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[1] A key assumption for calculating paleotemperatures
using noble gas concentrations in groundwater is that water
equilibrates with standard air. However, if the unsaturated
zone is depleted in O2, the noble gas partial pressures will
be elevated, resulting in a bias of noble gas temperatures
(NGTs) to low values. This oxygen depletion (OD)
mechanism was used to explain low NGT values for a
shallow aquifer in Michigan where new O2 saturation and
CO2 measurements now confirm the OD model. Measured
excess He, without an expected vertical concentration
gradient in the water phase, suggests that the rate of noble
gas equilibration at the base of the unsaturated zone is
restricted, and that transport within the gas phase may be a
rate-limiting step. A new NGT model is presented that
uses the OD mechanism and that allows for partial re-
equilibration of excess air via diffusion in the gas phase.
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1. Introduction

[2] Noble gas temperatures (NGTs), which are derived
from the air saturated water (ASW) component of noble gas
concentrations (Ne, Ar, Kr, Xe) in groundwater have long
held out the promise of providing a robust absolute ther-
mometer for use in paleoclimate reconstructions [Stute and
Schlosser, 1993]. In principle, groundwater noble gas con-
centrations are a simple function of the temperature at the
water table at the time of recharge, with only a small set of
assumptions needed. These assumptions include a) solubil-
ity equilibrium between noble gases and water; b) noble gas
partial pressures as determined by standard atmospheric
values for the altitude of recharge; c) 100% relative humid-
ity at the air-water interface; and d) temperature dependent
noble gas solubilities determined by ground temperature at
the time of recharge. Early on it was found that in addition
to a temperature dependent ASW component, groundwater
also incorporates an extra ‘‘excess air’’ component [Heaton
and Vogel, 1981] caused by the partial or total incorporation
of disconnected air bubbles trapped below the water table.
Existing NGT models largely attempt to deconvolve the

temperature dependent ASW component from the excess air
component.
[3] The unfractionated air (UA) model [Stute and

Schlosser, 1993], which assumes that air bubbles trapped
below the water table are quantitatively incorporated into
groundwater, thereby adding extra noble gas concentrations
in amounts proportional to their partial pressures in the
atmosphere, provides the simplest explanation for excess
air. The UA model, however, does not always adequately
account for measured noble gas concentrations dissolved in
groundwater [Hall et al., 2005]. One alternative scheme, the
partial re-equilibration (PR) model, which allows for partial
loss of the excess air component back to the atmosphere via
diffusion of the excess noble gases in water, was subse-
quently proposed [Stute et al., 1995]. With the development
of numerical inversion techniques for converting measured
noble gas concentrations into model NGTs [e.g., Ballentine
and Hall, 1999], it has been possible to apply statistical tests
as to whether individual NGT models adequately describe
physical processes in the field.
[4] The continuous equilibration (CE) model developed

by Aeschbach-Hertig et al. [2000] allows for partial ab-
sorption of noble gases from air bubbles that are com-
pressed below the water table. The CE model aims to
account for apparent relative fractionation of noble gases
in the excess air component because the air bubbles are
constantly in solubility equilibrium with the surrounding
water. One advantage of the CE model is that it correctly
predicts that noble gas isotope ratios for groundwater
samples should not differ significantly from air values,
which contrasts substantially from the PR model [Peeters
et al., 2003]. In contrast to the CE and PR models, the
negative pressure (NP) model of Mercury et al. [2004]
explains deviations from the standard UA model via the
mechanism of negative pressure within the capillary zone,
which modifies noble gas solubilities.
[5] A key assumption common to all of the above models

is that the ASW component is the result of equilibration of
water with standard air with a relative humidity of nearly
100% and an average pressure determined by the altitude of
the recharge zone. Recently, Hall et al. [2005] and Castro et
al. [2007] questioned this core assumption in order to
account for a systematic bias of NGTs to values significantly
below the average ground temperature. They argued that
high measured noble gas concentrations (and hence low
NGTs) could be explained by the consumption of O2 in the
unsaturated zone without an equivalent build up of CO2

(oxygen depletion or OD model of Hall et al. [2005]).
[6] In order to test predictions of the OD model, a

monitoring water well was drilled in October of 2006,
within 30 m of the original domestic well used by Hall et
al. [2005]. We report new data from this monitoring well

GEOPHYSICAL RESEARCH LETTERS, VOL. 35, L19401, doi:10.1029/2008GL035018, 2008

1Department of Geological Sciences, University of Michigan, Ann
Arbor, Michigan, USA.
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and develop an alternative NGT model that builds upon the
original OD model. This new NGT model better describes
noble gas concentrations and remains compatible with
measured isotopic ratios.

