I concentrations over time, as
a function of the volumetric fraction of formation
water (Xp,) and the timing of dilution, is illustrated
in Fig. 5a. As with the model illustrated in Fig. 4,
both decay and in situ production of '*°I are
accounted for. For well and surface waters consid-
ered in this paper, the fraction of formation water
in each was estimated by dividing the measured 1
concentration by the highest concentration
observed in the coal formation water (109 uM). It
is possible that higher dissolved I concentrations
exist within coalbed waters but were not among
the sampled locations. Assuming that the I end-
member may be underestimated, the fractions of
formation water calculated by this approach are
likely maximum estimates. For the sake of simplic-
ity, the trend lines assume two-component mixing
of PRE-ANT and FW. Measured values for surface
waters and some monitoring wells plot above the
trend-lines and along the right-hand axis due to
the presence of anthropogenic additions. Nonethe-
less, many of the production wells do fall within
the trend lines. For those samples in which the pro-
portion of formation water (Xp,) is less than 20%,
dilution with pre-anthropogenic meteoric water gen-
erally appears to have occurred much more recently
than 10 Ma (Fig. 5a), a trend that is also supported
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Fig. 5. Modeled effect of mixing different proportions of forma-
tion water with meteoric water at different times in the past.
Arrow labeled ANT indicates that mixing with recent anthropo-
genic water shifts '*’I values above the modeled trend lines. Open
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Fig. 6. Expanded plot, as in Fig. 5, showing I isotopic compo-
sition where the fraction of initial formation water is less than
20%. The plotting location for most of the dilute samples is
consistent with a mixing event occurring sometime between the
present and 10 Ma.

by examination of the observed '*’I/I ratios
(Fig. 5b). An expanded view for these samples
(Fig. 6) shows the trend more clearly, and indicates
that, for these waters at least, the end-member and

production parameters in Tables 1 and 2 appear
to be reasonable. However, when the proportion
of residual formation water (Xpy) drops below
0.05, it becomes increasingly difficult to distinguish
based on the '*’I data alone, whether the waters
have residence times in the tens of millions of years,
or whether a component of anthropogenic meteoric
water may be present.

4. Cl sources in coalbed systems
4.1. 3°Cl derived from the atmosphere

In order to assess the input of groundwater less
than several Ma, a subset of production wells in
the Fruitland Formation and surface waters in the
San Juan Basin were analyzed for *°Cl (Snyder
et al., 2003; Riese et al., 2005). These data provide
further information on mixing of end-member
waters within the coals because the half-life of **Cl
is much shorter (301 ka) than that of '*I such that
very old waters (>1Ma) in the basin may be
assumed to have *°Cl derived entirely from in situ
production.

In areas near the outcrop of the Fruitland For-
mation, most water collected from the monitoring
wells derives from recharge of fresh water with
its content of stable Cl and *°Cl washed out of,
or deposited from, the atmosphere. The predomi-
nant sources of atmospheric **Cl are spallation of
“Ar in the stratosphere (Scheffel et al., 1999),
and neutron-capture by *°Ar in the troposphere
(Andrews et al., 1986). The residence time of *°Cl
in the stratosphere is 2 a (Synal et al., 1990). As
Cl is transferred across the tropopause, the resi-
dence time is reduced to only a few weeks in the
troposphere (Scheffel et al., 1999; Rao et al,
2005), from which it is quickly removed by precip-
itation and dry fallout. Production rates vary by
latitude, and seasonal fluctuations control the loca-
tion and rate of transfer of *°Cl between the strato-
sphere and troposphere (Synal et al., 1990; Scheffel
et al., 1999).

