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4He dating of groundwater associated with hydrocarbon reservoirs
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Abstract

In this study, we show how physical models describing hydrocarbon/groundwater interaction can be developed by the noble
gases in the hydrocarbon phase and, based on these models, initial crustal radiogenic 4He concentrations in the associated
groundwater can be calculated. Considering both in situ 4He production and 4He from an external crustal flux, this allows the 4He
age of the groundwater associated with each hydrocarbon reservoir to be derived. We illustrate the strengths and weaknesses of this
approach using data from case studies from the San Juan Basin coalbed methane gas field in New Mexico, USA, the Magnus
oilfield in the UK North Sea and the Hugoton-Panhandle giant gas field that spans Kansas, Texas and Oklahoma, USA.
© 2005 Elsevier B.V. All rights reserved.
Keywords: Noble gases; Groundwater; Dating; Hydrocarbon reservoirs; Oil; Gas
1. Introduction

Groundwater interaction with oil and natural gas
plays a key role in hydrocarbon migration, filling and
lifetime of a reservoir. On the basin scale the
hydrodynamic system can physically control the
secondary migration of oil and gas (e.g. Toth and
Corbett, 1986; England et al., 1987; Ballentine et al.,
1991). The interaction of water with the rock controls
the creation or destruction of the porosity which in turn
determines both the regional and reservoir aquifer
quality (Summa, 1995; Ballentine et al., 1996; Lynch,
1996; Heydari, 2000), while extensive contact with
groundwater can remove the most soluble phase through
the process of ‘water washing’, degrading the quality of
the reservoir hydrocarbons (Lafargue and Barker, 1988).
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Furthermore, groundwater can transport microbes to
isolated or previously sterilized subsurface environ-
ments (Scott et al., 1994; Martini et al., 1996, 1998;
Colwell et al., 1997; Tseng and Onstott, 1997; Walvoord
et al., 1999) with resulting microbial biodegradation and
alteration of oil and natural gas (Horstad et al., 1992;
Rueter et al., 1994; Zengler et al., 1999). Understanding
the timing however, remains a fundamental limiting
factor in assessing when and on what time scale these
processes have occurred.

At present there are a number of techniques available
for dating groundwater. Assuming flow continuity,
groundwater ages can be determined hydrologically
based on Darcy's law, but remains of limited use when
applied to old and deep basinal fluids (e.g. Ward and
Robinson, 2000). The most common radiometric dating
methods in groundwater research use the decay of
cosmogenic or anthropogenic radioactive species to
obtain ages, such as 14C, 129I and 36Cl (Fontes and
Garnier, 1979; Fabryka-Martin et al., 1987). However,
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these methods have their specific dating ranges, for
example, 14C (T1 / 2=5730 years) can be used to date
groundwaters up to 25,000–30,000 years old, with
various correction required to account for the complex-
ity of the local geology, hydrogeology and geochemistry
(e.g. Fontes and Garnier, 1979).

Noble gases provide several important additional
tracer systems that constrain groundwater residence,
each encompassing a specific dating range (Kipfer et al.,
2002). For example, 222Rn (T1 / 2=3.82 days) is suitable
to trace groundwater processes that occur on a time scale
of days (e.g. Hoehn and von Gunten, 1989). Anthropo-
genic radioisotope 85Kr (T1 / 2=10.76 years) and tritium
decay to 3He (T1 / 2=12.32 year) can be used to date and
identify young groundwater with ages up to about 60
years (e.g. Weise et al., 1992; Solomon et al., 1993). The
cosmogenic radioisotope 39Ar (T1 / 2=269 years) dates
the groundwater residence time between the ranges
which can be dated by 14C, 85Kr and H–3He (100–1000
years) (e.g. Loosli, 1983). In addition, the cosmogenic
radioisotope 81Kr (T1 / 2=230,000 years) can be used to
determine water residence times on time scales of 105

years, but because of technical demands remains highly
specialised with only a limited number of case studies
(e.g. Collon et al., 2000; Lehmann et al., 2003). On
typical basinal fluid timescales, by far the most
investigated groundwater dating tool remains the
accumulation of stable radiogenic 4He and 40Ar in the
groundwater, used for estimating groundwater residence
on the Kyr to Myr timescales (e.g. Torgersen and Clarke,
1985; Torgersen and Ivey, 1985; Marty et al., 1993,
2003; Castro et al., 1998a,b; Osenbrück et al., 1998;
Kipfer et al., 2002; Lehmann et al., 2003; Patriarche et
al., 2004).

In this paper, we review how atmosphere-derived
noble gases, originally dissolved in the groundwater,
have been used to develop physical models to quantify
gas/groundwater and oil/groundwater interaction. We
show how these models allow us to compute the original
4He in the groundwater phase associated with natural
gas and oil reservoirs, and therefore enable a model 4He
age estimate of the hydrocarbon associated groundwater
to be made. We use data and models from three existing
studies to illustrate the application of this approach to
very different mechanisms of hydrocarbon–water inter-
action: (1) The San Juan Basin coalbed methane gas
field in New Mexico and Colorado, USA (Zhou et al., in
press); (2) The Magnus oilfield, North Sea, UK
(Ballentine et al., 1996); and (3). The Hugoton-
Panhandle giant gas field in Kansas, Texas and
Oklahoma, USA (Ballentine and Sherwood Lollar,
2002).
2. 4He as a groundwater dating tool

2.1. 4He in the groundwater

The accumulation of radiogenic 4He in basin aquifers
provides a suitable geochronometer for groundwaters
because (1) the production of radiogenic 4He is
significant and easily identifiable from the natural
atmospheric background and (2) the transfer of the
4He from rock to fluid is fast on a geological time scale
in most systems (Ballentine and Burnard, 2002). The
use of this geochronometer requires the quantification of
the accumulation rate of 4He in groundwater. The
amount of 4He accumulated in a groundwater system
can be expressed as:

½4He �¼ ½4He �ASWþ½4He �in situ productionþ½4He �external flux
ð1Þ

Where:

[4He] 4He concentration in groundwater
[4He]ASW Atmospheric 4He concentration in air satu-
rated water

[4He]in situ production In situ crustal radiogenic 4He con-
centration in the groundwater

[4He]external flux

4He concentration in the groundwater-

derived from external sources.
[4He]ASW is a function of temperature and pressure at
groundwater recharge and fixed by the equilibrium
solution of atmospheric 4He. It is normally low due to
the low He solubility in water and the low concentration
of He in air. Both [4He]in situ production and [4He]external
flux are functions of time and are described in details
below.

2.2. In situ production and release of 4He into the
groundwater

4He is produced in the crust by α decay of the
235,238U and 232Th decay chains. In situ 4He concentra-
tion in the simplest system is then directly proportional
to the concentrations of these radioelements in the crust,
and time. There are several mechanisms responsible for
the release of 4He from minerals once it is produced,
such as recoil loss, diffusive loss, fracturing loss and
mineral breakdown caused by diagenesis, metamor-
phism or alteration (Torgersen, 1980; Ballentine and
Burnard, 2002; Farley, 2002). The fractional release of
He in the most common minerals can be assumed equal
to unity for aquifer temperatures larger than 50–70 °C
(Ballentine et al., 1994; Lippolt and Weigel, 1988).
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The accumulation of in situ produced 4He in the
groundwater can be expressed as (Torgersen, 1980):

½4He �in situ production ¼
qKJ4ð1−uÞ

u
t ð2Þ

Where:

ρ Density of porous rock in g/cm3

Λ A parameter defining the efficiency of transfer
from the rock matrix to groundwater

φ Rock porosity
J4 The source function of radioactive production

of 4He in the aquifer matrix in cm3 STP 4He/
grock year

t Groundwater residence time in year.

Assuming He loss from matrix minerals is fast on a
geologic time scale (Ballentine and Burnard, 2002), Λ is
considered to be close to 1 and J4 can be expressed as
(Craig and Lupton, 1976):

J4 ¼ 0:2355
� 10−12 ½U � f1þ 0:123 ð½Th�=½U �−4Þg: ð3Þ

Where: [U], [Th]=U and Th concentrations in rock in
ppm.

This accumulated 4He is valid assuming the detrital
minerals in the matrix have not accumulated 4He before
sedimentation, or, it is released completely before
sedimentation. In the case of young groundwaters,
diffusion of inherited 4He into the groundwater could
become the dominant contribution of non-atmospheric
helium (Solomon et al., 1996). But in the deeper and
older groundwaters, the contribution of inherited 4He
trapped in the aquifer rocks are a minor component
compared with other sources (Torgersen, 1980).