Deposition of atmospheric *°Cl over the oceans
has no detectable effect on seawater *°Cl/Cl ratios.
A global mean deposition rate of 24 atoms *°Cl/
m?s (Scheffel et al, 1999), distributed over
3.6 x 10% km? of ocean (Lisitzin, 1996), with a mean
life for *°Cl of 434 ka (1,/,/In2) yields a steady-state
marine-cosmogenic reservoir of 2.0 x 10° mol. Con-
sidering that the total stable Cl™ reservoir in the
oceans is on the order of 7.4 x 10 mol (550 mM
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Cl, Broecker and Peng, 1982; 137 x 10° km? ocean,
Lisitzin, 1996), the average 36C1/Cl ratio in seawater
is 2.7 x 10~ '®, This ratio is several orders of magni-
tude below the **Cl/Cl detection limit of AMS
(107, Sharma et al., 2000). The cosmogenic flux
of **Cl in rainfall and in freshwater bodies is readily
detectable, however, because of the low background
of stable Cl™ in meteoric waters (usually <1 mM).

On land, the predominant source of stable Cl™ in
rain water is from marine aerosols. Because the sea-
spray component decreases systematically with
increasing distance from the ocean, observed ratios
of *°Cl/Cl from shallow wells and springs show a
corresponding increase with increasing distance
from coastlines (Davis et al., 1998, 2000, 2001).
Based on the highest observed values in surface
waters and monitoring wells in the San Juan Basin,
the meteoric end-member is assumed to have a *°Cl/
Cl of 1600 x 10~ '° (Snyder et al., 2003; Riese et al.,
2005). Although greater than observed in most
localities in the United States, this value is consis-
tent with regional trends across the country (Davis
et al., 2001).

Anthropogenic *°Cl was produced in large
quantities during testing of nuclear devices on
ships and small islands between 1952 and 1964,
as a result of neutron-capture by *°>Cl in seaspray
and seawater. Significant proportions of this
“bomb-pulse **CI” were injected into the strato-
sphere by the nuclear blasts, and subsequently dis-
tributed around the globe. This bomb pulse is
readily observable in ice cores from polar regions
(Elmore et al., 1982; Delmas et al., 2004). These
studies also show that, in contrast with '*°I/I ratios
that continue to increase due to releases from
nuclear reprocessing facilities, *°Cl/Cl values in
precipitation largely returned to pre-anthropogenic
levels as early as the 1970s. The bomb pulse has
also been observed in numerous groundwater stud-
ies (e.g., Bentley et al., 1982) and has become a
widely-accepted method for detecting the presence
of modern (post-bomb) water.

An inverse correlation between **Cl/Cl ratios and
CI™ concentrations for samples from surface water,
monitoring wells and production wells in the San
Juan Basin indicates that the presence of old saline
waters exerts a dominating influence on Cl isotopic
signatures in these waters. To model the temporal
evolution of production waters in the Fruitland
Formation, both meteoric end-members (PRE-
ANT and ANT) are assumed to have the same
3Cl concentrations and *°Cl/Cl ratios (Table 2).

Although monitoring wells and surface water sam-
ples show anthropogenic '*°I/1 values coupled with
elevated *°Cl/Cl as a clear indicator of recent mete-
oric input, bomb-pulse **Cl is not observed in the
production wells completed in the coals. The only
exception to the usual co-occurrence of bomb-pulse
Cl and '®I is a sample from the Florida River,
that shows a high bomb-pulse **Cl/Cl ratio coupled
with a pre-anthropogenic '*°I/I ratio. Such an
apparent discrepancy could easily be explained as
a consequence of mixing of river water with dis-
charge of pre-anthropogenic water from a spring
(Snyder et al., 2003; Riese et al., 2005).

4.2. 3°Cl production in rocks and sediment

In addition to *°Cl atmospheric input into
groundwater systems, “°Cl is produced in shallow
sediments and rocks through cosmic ray interac-
tions, principally spallation reactions of *’K and
40Ca, as well as cosmogenic thermal neutron activa-
tion of *CI. These production mechanisms form the
basis for surface exposure dating methods using
361 (e.g. Phillips et al., 1990; Zreda et al., 1993;
Zreda and Noller, 1998). However, the cosmogenic
influence attenuates rapidly (Andrews et al., 1991),
such that at depths greater than 3 m the predomi-
nant form of in situ *°Cl production is through the
reaction *>Cl(n,y)*°Cl. The neutrons in this case
are those emitted during spontaneous fission of
238U as well as those produced by (o,n) reactions
with light nuclei, for which the sources of a-particles
are the U and Th o-decay series. A major inventory
of *°Cl in subsurface rocks resides in their pore flu-
ids. As such, the distribution of in situ produced
3Cl in old groundwaters differs from a number of
other in situ radionuclides, including '*I, in that it
is produced in the aqueous phase at the same rate
(when normalized to total Cl) as it is produced in
the rock matrix (Lehmann and Purtschert, 1997).

This important and unique characteristic of **Cl
is more obvious when one examines the equation
used to predict its steady-state concentration. The
steady-state concentration of in situ produced **Cl
is calculated as follows (Andrews et al., 1986):

N3 = N35O’¢(l — e’m‘)/}%, (43)

which can be re-arranged to show that the steady-
state ratio is independent of Cl~ concentration:

N36/N35 = G¢(1 — 6713“)/236. (4b)
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In this case, N3s = concentration of *>Cl in solution
(75.77% of the total Cl~ concentration; the remain-
ing 24.23% is *’Cl, which does not participate in the
reaction). The thermal-neutron absorption cross
section for *>Cl, 6 = 43.6 x 1072* cm?, and the decay
constant for *°Cl, /36 =2.3x10"% a (Parrington
et al., 1996). Finally, the thermal neutron flux (@),
in n/cm”a, can be estimated from the elemental
composition of the host formation rocks (Andrews
et al., 1986). Analogous to steady-state radionuclide
concentrations, the neutron flux is determined by
the balance between the rate at which neutrons are
produced in the rock against the rate at which these
neutrons are subsequently attenuated and ulti-
mately absorbed by nuclei in that environment:

& =P,/0n, (5)
where P, is the neutron production rate (n g 'a™!)
and o,is the rock’s macro-absorption cross-section

for thermal neutrons (cm” g~ '). The inverse of oy,
when multiplied by the rock density (gcm ), is

Table 3

the mean neutron pathlength in the rock and is typ-
ically on the order of a few tens of centimeters.

In order to assess the in situ production of *°Cl
within the Fruitland coals, the thermal neutron flux
is estimated from elemental data on whole-coal
composition for the Fruitland Formation. The neu-
tron production rate (P,) may be expressed as
(Andrews et al., 1989):

Pn = /lst[U] + a[U] + b[ThL (6)

where the first term is production of neutrons
through spontaneous fission of 2**U, and the last
two terms are production from (o,n) reactions. As
with Eq. (2), A is the decay constant for ***U spon-
taneous fission (8.5x 107" a~!, Decarvalho et al.,
1982). The average neutron yield per spontaneous
fission of 2**U (v) is 2.0 n/fission (Holden and Zuc-
ker, 1983), and coefficients ¢ and b are neutron yield
factors that are a function of the elemental compo-
sition of the rock matrix (Table 3). In the case of the
Fruitland coals,

Calculated neutron production rate from (o, n) reactions in the Fruitland Formation

Element i Mass Stopping Power” n/yr/g i per® Sample ppm° Weight factor® n/yr/g rock per®
ppm U ppm Th ppm U ppm Th
Li 548 23.860 10.540 20 0.011 0.26 0.12
B 527 62.551 19.779 89 0.047 2.93 0.93
Be 529 265.948 91.561 0.97 0.001 0.14 0.05
C 561 0.455 0.179 591000 331.551 150.97 59.25
N 550 1.920 1.103 13000 7.15 13.73 7.89
O 527 0.236 0.084 296700 156.361 36.85 13.08
F 472 41.330 16.362 65 0.031 1.27 0.50
Na 456 12.535 5.959 2100 0.958 12.00 5.71
Mg 461 5.834 2.564 1000 0.461 2.69 1.18
Al 444 5.116 2.585 24000 10.656 54.52 27.55
Si 454 0.690 0.339 49000 22.246 15.35 7.54
P 433 4.473 0.573 150 0.065 0.29 0.04
S 439 0.103 0.173 9000 3.95 0.41 0.68
Cl 431 1.297 0.793 95 0.04 0.05 0.03
K 414 0.89 0.08 780 0.323 0.29 0.03
Ca 428 0.282 0.026 7800 3.338 0.94 0.09
Fe 351 0.187 0.208 5200 1.825 0.34 0.38
Total 1000000 539 293 125

The factor @ in Eq. (6) is calculated as the ratio of the total neutron yield per gram per ppm U, to the total weight factor, i.e., a = 293/
539 = 0.54. The factor b is calculated similarly for Th:b = 125/539 = 0.23.