2.3. External flux of 4He into the groundwater

Helium water age, computed assuming that radio-
genic helium produced in the aquifer rock has been
quantitatively transferred into the aquifer water, is often
in excess of the 14C age (Heaton, 1984), or the
hydrologic age (Torgersen and Clarke, 1985). Indeed,
there are many examples of groundwater systems that
have concentrations of noble gases orders of magnitude
higher than can be explained by local production,
release and accumulation (e.g. Torgersen and Clarke,
1985; Takahata and Sano, 2000; Kipfer et al., 2002).
This indicates that an external 4He flux into groundwa-
ter is a common phenomenon. A large number of studies
suggested that the origin of such 4He “excess” is from
the deep continental crust (e.g. Heaton, 1984; Andrews,
1985; Torgersen and Clarke, 1985; Stute et al., 1992;
Marty et al., 1993; Castro et al., 1998a,b; Castro, 2004;
Patriarche et al., 2004). Several studies also advocated
that it is from intra-basinal sources such as old and
stagnant waters, aquifer rocks and adjacent aquitard
rocks (Tolstikhin et al., 1996; Pinti and Marty, 1998), or
detrital minerals rich in inherited He and altered at low
temperature (Torgersen, 1980; Solomon et al., 1996).
These sources are probably contributing variable
amounts of radiogenic He to deep aquifer waters, and
their respective strengths can only be assessed by
studies addressing well-documented aquifers.

A steady state crustal degassing model was devel-
oped to account for the high 4He concentrations in the
groundwater from the Great Artesian Basin, Australia
(Torgersen and Clarke, 1985, 1987; Torgersen and Ivey,
1985; Torgersen, 1989; Torgersen et al., 1992; Bethke et
al., 1999). This model requires the entire crustal volume
to be releasing its radiogenic noble gases into the aquifer
at the same rate as they are being produced. Similar
‘steady state’ rates have been inferred in other regional
groundwater systems such as the Saijo Basin, Japan
(Takahata and Sano, 2000), and the Paris Basin (Castro
et al., 1998a,b), and from natural gas reservoirs (Sano et
al., 1986). Estimates of 4He flux into lakes can also be
calculated with some showing similar values to the
steady state reference, but with an order of magnitude
variance (Kipfer et al., 2002). Both higher and lower
fluxes than the average crustal degassing are observed
elsewhere (Ballentine et al., 1991, 2002; Winckler et al.,
1997; Kipfer et al., 2002). An explanation for this
variance arises when we consider in more detail the
environment in which 4He is produced.

Since 4He is not produced in sufficient quantities to
form a continuous fluid capable of advective flow, it
remains in trace quantities in the local pore fluids in the
crust. The transport of the 4He from the deep crust to
near surface groundwater is dependant therefore on the
behaviour of the fluid in the pore space. In a system that
has no advective fluid flow, transport will occur by bulk
diffusion, which in turn is controlled by the host rock
characters such as permeability, tortuosity and the fluid
occupying the pore space. When movement of fluid in
the pore space occurs, these fluids will remove or carry
the 4He away from the site of release. However, a
diffusive mechanism cannot account for significant
noble gas mass transport from the deep crust, nor, given
the permeability of the crust, is it reasonable that there is
continuous and widespread fluid loss from the deep
crust. The rate of external 4He flux into groundwater is
more strongly affected by large-scale tectonic events,
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such as orogenesis and crustal extension (Ballentine and
Burnard, 2002; Ballentine et al., 2002; Kipfer et al.,
2002).

Nevertheless, because regional tectonic events result-
ing in metamorphism and 4He release are common, the
assumption that episodic release approximates steady
state for old groundwaters provides a useful reference
model. Based on the steady-state crustal degassing
model, the external flux of 4He into groundwater can
then be expressed as:

½4He �external flux ¼
F4

uh
t ð4Þ

Where:

φ Rock porosity
h Aquifer thickness in cm
t Groundwater residence time in year
F4 Average external crustal 4He flux in cm3 STP

4He/cm2
rock year

F4 can be calculated as:

F4 ¼ J4dqdH ð5Þ

Where:

ρ Average crust density in g/cm3

H Average crust thickness in cm.

The external flux of 4He into groundwater can also
be from the mantle. This contribution is simply resolved
using the different isotopic ratios of 3He / 4He in the
crust and mantle (Ballentine et al., 2002). Other
uncertainties include the difficulties to obtain the
porosity of the media, the grain size, the uranium and
thorium concentrations in the solid phase, the inhomo-
geneities in uranium, thorium series elements and the
release mechanism for 4He from the solid phase.
Probably the greatest of these uncertainties however, is
the assumption that the steady state crustal degassing
flux can be applied to all systems requiring an external
flux. Case studies cited above clearly show up to an
order of magnitude variation in this flux, and without
local calibration (e.g. Castro et al., 1998b) or corrobo-
ration this does not a-priori enable a useful estimate of
error on this variable to be made. In the absence of
calibration, 4He groundwater ‘ages’ only provide an
indication of the groundwater age and, although relative
dates will still be robust, absolute ages derived by this
technique must be considered to be semi-quantitative. In
systems where no other dating tool exists, this
information is still able to provide critical insights into
the timing of basinal fluid migration.

3. Case studies

3.1. Dating groundwater associated with San Juan
Basin coalbed methane gas field, New Mexico/Color-
ado, USA

3.1.1. Geological background
The San Juan Basin, located across north-west New

Mexico and south-west Colorado, USA, is currently one
of the most prolific coalbed gas basins in the world (Fig.
1). The coal was deposited as peat during the Late
Cretaceous. Localized post-coalification structural uplift
occurred in the northernmost part of the basin,
generating a structural hingeline. To the north of the
hingeline, the coalbeds are highly fractured with
resulting high hydraulic conductivity. To the south of
hingeline the water permeability is low. The stratigraphy
of the basin is characterized by alternating horizons of
sandstones, limestones and shales of Cambrian to
Tertiary age. Pictured Cliffs sandstones acted as plat-
forms for Fruitland peat accumulation. The Fruitland
formation is conformably overlain by the Kirtland shale
throughout most of the basin (Scott et al., 1994).
Meteoric water recharges the coalbed on the northwest
basin margin. To the north of the structural hingeline is
an artesian overpressured region, but the hingeline
forms a barrier for water flow to the low permeability
underpressured southern section. The gas production is
high in the artesian overpressured area compared to the
underpressured area due to enhanced biodegradation of
the coal in this region (Scott et al., 1994).

Mavor et al. (1991) showed evidence of geological
young groundwater in the Fruitland formation coalbed
site with 14C groundwater ages of around 33,000 years.
Using 26 and 43 km flow paths from the north western
and northern basin margins respectively, the residence
times of Fruitland formation groundwater, calculated by
Darcy's law, were approximately 15,000 and 28,000
years. However, a recent study of groundwater both in
underpressured and overpressured areas of San Juan
Basin coalbed gas field, using 129I, 36Cl and stable
isotope of 18O and D (Snyder et al., 2003), shows a
contradictory result. A significant group of groundwater
samples has 129I / I ratios between 100×10−15 and
200×10−15, indicating minimum iodine ages close to
60 Ma. If these ages are corrected for the addition of
fissiogenic 129I, they are compatible with the deposi-
tional age of the Fruitland formation (Late Cretaceous).
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Phillips et al. (1986, 1989) and Stute et al. (1995) studied
the aquifer overlying the Kirtland shale and Fruitland
formation in the underpressured area of the San Juan
Basin showing the groundwater 14C ages in theses
overlying aquifer to range from modern to 35,000 years.

3.1.2. Developing 4He model groundwater ages
Noble gas studies of gas samples from coalbed

methane gas producing wells in San Juan Basin gas field
showed that the groundwater-derived noble gases in the
produced gas phase can be used to develop a physical
model to describe the gas/groundwater interaction
(Zhou et al., in press). The model is based on the
observation that both groundwater-derived noble gases
(e.g. 20Ne and 36Ar) and resolved crustal radiogenic
noble gases (e.g. 4He and 40Ar) are coherently
fractionated, indicating that they are pre-mixed before
Fig. 1. Geological setting of the San Juan Basin and sampling area. It is loca
deposited as peats during the Late Cretaceous. Localized post-coalification st
the basin. The coalbeds are highly fractured with high water permeability to th
water is low. Meteoric water recharges the coalbed on the northwest basin mar
region, but the hingeline forms a barrier for water flow to the low permeabi
fractionation occurs, probably in the groundwater phase.
This then rules out the possibility that radiogenic gases
associated with the gas phase alone, contribute to the
system. Groundwater 20Ne / 36Ar, and crustal 4He / 40Ar*

measured in the gas phase can both be modelled as open
system gas loss from water following a Rayleigh
fractionation process (Zhou et al., in press). We can
use this model to compute the initial 4He concentrations
in the groundwater before degassing occurred. See
Appendix 1 for detailed calculations. The initial crustal
radiogenic 4He concentrations in the groundwater
associated with different gas producing wells are listed
in Table 1.