2 Mass stopping power for a-particles with an initial energy of 8.0 MeV, with units MeV/(g/cm?) (Ziegler, 1977).

® Elemental neutron yields from Heaton et al. (1988, 1990) and Heaton (personal communication).

¢ Average composition of Fruitland coal from Affolter (2000, Tables A1-13 and A2-13) and the National Coal Resources Data System
(2006), except for O, which was set at the value needed for the total concentration to sum to 1000000 ppm.

4 Weight factor is calculated by multiplying the sample’s fractional concentration of each element (ppm x 10~°) by that element’s mass

stopping power.

¢ Neutron yield per gram of rock per ppm U is calculated by multiplying each element’s weight factor by the neutron yield for that
element per ppm U. The neutron yield per gram of rock per ppm Th is calculated by the same approach.
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P, = 0.43[U] 4 0.54[U] + 0.23[Th], (7)
where U and Th concentrations are in ppm, and the
numerical coefficients have units of n g~ a~! ppm™".
Assuming a basinwide average of U = 2.8 ppm and
Th = 7.0 ppm (Affolter, 2000, Table A2-13) yields
P,=43ng 'a'. Atypical of most geologic for-
mations, (o,n) reactions with C nuclei account
for a large fraction (about 32%) of the in situ neu-
tron production rate in the Fruitland Formation
(Table 3); more commonly, the contribution of neu-
trons from (o, n) reactions with C nuclei is negligible
due to the relatively low C concentration in most
rocks.

The production of **Cl from the *>Cl(n,y)**Cl
reaction is not only a function of the rate of neutron
production in the formation, but also the rate at
which those neutrons are thermalized and attenu-
ated by other elements that compete in neutron scat-
tering and absorption and that control the neutron
energy spectra and the distance over which the
in situ thermal neutron flux attenuates. Using aver-

Table 4

age elemental concentrations for the Fruitland For-
mation coals from Affolter (2000) and National
Coal Resources Data System (2006), the macro-
absorption cross-section for thermal neutrons is
1.59 x 1072 g/cm? (Table 4). The resulting thermal-
neutron flux is 270 ncm 2 a~', and corresponds to
a low secular equilibrium *°Cl/Cl of 4x107"°.
Because the neutron yield per ppm C is considerably
less than the yields for Si and Al (Table 3), this esti-
mated neutron flux for Fruitland coals is less than
fluxes calculated for other sedimentary rocks, such
as those in the Milk River aquifer (shale @ =
331 n/cm?/a; sandstone @ = 674 n/cm?/a; Andrews
et al., 1991), and in the Great Artesian Basin (shale
@ =915n/cm?*/a; sandstone @ =410 n/cm?/a;
Lehmann et al., 2003). Nonetheless, the validity of
the approach is indicated by the observation that,
in both of these groundwater studies, measured
35CI/Cl ratios in the distal portions of the flow sys-
tems matched those predicted from the calculated
neutron fluxes.

Calculated macro-absorption cross-section for Fruitland Formation coal

Element
concentration® (ppm)

Macro-absorption thermal neutron
cross section® (10° cm?/g rock)

V4 Atomic Thermal neutron absorption
weight cross-section® (10%* cm?)

1 H 1.0 0.333
3 Li 6.9 71
5 B 10.8 764
6 C 12.0 0.0035
7 N 14.0 0.0747
8 (¢} 16.0 0.00028
9 F 19 0.0094

11 Na 23.0 0.53

12 Mg 24.3 0.066
13 Al 27.0 0.23

14 Si 28.1 0.168
15 P 30.97 0.17

16 S 32.07 0.516
17 Cl 35.453 33.5

19 K 39.1 2.1

20 Ca 40.1 0.43

22 Ti 47.88 6.1

25 Mn 54.9 133

26 Fe 55.8 2.56

62 Sm 150.4 5600

64 Gd 157.3 49000

51000 10144
20 123

89 3787
591000 104
13000 42
244548 3
65 0
2100 29
1000 2
24000 123
49000 176
150 0
9000 87
95 54

780 25
7800 50
1100 84
45 7
5200 144
2.9 65

4.8 900
1000000 15949

# Cross-sections from Parrington et al. (1996).

® Average composition of Fruitland coal from Affolter (2000, Tables A1-13 and A2-13) and the National Coal Resources Data System
(2006), except for O, which was set at the value needed for the total concentration to sum to 1000000 ppm.

¢ Each element’s contribution to the rock’s macro-absorption cross-section is calculated as the product of its atomic density in the rock
and its absorption cross-section for thermal neutrons. These contributions are then summed to obtain the rock’s total macro-absorption

cross-section (i.e., 0.0159 cm?/g in this case).
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4.3. Temporal trends resulting from mixing of
formation and meteoric waters

If the predominant CI~ source in waters of the
Fruitland Formation were to have a minimum resi-
dence time of about 2 Ma, then the 36C1/ClI ratio
would have attained secular equilibrium with the
neutron flux of the coals. Modeled time trajectories
in Fig. 7a shows the effect of diluting formation
waters at an arbitrary point in time (5 Ma), using
end-member concentrations and °Cl/Cl ratios
defined in Table 2 and the neutron flux estimated
in the previous section. The effect of dilution by
meteoric water on *°Cl concentrations is quite differ-
ent than its effect on '*’I. Because dilution effectively
reduces the concentration of stable *>Cl available to
undergo (n, y) reactions, secular equilibrium concen-
trations for different degrees of dilution never con-
verge, although equilibrium *°Cl/CI ratios do. In
contrast, in situ production over tens of millions
of years produces converging '*’I concentrations
(Fig. 4a). Secular equilibrium *°Cl concentrations
and 3°Cl/Cl ratios are established after approxi-
mately 2 Ma (Figs. 7 and 8). Even if Cl™ -rich waters
were to enter the coalbeds from some other external
source, for example inter-formational flow of brine
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Fig. 7. Model plots showing the effect of instantaneous dilution
of Cl -rich formation waters by meteoric water at 5 Ma. Older
FW water in secular equilibrium with respect to >°Cl in the coals
is indicated by the dashed line. (a) New secular equilibrium values
for 3°Cl are reestablished as a function of the stable CI~ content.
(b) Effect of dilution on **Cl/Cl ratios. The initial peak ratio at
the time of mixing with meteoric water is only detectable in
waters containing less than 5% of the FW component, and decays
back to secular equilibrium values within 2 Ma or less.
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Fig. 8. Modeled **Cl composition as a function of the fraction of
CI™ derived from FW at 5 Ma (white line) and at the present
(black line). (a) Secular equilibrium values for **Cl decrease with
increasing dilution (i.e., lower Xp, values). Only one sample
shows possible admixture of bomb-pulse *°Cl with FW. (b)
Because secular equilibrium values of *°Cl are directly propor-
tional to stable Cl concentrations, >°Cl/Cl ratios do not change
appreciably.

from a more uraniferous deeper layer below the
Fruitland Formation, local secular equilibrium val-
ues would still be re-established within a couple of
million years.