If we take an average density of 1.79 g/cm3 for the
coalbed, U and Th concentrations 1.5 and 4.6 ppm,
respectively (Finkelman et al., 1994), a porosity of 15%
in the overpressured area and 3% in the underpressured
ted on the eastern margin of the Colorado Plateau, USA. The coal was
ructural uplift caused a structural hingeline in the northernmost part of
e north of the hingeline, but to the south of hingeline the permeability of
gin. To the north of the structural hingeline is an artesian overpressured
lity underpressured southern section (after Scott et al., 1994).



Table 1
Noble gas data from San Juan Basin, Magnus oilfield and Hugoton-Panhandle giant gas field

Sample well [4He]
(ppm)
(× 10− 2)

[20Ne]
(ppm)
(× 10− 5)

[36Ar]
(ppm)
(× 10− 2)

3He /4He
(R /Ra)
(× 10− 2)

40Ar /36Ar Resolved crustal
radiogenic [4He]
(ppm)
(× 10− 2)

Initial [4He] in
groundwater
(cm3 STP/cm3 H2O)
(× 10− 3)

4He agesc in
closed system
(year)
(× 10+ 7)

4He agesc in
open system
(year)
(× 10+ 4)

San Juan Basin Underpressured area Decker100 634 (5) 161 (3) 62.204 (496) 9.87 (12) 385 (2) 625 (19) 1.96 (4) 10.79 (24) 3.83 (9)

Culpepper Martin 103 4993 (54) 991 (24) 16.537 (99) 8.36 (23) 395 (1) 4930 (237) 1.19 (3) 6.56 (18) 2.33 (6)

Culpepper Martin 109 8371 (91) 1323 (31) 16.416 (97) 10.07 (23) 394 (1) 8241 (366) 1.40 (4) 7.68 (21) 2.72 (7)

Grenier101 10023 (109) 1089 (27) 8.998 (55) 12.29 (47) 428 (1) 9830 (536) 1.85 (5) 10.14 (28) 3.60 (10)

Grenier103 11476 (124) 1344 (32) 11.426 (73) 11.71 (41) 421 (1) 11266 (584) 1.72 (5) 9.48 (26) 3.36 (9)

Atlantic C 202 6226 (67) 261 (8) 2.277 (22) 14.93 (46) 541 (4) 6079 (343) 4.84 (17) 26.61 (94) 9.44 (33)

King200 11592 (126) 411 (12) 2.930 (22) 16.79 (37) 625 (3) 11262(556) 5.46 (18) 29.99 (96) 10.64 (34)

Sanchez2 5470 (59) 245 (7) 4.344 (30) 15.86 (35) 473 (2) 5332 (276) 5.37 (18) 29.48 (99) 10.45 (35)

Overpressured area Southern Ute 304 150.49 (86) 54.00 (90) 1.402 (9) 9.67 (9) 389 (1) 148 (4) 0.73 (1) 22.99 (45) 7.12 (14)

Ute351 34.64 (20) 12.32 (40) 0.365 (2) 10.28 (9) 432 (1) 34 (2) 0.76 (3) 23.94 (81) 7.41 (25)

Ute101 31.12 (34) 3.19 (10) 0.320 (2) 10.68 (9) 441 (1) 31 (1) 3.53 (12) 111 (4) 34 (1)

Ute301 332.29 (2.74) 34.94 (54) 1.284 (7) 9.62 (8) 426 (1) 327 (9) 2.72 (5) 85 (2) 26.38 (50)

Ute112 5.96 (7) 0.59 (7) 0.221 (1) 11.50 (14) 436 (1) 5.85 (97) 4.99 (59) 156 (18) 48 (6)

Ute901 26.26 (29) 4.26 (8) 1.086 (7) 10.27 (7) 425 (1) 25.84 (83) 2.79 (6) 87 (2) 27.08 (61)

Ute141 64.95 (71) 9.43 (25) 0.359 (2) 11.26 (9) 425 (1) 64 (3) 1.98 (6) 62 (2) 19.26 (57)

Ute152 14.51 (16) 3.83 (27) 0.479 (3) 31.78 (23) 419 (1) 14 (1) 1.45 (10) 45 (3) 14 (1)

Ute212 92.59 (67) 34.59 (91) 4.159 (21) 9.98 (8) 411 (1) 91 (4) 1.01 (3) 31.78 (89) 9.84 (28)

Carter Ute 100 103.63 (59) 11.57 (15) 0.221 (2) 12.89 (10) 448 (2) 102 (2) 2.19 (4) 69 (1) 21.28 (38)

Carter Ute 102 31.30 (18) 36.63 (1.00) 0.292 (2) 12.16 (9) 365 (1) 31 (1) 0.17 (1) 5.33 (16) 1.65 (5)

Heizer100 29.65 (17) 4.19 (9) 0.212 (1) 12.64 (14) 442 (1) 29.06 (98) 2.18 (5) 68 (2) 21.18 (51)

Burroughs Com A100 24.59 (14) 1.95 (9) 0.213 (1) 12.29 (12) 439 (1) 24 (2) 4.66 (21) 146 (7) 45 (2)

Page Com 100 34.05 (19) 5.56 (17) 0.259 (2) 12.26 (12) 435 (2) 33 (2) 1.85 (6) 58 (2) 17.96 (59)

Maddox Com 100 382.18 (2.17) 52.98 (1.62) 1.820 (12) 10.90 (8) 428 (1) 376 (17) 2.03 (7) 64 (2) 19.69 (64)

Maddox Waller 101 841.22 (4.77) 76.99 (1.14) 1.857 (12) 11.01 (7) 433 (1) 827 (20) 2.83 (5) 89 (2) 27.43 (50)

Primo Mudge100 41.98 (24) 4.40 (18) 0.299 (2) 13.07 (13) 430 (1) 41 (2) 3.15 (13) 99 (4) 31 (1)

Ute121 4.43 (13) 1.39 (7) 0.125 (1) 11.80 (25) 444 (7) 4.35 (13) 1.12 (7) 35 (2) 10.91 (64)

Ute161 40.8 (1) 15.2 (3) 3.99 (2) 10.00 (11) 418.0 (2) 40 (1) 1.22 (5) 38 (1) 11.81 (44)
Ute132 4.75 (14) 0.597 (44) 0.129 (1) 13.30 (16) 442 (6) 4.65 (14) 3.47 (28) 109 (9) 34 (3)

Ute202 217 (7) 50.6 (9) 5.19 (3) 10.00 (9) 415.0 (3) 214 (6) 1.57 (6) 49 (2) 15.23 (55)
Ute242 25.7 (8) 2.34 (9) 0.426 (2) 12.10 (47) 435 (2) 25.24 (76) 4.59 (22) 144 (67) 45 (2)

Ute231 112 (3) 15.4 (3) 0.500 (3) 10.50 (13) 433 (2) 111 (3) 2.02 (8) 63 (2) 19.64 (73)

Ute401 94.5 (2.8) 26.9 (5) 2.08 (1) 9.53 (1) 423.0 (5) 93 (3) 1.20 (4) 38 (1) 11.64 (42)
Southern Ute 300 70.1 (2.1) 16.3 (3) 0.563 (3) 9.42 (1) 427 (2) 69 (2) 1.21 (5) 38 (1) 11.79 (44)

Stull100 42.3 (1.3) 5.96 (17) 0.233 (2) 12.20 (20) 447 (4) 41 (1) 2.06 (9) 64 (3) 19.96 (86)

Maddox Mark 102 88.4 (2.7) 10.7 (2) 0.308 (2) 12.60 (16) 442 (4) 87 (3) 2.22 (8) 70 (3) 21.53 (81)

Ute221 232 (7) 47.4 (9) 4.15 (2) 10.40 (19) 367.0 (3) 228 (7) 1.72 (6) 54 (2) 16.68 (60)
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Sample well [4He]
(cm3STP/cm3)
(× 10− 2)

[20Ne]
(cm3STP/cm3)
(× 10− 6)

[36Ar]
(cm3STP/cm3)
(× 10− 5)

3He /4He
(R /Ra)

40Ar /36Ar Resolved Crustal
Radiogenic [4He]
(cm3STP/cm3)
(× 10− 2)

Initial [4He] in
groundwater
(cm3STP/cm3H2O)
(× 10− 3)

4He agesc in
closed system
(year)
(× 10+ 8)

4He agesc in
open system
(year)
(× 10+ 6)

Magnus Oilfield A2 0.75 (14) 1.02 (23) 0.43 (15) 0.298 (15) 449 (6) 0.72 (14) 1.46 (58) 2.34 (94) 2.34 (94)
A3 0.86 (18) 0.81 (9) 0.50 (15) 0.324 (6) 442 (5) 0.84 (19) 1.46 (54) 2.35 (86) 2.35 (86)
A4 0.66 (12) 0.78 (8) 0.54 (14) 0.353 (7) 438 (4) 0.65 (12) 1.06 (33) 1.70 (54) 1.70 (54)
A5 0.60 (11) 0.81 (9) 0.48 (13) 0.326 (7) 439 (8) 0.57 (12) 1.05 (36) 1.68 (58) 1.68 (58)
A6 0.59 (9) 0.79 (8) 0.53 (13) 0.363 (7) 440 (3) 0.58 (9) 0.96 (28) 1.55 (45) 1.55 (45)
B3 0.73 (13) 0.79 (9) 0.53 (14) 0.339 (7) 439 (5) 0.70 (13) 1.16 (38) 1.87 (61) 1.87 (61)
B7 0.90 (18) 1.11 (24) 0.49 (16) 0.381 (19) 449 (12) 0.86 (18) 1.54 (61) 2.49 (99) 2.48 (99)
D8 0.79 (14) 0.73 (7) 0.43 (11) 0.354(7) 443 (34) 0.76 (14) 1.53 (48) 2.46 (77) 2.46 (77)

Hugoton-Panhandle
giant gas field

Hefner gas unit #1 0.397 (20) 0.1077 (75) 0.161 851 (11) 6.64 (57) 7.00 (60) 4.28 (37)

Guldner unit #1 0.501 (25) 0.1556 (109) 0.139 835 (16) 5.80 (50) 6.11 (53) 3.74 (32)
Guldner unit #2 0.427 (4) 0.1406 (12) 0.146 889 (5) 5.47 (7) 5.77 (7)
Keller, Ernest #2 0.379 (19) 0.0864 (60) 0.201 1066 (11) 7.90 (68) 8.33 (71) 5.10 (44)
Jarvis unit #2 0.390 (20) 0.1067 (75) 0.200 1038 (20) 6.58 (57) 6.94 (60) 4.25 (37)
Ball Clyde H. #2 0.352 (49) 0.1111 (11) 974 (47) 5.70 (9) 6.02 (9) 3.68 (6)
Wright “C” unit #1 0.369 (4) 0.1187 (12) 0.183 948 (6) 5.60 (8) 5.90 (9) 3.61 (5)
Baughman H-2 0.584 (6) 0.1798 (18) 977 (10) 5.85 (8) 6.17 (9) 3.77 (5)
Crayton A-1 0.426 (21) 0.1188 (83) 0.193 969 (25) 6.45 (55) 6.81 (58) 4.17 (36)
Mills C-1 0.376 (4) 0.1032 (10) 0.206 1155 (29) 6.56 (9) 6.92 (10) 4.23 (6)
Parsely A-1 0.567 (28) 0.1232 (86) 0.208 925 (12) 8.28 (71) 8.74 (75) 5.35 (46)
Oberly A-1 0.489 (25) 0.1613 (13) 0.192 830 (13) 5.46 (28) 5.76 (30) 3.52 (18)
Tucker B-1 0.393 (29) 0.0993 (79) 0.188 967 (18) 7.12 (67) 7.51 (71) 4.60 (43)
Barnes A-1 0.408 (4) 0.157 (16) 913 (18) 4.68 (48) 4.93 (51)
Buzzard D-1 0.454 (23) 0.1584 (111) 0.185 938 (26) 5.16 (45) 5.44 (47) 3.33 (29)
Stonebraker A-69 0.646 (32) 0.2350 (164) 0.211 1113 (7) 4.95 (42) 5.22 (45) 3.19 (27)
Coffee estate #1 0.636 (6) 0.1929 (19) 0.236 1156 (7) 5.93 (59) 6.26 (62) 3.83 (38)
Blake Trust Estate#2 1.047 (52) 0.2923 (205) 0.246 1105 (25) 6.45 (55) 6.80 (58) 4.16 (36)
Mary A Long #1 0.760 (38) 0.1980 (139) 0.204 1039 (17) 6.91 (60) 7.29 (63) 4.46 (38)
Donelson et al. #1 0.983 (49) 0.5032 (352) 0.208 1076 (7) 3.52 (30) 3.71 (32) 2.27 (20)
Sarah Claybaugh #1 0.923 (46) 0.4958 (347) 0.183 865 (33) 3.35 (29) 3.53 (30) 2.16 (19)
Cameron Walls #1 0.661 (33) 0.1752 (122) 0.202 1112 (15) 6.79 (58) 7.16 (61) 4.38 (38)
Horner #1 0.917 (9) 0.3687 (31) 0.184 1058 (14) 4.48 (6) 4.72 (6) 2.89 (4)
Whitherbee #2 0.350 (18) 0.0821 (57) 0.212 983 (11) 7.67 (66) 8.09 (70) 4.95 (43)
Flores 23 0.607 (6) 0.1753 (18) 1118 (12) 6.23 (9) 6.57 (9) 4.02 (6)
Nisbett #1 0.547 (27) 0.1522 (107) 0.190 1045 (9) 6.47 (56) 6.82 (59) 4.18 (36)
Aira 0.000524 16.5 3.12 1 295.5

ASWb
0.0000045 0.17 0.11

1 sigma errors are shown as last significant figures in parentheses.
a Ozima and Podosek (1983).
b Noble gas concentrations in air-saturated water (ASW) were calculated following Henry's Law corrected for an altitude of 600 m, a recharge temperature of 10 °C and an unfractionated excess air component assuming 15% excess air Ne (e.g. Kipfer et al.,

2002; Stute et al., 1992, 1995).
c Errors for 4He ages only include the propagated errors of measured 4He in the calculation.
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Table 2
4He accumulation rates in the groundwater and the parameters used for calculation

[U]
(ppm)

[Th]
(ppm)

Th /U Density
(g/cm3)

Porosity
(%)

Thickness Accumulation rate
(in situ) (cm3 STP
4He/cm 3H2O year)

Accumulation rate
(external) (cm3 STP
4He/cm3 H2O year)

San Juan Basin Underpressured area 1.5 4.6 3.1 1.79 3 15 m 1.82×10− 11 5.13×10− 8

Overpressured area 1.5 4.6 3.1 1.79 15 15 m 3.19×10− 12 1.03×10− 8

Magnus 4.8 7.6 1.6 2.6 25 150 m 6.21×10− 12 6.16×10−10

Hugoton-Panhandle 2.8 10.7 3.8 2.6 15 100 m 9.48×10−12 1.54×10− 9

Average crust Upper 2.8 10.7 3.8 2.6 – 10 km
Lower 0.28 1.07 3.8 3.3 – 30 km

Fig. 2. 4He ages of groundwater associated with coalbed methane
producing wells in San Juan Basin, USA (Errors only include the
uncertainties of 4He in the measurements and calculation of initial 4He
in the groundwater). These ages were calculated assuming the
accumulation of crustal radiogenic 4He in the groundwater is from
both in situ production and an external flux by steady-state crustal
degassing (see text). In the underpressured area, groundwater ages are
increasing as a function of the distance to basin margin recharge area,
but there is no clear spatial trend of groundwater ages in overpressured
area. Groundwater ages in the underpressured area are significantly
younger than those in the overpressured area. This is probably because
the structural hingeline forms barrier for water following in the
overpressured area, but in the underpressured are, there is not such a
restriction.
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area (Stone et al., 1983) (Table 2), the accumulation of
4He in the groundwater by in situ production can be
calculated following Eqs. (2) and (3). This gives an
accumulation rate of 1.82×10−11 cm3 STP 4He/cm3

H2O year in the underpressured area and 3.19×10−12

cm3 STP 4He/cm3H2O year in the overpressured area.
In a closed system, the 4He concentration in the

groundwater is only a function of the 4He accumulation
by in situ 4He production. The calculated 4He
groundwater ages from this relationship are between
6.56×107 to 3.00×108 years in the underpressured area
and between 5.33×107 to 1.56×109 years in the
overpressured area (Table 1). These dates are clearly
not valid because they are even older than the age of the
deposition of the coalbed, and therefore demand an
external 4He flux.