Fig. 7b also illustrates that the presence of even
seemingly minor amounts of formation water will
dramatically decrease the elevated *°Cl/Cl ratios
that are characteristic of meteoric waters. For exam-
ple, the presence of only 0.5% formation water
reduces the *°Cl/Cl ratio from 1600 x 10~'° (repre-
senting local surface waters) to less than 25x
10" in the mixture. This sensitivity is further illus-
trated over a broad range of mixing ratios (Fig. 8) as
well as an expanded plot showing the effect of the
presence of 2% or less of saline formation water in
a system that is otherwise derived from meteoric
sources (Fig. 9). The CI™ fraction, Xy, was calcu-
lated from the ratio of measured and end-member
Cl™ concentrations. As has been discussed by pre-
vious investigators (e.g. Davis et al., 2000), this
sensitivity often complicates attempts to trace the
migration of meteoric waters through aquifer sys-
tems based on *°Cl age-dating of the input source
(Davis et al., 2000).

The 3°Cl concentrations and 3°Cl/Cl ratios mea-
sured for the production wells coincide with the
in situ secular equilibrium values calculated from
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Very dilute samples show slight excess amounts of *°Cl. (b) None
of the dilute samples show secular equilibrium values (5 Ma) for
36Cl, suggesting that mixing occurred at less than 2 Ma.

Eq. (4b) (Fig. 9). Deviations between trends pre-
dicted for old mixing and recent mixing (Fig. 8)
are less obvious than those observed with 1. Dis-
cernible differences only arise for the case in which
mixing occurred more recently than 2 Ma, and
the remaining formation water is less than 1%
(Fig. 9). Of the production-well samples for which
Xrw <0.01, none appear to have attained secular
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equilibrium with respect to *°Cl, as illustrated by
their position well above the trendline for mixing
occurring at 5 Ma. This disequilibria supports the
hypothesis that mixing occurred in recent (<2 Ma)
times for these waters.

Combination of the '*’I and **Cl systems eluci-
dates the nature of the mixing trends affecting dilute
groundwaters (Fig. 10). For waters older than 2 Ma,
%CI/Cl ratios are indistinguishable from secular
equilibrium values, while the '*°I/I ratios are gener-
ally less than 500 x 10~'°, depending on the propor-
tion of formation water present. A subset of points
with low '*I/1 ratios plots roughly along the 0 Ma
line, which supports the interpretation that meteoric
water mixed with formation waters at some time
before 50 a ago (i.e., no anthropogenic component
is present), but much less than 1 Ma. The points
in this second group plot slightly under the 0 Ma
mixing line (and perhaps shifted slightly to the left,
in terms of *°Cl/Cl ratios). This shift is also seen in
points plotting slightly above the 0 Ma mixing line
in Fig. 9b, and may be due to the fact that the
assumed pre-anthropogenic *°Cl/Cl ratio for the
pre-anthropogenic end-member could be underesti-
mated. Finally, a third large subset consists of
points which do not fall on any of the trajectories
and have high '®I/I ratios that most likely reflect
the presence of anthropogenic '*°I.

It is worth noting that the abundance of wells in
each of the three subsets is not representative of
the overall density of wells in the Fruitland,
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Fig. 10. Dilution more recently than 5 Ma has a combined effect on ’I/I ratios and 3°Cl/Cl ratios. Although “ages” derived from both of
these isotopic systems in dilute waters may not coincide, modeled mixing trajectories show consistent values in the waters with low '*°I/1
ratios. Points that fall above the mixing trajectories indicate addition of anthropogenic waters younger than 50 a.
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because dilute waters near the formation’s outcrop
were intentionally selected for *°Cl studies. None-
theless, the trends do show how a combined
approach can clearly distinguish mixing between
mixing of formation waters with either recent pre-
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anthropogenic or anthropogenic waters. Because
present-day “°CI/Cl ratios are indistinguishable
from pre-anthropogenic ratios, data for the moni-
toring wells and surface waters all plot above the
mixing lines for waters younger than 4 Ma in
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Fig. 11. (a) Map of Type Producing Areas (TPA) (modified from Meek and Levine, 2006) and wells sampled in this study. (b) Distribution
of %I concentrations by Type Producing Area, plotted against mixing fraction. As with Figs. 5 and 6, mixing lines show the effect of
diluting the formation water with meteoric water at 70 Ma, 50 Ma, 30 Ma, 10 Ma and 0 Ma.
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Fig. 10, but not to the right of the 0 Ma mixing
line. Varying contributions of anthropogenic
waters in this figure therefore produce a vertical
shift in "I, but do not show any horizontal shift
in 3°Cl/Cl. The production well data that do not
fall on the mixing trajectories must also have an
anthropogenic '*°I/I component, because horizon-
tal shifts in **CI/Cl would not cause them to fall
within the predicted mixing trajectories.

5. Iodine isotopic signatures and well production
history

The Fruitland Formation coals may be subdi-
vided into subregions based on production histories
as well as the compositions of the fluids recovered
(Meek and Levine, 2006). Because one expects reser-
voir characteristics to be controlled largely by
hydrologic characteristics such as pore connectivity,
rates of flushing, and water residence times, it is log-
ical to look for correlations not only between the
1291 distributions and geologic structures in the
basin, but also between '*’I and gas compositions
and production characteristics. Within the study
area, Fig. 11a delineates four broadly-defined pro-
duction areas based on consistency in reservoir
characteristics and distinctive production behaviors
(Meek and Levine, 2006). These “Type Producing
Areas” (TPAs) are geographically delimited roughly
in the same NW-SE direction as paleoshorelines
(Fassett, 2000) and preexisting basement linears
(Riese et al., 2005).

e TPA-1, SW of the study area, consists of wells
with moderate to low cumulative production of
fluids with moderate gas to water ratios (G/
W >20) (Meek and Levine, 2006).

e TPA-2 has significantly higher gas to water ratios
(G/W>200) and low CO, (Meek and Levine,
2006). TPA-2 wells have very low cumulative
gas production, most produce some oil, and
many produce no water. The area is bounded
by two basement linears, each of which has been
interpreted to coincide with the structural hinge-
line of the basin. The northernmost proposed
location of the hingeline extends to the western
outcrop of the Fruitland just above the state line
(Choate et al., 1984; Fassett, 2000), and the
southernmost proposed location of the hingeline
extends to the western outcrop of the Fruitland
at the NM-CO state line (Scott et al., 1994; Meek
and Levine, 2006).

e TPA-3 wells comprise the high-production ““Fair-
way’’ located to the north of the northernmost
proposed location of the hingeline. TPA-3 wells
have very high cumulative gas production, G/ W
between 20 and 200, >10% CO,, and high peak
gas-producing rates (Meek and Levine, 2006).

¢ Finally, TPA-4 wells have moderate cumulative
gas production, and very low gas/water ratios
(<20) (Meek and Levine, 2006).

In the relatively few samples that have been col-
lected from TPA-1 and TPA-2 for the present study,
none of which is >15 km from the western outcrop,
these two areas generally have <10% residual for-
mation waters and show the presence of meteoric
water young enough to contain anthropogenic I.
Iodine concentrations in TPA-3 are variable. The
lowest I concentrations, in samples dominated by
meteoric water and containing <3% residual forma-
tion water (Fig. 10) are downgradient of the western
Fruitland outcrop, near the hingeline of Choate
et al., 1984. Many of the points for TPA-3 further
away from the outcrop have 10-30% residual for-
mation water and are clustered between the 0 Ma
and 10 Ma mixing lines. None of them, however,
fall directly on the 0 Ma line, suggesting that deep
within the Fruitland flow system, dilution of the for-
mation water with meteoric water occurred millions
of years ago. A large proportion of the TPA-4 sam-
ples, however, plot either vertically along the mete-
oric water axis, indicating infiltration of young
meteoric water with anthropogenic isotopes, or they
plot along the 0 Ma mixing line, indicating that for-
mation waters were diluted by a meteoric water
component at some time before anthropogenic pro-
duction of '*°I, but still on a scale that could range
from as recently as 50 a ago, but equally possible, as
distant in the past as a few million years ago.