3He / 4He ratios higher than average crustal produc-
tion (0.007Ra) in San Juan gas samples (0.08Ra–0.3Ra)
indicate a resolvable magmatic component (Zhou et al.,
in press). This also requires a flux from beneath of the
basin. Therefore, it has to be expected that radiogenic
4He is transported into the aquifer from the deep crust by
advection, diffusion and/or dispersion. We use the
model developed by Torgersen and Ivey (1985) to
account for the external flux of 4He into an open
groundwater system. The accumulation due to an
external 4He flux into groundwater can be calculated
using Eqs. (4) and (5). The parameters used for average
crust composition (Taylor and McLennan, 1985) are
listed in Table 2 to give an average total crustal 4He flux
of 2.31×106 cm3 STP 4He/cm2 year. Porosities for the
San Juan Basin coalbed are the same as described above.
In addition we need to know the aquifer thickness (e.g.
Eq. (4)). For both over- and underpressured regions the
San Juan coalbed average is 15 m (Table 2). The
calculated 4He accumulation rates from an external flux
into the groundwater are then 5.13×10−8 cm3 STP 4He/
g H2O year in the underpressured area and 1.03×10−8

cm3 STP 4He/g H2O year in the overpressured area. The
difference of the accumulation rate between under-
pressured area and overpressured area is dominated by
the difference in porosity between the two systems. The
accumulation of an external 4He flux into groundwater
is much larger than the accumulation of 4He produced in
situ.

Taking both the in situ 4He accumulation and the 4He
accumulation from the external flux into account, we
calculate groundwater ages to be between 2.33×104 and
1.06×105 years in the underpressured area and between
1.65×104 and 4.84×105 years in the overpressured area
(Fig. 2). In the underpressured area, groundwater ages
increase (solid line) as a function of the distance from
basin margin recharge area. In the overpressured area,
groundwater dates are scattered and while there may be
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a tendency to increase with increasing distance to
recharge (dashed line) there is no clear trend. For all of
the overpressured samples, correction for the Rayleigh
fractionation degassing of the groundwater system is far
higher than for the underpressured samples (Zhou et al.,
in press). Small deviations from the simple degassing
model will propagate uncertainty in the derived 4He
concentration of the water and probably accounts for the
higher degree of scatter in resolved model 4He
groundwater ages for the overpressured portion of the
aquifer. Groundwater ages in the underpressured area
are nevertheless significantly younger than those in the
overpressured area. This is entirely consistent with a
simple hydrogeological model in which the structural
hingeline forms a barrier for water flowing in the
overpressured area, but with no such restriction in the
underpressured area.

3.1.3. San Juan Basin—summary
The 4He groundwater ages we obtained assuming

open and closed systems are 3–4 orders of magnitudes
different from each other. This is because in an open
system, the crustal degassing of 4He into the ground-
water is the dominant 4He accumulation mechanism.
The dates obtained from 1.65×104 to 4.84×105 are the
estimates of the ages of groundwater involved in the San
Juan Basin gas production. As we discussed before, the
choice of physical parameters can affect the relative 4He
dates resolved, with the key variables being aquifer
thickness, porosity and U, Th concentrations, while the
assumption of an average crust 4He flux clearly affects
the absolute dates obtained for the system.

The difference in model 4He age between the two
different regions does appear to have a reasonable
physical basis. The abrupt increase in porosity at the
basin hingeline has clearly had a major impact on
groundwater flow through the high production Fruitland
coal, evidenced by the artesian overpressure of the
associated groundwater. A model in which continuous
recharge of the Fruitland formation occurs at outcrop
will result in the high porosity system reaching
saturation and causing artesian overspressuring because
of the limited leakage caused by the porosity decease at
the basin hingeline. Water in the high porosity system is
then expected to be older than water in the low porosity
and underpressured region, where what limited recharge
occurs is restricted to limited flow pathways, and has no
confinement, enabling continued recharge and flushing
of the system. It is nevertheless impossible to rule out an
increased 4He flux into the overpressured region caused
by enhanced fracturing of the uplifted portion of the
basin being the cause of the relatively older ages in this
portion of the basin. While any spatial information
appears to have been lost in the noise of the over-
pressured San Juan gases, the clear increase in age with
increasing distance from basin margin of the under-
pressured gases provided confidence in the interpreta-
tion of relative age in any one portion of the basin, as
this is far less subject to uncertainty in the 4He flux rate.

The 4He groundwater dates in the centre of the
underpressured area using average crustal flux rates are
consistent with ages of major recharge events (22,000
years BP) reported for the San Juan Basin (Phillips et al.,
1986). These dates also agree with the 14C dates and are
close to the hydrological modelling dates up to the
distance of 20 km from the basin margin recharge area
(Mavor et al., 1991) (Fig. 2). Our results do not support
the groundwater ages of ∼60 Ma reported by (Snyder et
al., 2003) in any sense or form. This result is critical in
understanding the timescale required to generate the
significant/commercial quantities of biogenic gas from
the overpressured Fruitland coal formation. If the
system has been open to fluid flow prior to closure
and establishing the artesian overpressure, suggested by
our data and model age, no significant build up of gas
would be expected prior to overpressuring. The work
presented here then places an upper limit on the time
required to generate these volumes of biogenic methane
on the order of tens of thousands of years.

3.2. Dating groundwater associated with Magnus
oilfield, North Sea, UK

3.2.1. Geological background
The Magnus oilfield is located in the Brent Province

of the UK North Sea (Fig. 3). The field consists of a
single oil phase with no associated gas cap. Hydrocar-
bon accumulations within the Brent Province occur in
Middle Jurassic sandstones located on the dipping
flanks of tilted Jurassic fault blocks which were active
both prior to and after deposition of the reservoir
sandstones. The Magnus Sandstone is Kimmeridgian in
age and was deposited in lobes from a submarine fan
system. The lithology is a fine- to medium-grained
arkosic sandstone with an in-reservoir porosity which
varies between 20% and 27% (Emery et al., 1993).

3.2.2. Developing 4He model groundwater ages
Ballentine et al. (1996) argued that the atmosphere-

derived 20Ne and 36Ar in the Magnus oil have been due
to noble gas partitioning between a seawater-derived
groundwater and the oil phase. An oil and water volume
ratio for the Magnus system of Voil /Vwater=0.009±
0.003 was defined by the magnitude of 20Ne / 36Ar



Fig. 3. Geological setting and sample details of Magnus oilfield. It is located in the Brent Province of the UK North Sea. The major faults are shown
together with isopaches to the base Cretaceous (after Ballentine et al., 1996).
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fractionation from seawater values observed in the
Magnus oil phase. The ratio of radiogenic noble gases
to seawater-derived noble gases in the system is near
constant and it is reasonable to assume that the
radiogenic noble gases would also be partitioned
between the groundwater and oil phase. Because we
know the 4He concentration in the oil phase, the oil /
water volume ratio and have reasonable estimates of
the temperature and salinity conditions under which
partitioning occurred (Ballentine et al., 1996), it is
possible to calculate the initial 4He concentrations in
the groundwater. We present the detailed calculations
in Appendix 2. The initial crustal radiogenic 4He
concentrations in the groundwater associated with
Magnus oil wells are listed in Table 1.

Radioelement concentrations and porosities have
been determined for the Magnus reservoir (Ballentine
et al., 1996). We took the average reservoir U
concentration of 4.8 ppm, Th concentration of
7.6 ppm for the calculation of 4He produced in situ.
The average porosity is taken to be 25% and the
density is taken as the average crust value of 2.6 g/
cm3 (Table 2). Using Eqs. (2) and (3), the calculated
crustal radiogenic 4He concentration accumulated in
the groundwater by in situ production is 6.21×10−12

cm3 STP 4He/cm3 H2O year.
Assuming a closed system, the combination of initial

4He concentration in the groundwater and the accumu-
lation rate of 4He in the groundwater by in situ
production gives the in situ production model ages of
the groundwater associated with the oilfield. They range
between 1.55×108 years and 2.49×108 years (Table 1).
Closed system calculations are clearly nonsensical as
these dates are even older than the deposition of the
reservoir rocks. This shows that the volume of rock
required to produce the radiogenic noble gases within
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the Magnus reservoir cannot be accounted for by in situ
production. Production from outside the Magnus
sandstone formation must therefore provide the pre-
dominant portion of the radiogenic noble gases. The
observation that, in the same way as in the San Juan
system, mantle-derived noble gases are also observed in
the Magnus field provides strong evidence for cross-
formational communication with deeper regions of the
crust (Ballentine et al., 1996).