6. Concluding remarks

Much of the debate surrounding interpretation
of '?I and *°Cl data in dilute basin waters can be
traced to uncertainties about the sources of, and
mixing between, potential end-members. Nonethe-
less, the interpreted behavior of the hydrologic sys-
tem must be consistent with these data, along with
other chemical and isotopic considerations. If the
Fruitland Formation can be considered as a repre-
sentative case study, then a number of generaliza-
tions can be made regarding dilute waters,
particularly in hydrocarbon systems:
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1. In theory, formation waters should have 1291/1
ages that, after accounting for contributions
from in situ production, are similar to the age
of the source of organic matter with which
the water is, or has been, in contact. In the
case of coalbed methane systems, the relevant
12I_based age is likely that of the coals them-
selves. Minor dilution by pre-anthropogenic
water (<5%vol.) does mnot significantly shift
I291/1 ratios of the I-rich formation waters,
and even dilutions by up to 50%vol. in the past
will yield approximately the same present '*’I/I
ratio.

2. Extremely dilute waters that contain less than
5%vol. of the original formation water may actu-
ally show an increase in 1291/] ratios and '*°1 con-
centrations over time due to fissiogenic
production. By modeling the ingrowth of fissio-
genic '*I as a function of time and using site-spe-
cific parameter values, one can approximate, or
at least bound, the onset of dilution. In the case
of the Fruitland Formation, groundwaters
affected by extensive dilution by meteoric water
show that this mixing most likely occurred within
the past 10 Ma. This interpretation is consistent
with that based on *He data obtained from sam-
ples along the Western margin of the basin, in the
area denominated by the Fairway (Zhou and
Ballentine, 2006).

3. Where the fraction of residual formation water
in the coals is less than 1%vol., **Cl/Cl ratios
clearly indicate that dilution has occurred
recently and does not represent compartmental-
ization of syndepositional features such as
paleo-stream channels in the coal-forming peats.
Waters in contact with the coals for over 2 Ma
all show secular equilibrium concentrations of
36C1 as well as *°Cl/Cl ratios. Only one sample
deviates significantly from these two trends, per-
Eléaps as the result of the presence of bomb-pulse
“CL

4. Where '?I/I ratios are much greater than the
corresponding pre-anthropogenic **Cl/Cl ratios,
the groundwater most likely contains '*’I from
anthropogenic sources, indicating a component
of the groundwater has a residence time less than
50 a. In general, these samples also contain less
than 5% of the original formation water compo-
nent, and are situated just south of the NM-CO
state line where coalbeds show thinning and frac-
turing (Riese et al., 2005) or along the areas of
formation outcrop.

5. Stratigraphic pinchouts and discontinuities
between the coalbeds appear to be the major fac-
tors in isolating waters in the TPA-4 region from
TPA-3, to a greater extent than regional struc-
tural features such as the presence of a basin hin-
geline (Meek and Levine, 2006; Riese et al.,
2005). The recent interpretation of the data sug-
gests that infiltration of paleowaters into TPA-
4, more recently than a couple of Ma, was much
more pervasive than in TPA-3. TPA-3 still has
areas of recent recharge, but these appear to be
limited to an area near the western outcrop of
the Fruitland Formation.

This paper presents a fairly simple mixing model
which does not contemplate all possible factors
influencing '*°I and **Cl signatures in dilute forma-
tion waters. The possible role of the influx of fresh
water on enhancing microbial degradation of
organic matter and the release of I is one area that
merits investigation. Nonetheless, the assumption
that I is released from the peat deposits into intersti-
tial waters during the early stages of diagenesis to
form coal seems to be reasonably valid insomuch
as the observed values matched reasonably with
the modeled trajectory curves. The effect of exten-
sive migration of brines from sources with vastly
different lithologies into present-day traps has also
not been discussed. Despite these caveats, this
approach to interpretation of the Fruitland isotopic
data provides a framework for determining time-
series interactions of saline and fresh waters in other
localities. By extension, this approach may also be
applicable to evaluating the extent to which por-
tions of large basins are subject to active through-
flow, or whether they are relatively static. Further
work should be carried out to test to what degree
the '*I system is coupled to that of the noble gases
as well as to stable isotope systems that are influ-
enced by both microbial and thermogenic gas
production.
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