We use here again the steady-state crustal degassing
model developed by Torgersen and Clarke (1985) to
estimate the external 4He flux into the groundwater
associated with the Magnus oilfield. All parameters are
the same as the average crust values used in San Juan
Basin study, but the aquifer thickness and porosity use
average reservoir values of 150 m and 25%, respectively
(Table 2). Taking an average crustal 4He flux of
2.31×106 cm3 STP 4He/cm2 year, the 4He accumula-
tion rate in the groundwater can be calculated following
Eq. (4). In an open system, the total 4He accumulation in
the groundwater is the sum of the accumulation rate by
in situ production and the accumulation rate by external
flux. The 4He accumulation rate in the groundwater
associated with Magnus oilfield is 6.22×10−10 cm3

STP 4He/cm3 H2O year and dominated by the external
flux. The 4He concentration in the groundwater
associated with the Magnus oil is then accounted for
by model groundwater ages of between 1.55×106 and
2.48×106 years (Table 1; Fig. 4). Considering the error
propagation in the calculation of initial 4He concentra-
tions in the groundwater, which is up to 40% of the
Fig. 4. 4He ages of groundwater associated with Magnus oilfield, UK
(Errors only include the uncertainties of 4He in the measurements and
calculation of initial 4He in the groundwater). There is no clear spatial
trend of groundwater ages in the Magnus oilfield. These dates suggest
that there is no significant preservation of formation water in the
Magnus oil reservoir. The aquifer system, even after the hydrocarbon
sealing formation is in place, is active and replenished (see text for
discussion).
calculated values, these dates are within error of each
other and there is no resolvable spatial trend of
groundwater age preserved in Magnus oilfield.

3.2.3. Magnus oilfield—summary
These model groundwater age of ∼2 Myr can be put

into context by considering the timing of the major
Magnus field geological events: I) 150 Ma since
sedimentation of the Magnus sandstone; II) 90 Ma
since the formation of the trapping structure; and III)
reservoir filling and permeability loss at the oil/water
interface between 62 and 72 Ma (Emery et al., 1993),
closing the system. Because of permeability decrease
due to quartz cementation during oil filling, the model
4He groundwater ages most reasonably reflects the age
of the groundwater contacted by the oil during filling.
While there is a small amount of scatter in excess of
analytical uncertainty, there is no clear spatial trend. As a
starting point we simply consider the average model 4He
groundwater age of ∼2 Myr. This compares with the
average time between trap formation and reservoir filling
of∼25Ma, and between trap filling and sedimentation of
85 Ma. Even given the many uncertainties in obtaining
absolute ages using the 4He groundwater technique, it is
clear that the oil has not contacted water trapped during
the sedimentation of the Magnus sandstone (‘formation
water’). It is also highly unlikely that the water present in
the Magnus sandstone aquifer when the seal was formed
was the water contacted by the oil during migration from
source rock to trap. Only the duration over which time
filling is estimated to have occurred, of some 10 Myr,
starts to approach the model 4He groundwater age we
have derived.

This work then provides a unique picture of the
groundwater environment in a major oil producing
system. There is no significant preservation of ‘forma-
tion’ water. The aquifer system, even after the hydro-
carbon sealing formation is in place, is active and
replenished. On the timescale of, or as a consequence of
oil charging (with concurrent cementation of theMagnus
Sandstone at the oil/water contact), any groundwater
flow through the Magnus aquifer is however limited. A
constraint on the water flux through the system during oil
charging is the total volume of groundwater that the
Magnus oil has equilibrated with. This can be accounted
for by the static volume of water within the Magnus
sandstone aquifer (Ballentine et al., 1996). This limited
volume of water that has contact the oil in turn suggests
that either the 4He estimate of an average water residence
time of 2Ma is too low, or a small amount of flow occurs
and that channelised oil migration pathways during
secondary migration through the Magnus sandstone
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aquifer (e.g. England et al., 1987) limits the volume of
water that the oil equilibrates with. Within the uncer-
tainty of the absolute derived 4He groundwater dates, we
cannot distinguish between these two possibilities.

3.3. Dating groundwater associated with Hugoton-
Panhandle giant gas field, Kansas/Texas/Oklahoma,
USA

3.3.1. Geological background
The Hugoton-Panhandle giant gas field, located

across SW Kansas and the Texas and Oklahoma
panhandles in the USA (Fig. 5), is the case type
example of high nitrogen (∼20%) concentrations in a
(CH4 dominated) natural gas being linked with high
helium (∼0.6%) concentrations. The principal gas
producing zone is from Permian carbonates at between
400 and 900 m depth on the south and western margin of
the Anadarko basin. In the Hugoton section of the gas
field, a combination of stratigraphy and hydrodynamic
trapping are thought to be the main trapping mechan-
isms in this portion of the field. In the Panhandle section
of the field, the Permian structural anticline overlying
the Wichita uplift forms the main trapping mechanism in
this portion of the field.

3.3.2. Developing 4He model groundwater ages
Ballentine and Sherwood Lollar (2002) studied the

noble gases, composition and stable isotope in gas
Fig. 5. Hugoton-Panhandle giant gas field and associated major structural feat
and Oklahoma panhandles in the USA. The principle gas-producing zone is f
and western margin of the Anadarko basin (after Ballentine and Sherwood L
samples from across the gas field and developed a model
to describe the role of the groundwater in the collection,
transport and focussing of the 4He and 4He-associated
nitrogen. In the Hugoton-Panhandle gases, Ballentine
and Sherwood Lollar noted that the groundwater-
derived noble gases were unfractionated from values
found in typical groundwater, suggesting quantitative
transfer from the groundwater into the gas phase. In this
case, the concentration of a groundwater-derived noble
gas, such as 20Ne, in groundwater and the 4He / 20Ne
ratio measured in the gas phase is all that is required to
compute the initial 4He concentrations in the ground-
water. See Appendix 3 for detailed calculations. The
initial crustal radiogenic 4He concentrations in the
groundwater associated with different gas producing
wells are listed in Table 1.

Although the Hugoton-Panhandle system has the
most straightforward model with which to calculate
initial associated-water 4He concentrations, the dimen-
sions of the regional groundwater system that must
have contacted the gas field are unconstrained
(Ballentine and Sherwood Lollar, 2002). Because the
aquifer thickness and porosity is such a fundamental
constraint on derived model 4He age, exemplified by
the San Juan study above, derived ages can be used
with most confidence only in the assessment of change
of relative groundwater age across the system. We
nevertheless, include this study to exemplify both this
particular point and also provide a platform for
ures. It is located and extends 350 km across SW Kansas and the Texas
rom Permian carbonates at between 400 and 900 m depth on the south
ollar, 2002).



Fig. 6. 4He ages of groundwater associated with Hugoton-Panhandle
giant gas field, USA (errors only include the uncertainties of 4He in the
measurements and calculation of initial 4He in the groundwater).
Although these dates are scattered to some extent they are within the
errors of each other if we take all uncertainties into account. There is no
clear spatial trend of these ages along the water flow direction from the
west to the east of the gas field. These dates suggest there is no
significant preservation of formation water during reservoir filling and
seal. The groundwater contacting the reservoir over 320 km length is
similar in age. The groundwater ages of ∼4 Ma is the time required for
the accumulation of N2 and 4He before transport, interaction and
degassing into the gas reservoir.
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discussion of the confidence that can be applied to
understanding the significance of the variance in ages
derived from a single regional system and a discussion
of the usefulness of ‘absolute’ ages even given such
large uncertainties.

In a closed system, if we take an average upper crust
composition to represent Hugoton-Panhandle reservoir
condition, i.e. U concentration 2.8 ppm, Th /U=3.8 and
density 2.6 g/cm3 (Taylor and McLennan, 1985), the
porosity is assumed to be 15%. The accumulation of
4He in the groundwater by in situ production can be
calculated using Eqs. (2) and (3) as 9.48×10−12 cm3

STP 4He/cm3 H2O year. The ages of groundwater
associated with the gas reservoir is then obtained.
These ages are between 3.53×108 and 8.74×108 years
(Table 1).

A simple mass balance shows that the Hugoton-
Panhandle gas reservoir is not a closed system for 4He
(Ballentine and Sherwood Lollar, 2002). The recover-
able gas content of the Hugoton-Panhandle system is
estimated to be 2.3×1012 m3 STP, with an average 4He
content of 0.6%. This gives a minimum volume of 4He
in the system to be 1.38×1010 m3 STP (4He). When
considering two time periods, 300 Ma, representing the
time since the Anadarko basin started to form, and
530 Ma, representing the time since the last Mid-
Cambrian perturbation of the basement system, the
volume of crust required to produce 4He are 202,200
km3 and 114,500 km3, respectively. Parameters used in
this calculation are the average upper crust composition
described above (Table 2). These values can be
compared with the sedimentary fill of the Anadarko
basin below 2 km depth, estimated to be ∼330,000 km3,
and the volume of the crystalline rocks forming the
Amarillo uplift, estimated to be ∼1400 km3 (Ballentine
and Sherwood Lollar, 2002). This simple mass balance
demonstrates that the uplifted crystalline basement
beneath the system is two orders of magnitude too
small to account for the observed 4He. It also suggests
that an external flux of 4He is required to explain the
4He concentration in the groundwater. Again, with 3He /
4He ratios of between 0.14Ra and 0.25Ra, a resolvable
magmatic contribution to the He is also required,
providing further evidence of a deep volatile contribu-
tion to this system.

Although we have used the Anadarko basin for
comparison, unlike the hydrocarbons which for source
maturity reasons are most probably sourced from this
basin complex, there is no reason for the radiogenic
noble gas source to be restricted to this geographical
location. Therefore, the 4He accumulation in the
groundwater is the sum of 4He produced by in situ
production and 4He from the external flux. The
external crustal flux is calculated using Eqs. (4) and
(5) as in the San Juan Basin and Magnus oilfield cases
above. The porosity and thickness of the aquifer
which contacts Hugoton-Panhandle gas reservoir are
arbitrarily taken to be 15% and 100 m. Other
parameters are summarized in Table 2. Again, the
4He accumulation rate in the groundwater by external
flux is much higher than that by in situ production. It
is the dominant part of the 4He accumulation rate in
the groundwater in an open system, which for these
parameters is calculated to be 1.54×10−9 cm3 STP
4He/cm3 H2O year. The model ages of groundwater
associated with Hugoton-Panhandle gas field then are
calculated to be between 2.16×106 and 5.35×106

years (Table 1; Fig. 6). Although the samples are
located along a north–south traverse of the Hugoton-
Panhandle field up to 200 km from the south of the
reservoir, the calculated initial 4He concentrations in
the groundwater and then the groundwater ages are
scattered and show no spatial trend from the south to
the north. When taking into account the uncertainties
of 4He in the measurements, the calculation of initial
4He in the groundwater and the parameters used in
calculation, we argue that they are within error of each
other. This is probably because the direction of the
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inferred groundwater flow is from the west to the east
(Larson, 1971) and these samples are at a similar stage
along the groundwater flow path.

3.3.3. Hugoton-Panhandle gas field—discussion and
summary

Before we discuss the usefulness of our 4He
groundwater ages, we need to consider the timing of
the major geological events of Hugoton-Panhandle gas
field. The erosion and basin filling started pre-
Pennsylvanian and continued until the Permian
(∼300 Ma). The seal for the hydrocarbon reservoir
formed in the late Permian (∼250 Ma) (Parham and
Campbell, 1993), with almost contemporaneous onset
of hydrocarbon oil and gas generation in the
Anadarko basin (Schmoker, 1986). Because the 4He
groundwater ages are within error of each other, we
consider the average model 4He groundwater age of
∼4 Ma. This is far younger than the age of reservoir
formation and filling of the hydrocarbon gases. Even
with extreme uncertainties, it is unlikely that these
groundwater ages can be more than 100 Ma and
similarly is unlikely to be young water. These
groundwater dates suggest that there is no significant
preservation of formation water.

The gases present in the reservoir are a mixture from
two sources. One is derived from groundwater which
contains air-derived and crustal radiogenic noble gases
(including high concentrations of 4He) as well as
nitrogen with a distinct isotopic composition, the other
source has supplied CH4 and N2 without a significant
groundwater contact (Ballentine and Sherwood Lollar,
2002). The model proposed by Ballentine and Sher-
wood Lollar requires the groundwater containing the
dissolved ‘groundwater-derived’ gases to contact an
established gas reservoir, whereupon equilibration
between the gas and water causes almost quantitative
transfer of the dissolved gasses into the gas phase. This
groundwater, although with considerable uncertainty
must have 4He accumulation ages on the order of
millions of years (here ∼4 Ma) to accumulate the 4He
(and N2) before transport, interaction and degassing into
the gas reservoir to form a commercially viable 4He gas
deposit. We can speculate that ∼4 Myr old groundwater
was driven eastwards to contact the established gas field
by tectonic uplift to the west of the system. This could
have been one of a number of events in this tectonically
active portion of the US. At our current level of
understanding of the process that produce 4He and N2 in
reservoirs, even this crude date information is important
to place some constrain on the regional parameter,
groundwater age, which plays the dominant role in
controlling when and how commercial 4He occurrences
are formed.

4. Summary

We show, using three case studies, how the 4He
concentration of groundwater in contact with a hydro-
carbon phase can be estimated from the noble gas
systematics of the hydrocarbon phase. This is dependant
on identifying a physical model that accounts for noble
gas concentrations and fractionation from end-member
compositions, already established for these cases. The
Panhandle giant gas field (Texas, Oklahoma, Kansas)
and the San Juan coal gas field (New Mexico) case
studies illustrate different gas/water interaction. These
show quantitative transferral of dissolved gases into the
sampled gas phase and an open system degassing
behaviour of the source groundwater, respectively. The
third case study, the Magnus oilfield, shows oil/water
equilibrium between phases.

The source of the 4He in the hydrocarbon-associated
groundwater is due to a time-dependant accumulation
process. In all studies 4He produced by radioactive decay
of U and Th within the aquifer itself cannot account for
the concentration of 4He in the hydrocarbon-associated
groundwater, requiring a flux from depth. 3He / 4He
ratios in all studies indicate a small magmatic contribu-
tion reinforcing this conclusion. The assumption of an
average crustal flux based on the steady state production
of 4He in the continental crust is the single most
unconstrained value used in these estimates. In spite of
uncertainty of the local 4He flux, we show from the case
studies how a unique insight into the different systems is
nevertheless possible with these hydrocarbon phase-
derived 4He ages of the associated groundwater.
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Appendix 1. Calculation of the initial 4He in the
groundwater associated with the San Juan Basin
coalbed methane gas field, New Mexico/Colorado,
USA

The noble gas data from The San Juan Basin gas
wells show that 3He / 4He and 40Ar / 36Ar ratios are all
distinct from air ratios. Since measured 4He / 20Ne ratios
range between 854 and 28,200 compared with the
atmospheric ratio of 0.288 in the groundwater this
indicates that atmosphere-derived 4He contributions are
negligible in all cases. This also suggests that the 3He /
4He ratios above crustal production values are due to a
resolvable mantle He contribution to the San Juan gases.
It is nevertheless necessary for completeness to correct
any measured He isotopic composition for air-derived
contributions by using the observed air-derived 20Ne
concentration following (Craig et al., 1978):

ð3He=4HeÞc
¼ ð3He=4HeÞs�ð4He=20NeÞs=ð4He=20NeÞair−ð3He=4HeÞair

ð4He=20NeÞs=ð4He=20NeÞair−1
ð6Þ

where: subscripts c, s and air refer to the corrected,
measured and air-derived ratios, respectively. After this
correction (3He / 4He)c≈ (3He / 4He)s in San Juan Basin
gas samples.

Once atmosphere-derived He is subtracted, the 3He /
4He ratio represents the sum of only two components,
the crust and the mantle. The contribution of crust 4He is
then given by (Ballentine et al., 2002):

½4He �crust ¼
½4He �total � ½ð3He=4He Þmantle−ð3He=4HeÞc�

½ð3He=4HeÞmantle−ð3He=4HeÞcrust�
ð7Þ

where: subscripts mantle, crust and c refer to the mantle,
crust and air-corrected values. If it is assumed that R /
Ra=6.0 and 0.007 (Dunai and Porcelli, 2002) for mantle
and crustal radiogenic sources, respectively, then the
percentage crustal radiogenic 4He in San Juan gas
samples varies between 94% and 99%. The resolved
crustal radiogenic 4He concentrations in these samples
are shown in Table 1. A resolvable magmatic He
component in all samples requires a deep crustal He flux
from beneath the basin.

40Ar / 36Ar ratios greater than air are due to a
resolvable crustal-radiogenic 40Ar* component. The
40Ar* can be resolved by using equation following
Ballentine et al. (2002):

½40Ar*�¼½40Ar �total � ½1−ð40Ar=36Ar Þair=ð40Ar=36Ar Þs�
ð8Þ
where: subscripts total refer to the total concentration,
air and s refer to the isotopic composition of the
atmosphere (Ozima and Podosek, 1983) and sample,
respectively.

Both water derived noble gas 20Ne/ 36Ar ratios and
radiogenic 4He/ 40Ar* ratios in all samples show a clear
fractionation trend that is consistent with a gas/ground-
water phase partition process. The observation that both
radiogenic and water derived species are coherently
fractionated indicates that these differently sourced noble
gases are premixed before the fractionating event,
probably in the groundwater (e.g. Ballentine and Sher-
wood Lollar, 2002). This process can be modelled by a
Rayleigh fractionation of noble gases in the groundwater
exsolving into the gas phase (Zhou et al., in press). This
Rayleigh fractionation of noble gas exolving from
groundwater into gas phase allows us to calculate the
initial crustal radiogenic 4He in the groundwater phase.

Assuming equilibrium of noble gases between gas
and groundwater phase at each degassing stage, we can
calculate 4He / 36Ar and 20Ne / 36Ar ratios in the
groundwater using the measured 4He / 36Ar ratios and
20Ne / 36Ar in the gas phase (Ballentine et al., 2002):

A
B

� �
groundwater

¼ A
B

� �
gas

=a ð9Þ

a ¼
rA
uA

Kgroundwater
A

rB
uB

Kgroundwater
B

where:

A
B

� �
groundwater

A /B ratio in the groundwater and A and B

are different noble gases
A
B

� �
gas

A /B ratio in the gas phase
α Fractionation coefficient given for gas/ground-

water system
KA, KB Henry's constants for gases A and B
rA, rB Groundwater phase activity coefficients
φA, φB Gas phase fugacity coefficients

Based on Rayleigh fractionation law:

A
B

� �
groundwater

¼ A
B

� �
0

f a−1 ð10Þ

where:

A
B

� �
0

The original groundwater phase A /B ratio
f Fraction of B remaining in the groundwater

phase
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The fraction of 36Ar remaining in the groundwater
can be calculated. In the San Juan Basin study, initial
36Ar concentrations and 20Ne / 36Ar ratios in the air
saturated water (ASW) are determined following
Henry's law corrected for an altitude of 600 m, a
recharge temperature of 10 °C and an unfractionated
excess air component assuming 15% excess air Ne (e.g.
Stute et al., 1992, 1995; Kipfer et al., 2002). The value
of 20Ne / 36Ar is 0.156.

Combined with the initial 36Ar concentration
calculated above, which is 1.09×10−6 cm3 STP/g
H2O, the fraction of 36Ar remaining in the groundwater
phase and the present 4He / 36Ar in the groundwater, the
initial 4He / 36Ar in the groundwater can be calculated,
then the initial 4He concentrations in the groundwater
obtained (Table 1). These initial 4He concentrations in
the groundwater are only derived from the crust, the
mechanism can be accumulation of 4He in situ
production in a closed system, or 4He in situ
production combined with an external 4He flux in an
open system.

Appendix 2. Calculation of the initial 4He
concentrations in the groundwater associated with
Magnus oilfield, North Sea, UK

Ballentine et al. (1996) studied the noble gases in the
Magnus oilfield. Measured data are shown in Table 1.
3He / 4He ratios differ significantly from the north of
the field, which has a value of 0.2Ra, to the south of
the field, which has a value of 0.38Ra. High

3He / 4He
provides unambiguous identification of a mantle-
derived noble gas component in these samples. If it
is assumed that radiogenic and mantle end member
values of 3He / 4He are 0.02Ra and 8.0Ra, respectively,
then the values correspond to a mantle 4He contribu-
tion of between 2.3 and 4.5% of the total 4He present.
In all samples, 4He / 20Ne ratios exceed 7300, which
compares with the air value of 0.288. Air derived
helium contributions are, therefore, negligible, and the
measured ratio can be considered to represent a two
component mixture of mantle-derived and radiogenic
helium.

Atmosphere-derived 20Ne and 36Ar in the Magnus oil
have been due to noble gas partitioning between a
seawater derived groundwater and the oil phase. It should
be noted that there is no gas phase present in the Magnus
field. Seawater in equilibrium with air contains
1.47×10−7 cm3 STP 20Ne/cm3 H2O and 7.65×10−7

cm3 STP 36Ar/cm3 H2O, respectively. Using a tempera-
ture of 373 K, seawater salinity of 0.623 M NaCl
equivalent for reservoir conditions, the solubility of Ne
and Ar is taken to be 2517 and 1407 kg atm/mol, the
measured 20Ne and 36Ar oil concentrations are 1.22
(±0.18)×10−6 cm3 STP 20Ne/cm3 Oil and 6.79(±0.21)×
10− 6 cm3 STP 36Ar/cm3 Oil, respectively. These values
define an oil and water volume ratio for the Magnus
system of Voil /Vwater=0.009±0.003 (Ballentine et al.,
1996). In this calculation, one sample (A1) was excluded
on the basis that it was unrepresentative of the bulk of the
Magnus oil and had probably mixed with meteoric water.
We do not take this sample into account in our study.

The calculation of in situ radiogenic 4He produc-
tion in the Magnus reservoir showed that it can only
account for 9–21% of the radiogenic 4He now trapped
within it. As discussed before, the mass balance of
atmosphere-derived noble gases now within the
Magnus oil can only reasonably be accounted for by
partitioning of noble gases between the groundwater
and oil phase. Because the major portion of the
radiogenic noble gases cannot be sourced in situ, it is
reasonable to assume that the radiogenic noble gases
were also partitioned between the groundwater and oil
phase.

The resolved crustal radiogenic 4He concentrations
in Magnus oil samples, using Eqs. (6) and (7), are shown
in Table 1. Under reservoir conditions (Temperature 373
K, seawater salinity 0.623 M NaCl equivalent), if we
take Voil /Vgas=0.009, solubility of He in the oil is the
same as Ne (e.g. Kharaka and Specht, 1988), which is
2517 kg atm/mol, solubility of Ar in the oil is 1407 kg
atm/mol, solubility of He and Ar in the seawater as 2199
and 1406 kg atm/mol, respectively, the initial 4He / 36Ar
ratios in the groundwater before water/oil partition of
noble gases can be calculated using the following
equation (Ballentine et al., 2002):

4He
36Ar

� �
initial

¼
4He
36Ar

� �
oil

Voil

Vwater
þ KHeðoilÞ
KHeðwaterÞ

� �

Voil

Vwater
þ KArðoilÞ
KArðwaterÞ

� � ð11Þ

Where:

(4He / 36Ar)initial Initial 4He / 36Ar ratio in the ground-
water
(4He / 36Ar)oil

4He / 36Ar ratio in the oil phase
Voil, Vwater Volumes of oil and groundwater in contact
KHe(oil), KHe(water) Solubilities of He in oil and ground-
water
KAr(oil), KAr(water) Solubilities of Ar in oil and water

36Ar is mainly derived from the air dissolved into the
groundwater. Seawater in equilibrium with air contains
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7.65×10−7 cm3 STP 36Ar/cm3 H2O. The initial crus-
tal radiogenic 4He in the groundwater can then be
calculated (Table 1).

Appendix 3. Calculation of the initial 4He
concentrations in the groundwater associated with
Hugoton-Panhandle Giant Gas Field, Kansas/
Texas/Oklahoma, USA

Ballentine and Sherwood Lollar (2002) studied the
noble gases, composition and stable isotope in the gas
samples from the gas field. The 3He / 4He is
reasonably uniform throughout the Hugoton-Panhan-
dle gas system, varying between 0.14 and 0.25Ra.
High 4He / 20Ne (N18,000) relative to air (0.288)
means that atmosphere He contributions are negligi-
ble. Assuming a crustal radiogenic 3He / 4He end-
member of 0.02Ra and a mantle 3He / 4He end member
of 8Ra, the

3He / 4He ratios indicate that between 1.5%
and 2.9% of the 4He is mantle-derived, and the
remainder crustal-radiogenic. The clear relationship
between crustal radiogenic 4He and groundwater-
derived 20Ne suggests that the crustal 4He and
groundwater-derived 20Ne ratio must have been estab-
lished before mixing and variable dilution with the
dominant hydrocarbon phase. 20Ne / 36Ar in the gas
phase are identical to predicted values for meteoric
water and indicate little or no fractionation, and
therefore an efficient degassing process. A correlation
between 20Ne /N2 and 4He /N2 is interpreted as two-
component mixing between a 4He- and 20Ne-associated
N2 end member and a nitrogen component that contains
neither 4He nor 20Ne. The physical model developed for
the timing and mechanism of hydrocarbon, N2 and He-
associated N2 mixing is that groundwater degassing
occurs when migrating and undegassed water contacts
and equilibrates with an existing gas phase in the
Hugoton-Panhandle reservoir.

Based on the model described above and the
evidence that an efficient degassing occurred between
gas and groundwater phase, the measured 4He / 20Ne
ratios in the gas phase represent the initial 4He / 20Ne
ratios in the groundwater phase. 20Ne is mainly derived
from air dissolved in the groundwater, it is a function of
temperature, excess air and recharge temperature. If we
estimate these parameters to be 10 °C, 10% excess air
Ne and 1000 m, respectively, the 20Ne concentration in
groundwater is 1.8×10−7 cm3 STP 20Ne/cm3 H2O.
After correcting 4He concentrations in the gas phase
with air and mantle-derived components, the initial
crustal radiogenic 4He in the groundwater can be
calculated (Table 1).
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