2. Results and Discussion

[7] The monitoring well has a diameter of 5 cm with a
total depth of 24.4 m, extending to the base of the aquifer,
with the bottom 12.2 m being screened. The water table has
an average depth of 13.3 m and a variation of <0.3 m over
the past year. Soil in the unsaturated zone varies from pure
sand to clayey sand with some organic matter (Table S1 of
the auxiliary material).1

[8] Dissolved O2 (DO) has been measured in the well as
a function of water depth using a YSI model 6562 DO
sensor attached to a 600XLM sonde. The sensor is calibrat-
ed to 100% O2 saturation using water-saturated air prior to
insertion into the well. Measurements were taken continu-
ously as the sonde was slowly lowered into groundwater. A
graphical representation of a typical suite of sonde measure-
ments is shown in Figure S1 and DO values for the
shallowest measurement sites are given in Table S2, both
in the auxiliary material. Shallow DO values range from
20% to 44% of O2 saturation. In addition, since July 2007, we
have been able to monitor CO2 levels within the screened
region above the water table using a Vernier IR CO2 sensor
that can be lowered into the well above the water table. CO2

levels have ranged from 0.2% to 1.6% (see Table S2), in
reasonable agreement with published PCO2 values for
groundwater in the Huron River drainage area [Williams
et al., 2007]. In that study, the mean log(PCO2) value for
22 groundwater samples was �2.13 with a standard devi-
ation of 0.13, corresponding to a mean PCO2 of 0.0074 atm.,
i.e., a concentration of about 0.7%.
[9] DO values at or just above the water table appear to

be no more than �45%, which would be equivalent to an O2

air content of �9.5%. Even accounting for a build up of
CO2 in the gas phase due to respiration, the air at the base of
the unsaturated zone appears to be missing about 10–11%
of its original suite of active gases. This implies that the
noble gas pressures at the base of the unsaturated zone must
be elevated by a factor of about 1.1, in good agreement with
the prediction by Hall et al. [2005]. This confirmation of the
main prediction of the OD model suggests that some earlier
NGT models have possibly calculated the ASW component
incorrectly because much of the measured noble gas con-
centrations have previously been erroneously assigned to
the excess air component.
[10] A surprising result from Hall et al. [2005] was the

presence of significant excess 3He and 4He throughout the
duration of the study, which suggested a residence time for
He of about 30 years, but rapid variations in other chemical
parameters (e.g., pH and d18O of groundwater) indicated that
the water being analyzed had a much shorter mean lifetime.
Hall et al. [2005] speculated that the groundwater at this site
is not in equilibrium with the atmosphere, but instead is
buffered by elevated He levels in the unsaturated zone.
[11] On February 11, 2007, a suite of replicate water

samples from 8 levels within the well was collected for

noble gas analysis. Measured He concentrations are shown
in Table S3. Given the known altitude of the site, an average
ground temperature of 9.6�C and an overpressure factor of
1.1 from O2 depletion (POD), one would expect the He
concentration to be 4.94 � 10�8 ccSTP/g, indicating an
observed He excess of about 1 � 10�8 ccSTP/g, in good
agreement with the excess He values of Hall et al. [2005].
With the difference in He concentration at the top of the
unsaturated zone (5.3 � 10�6 ccSTP/cc, assuming 100%
humidity and a POD of 1.1) and at the bottom of the
unsaturated zone (6.5 � 10�6 ccSTP/cc, assuming equilib-
rium with average water He concentration at the water
table), it is possible to calculate a gradient of 9.0 � 10�10

ccSTP/cc/cm in the gas phase. Assuming steady-state,
absence of recharge, constant He flux and similar porosities
and tortuosities in the gas and water phases, the expected He
concentration gradient in water should just be the above
value times the ratio of the diffusion coefficient in gas to
that of water. Taking into account the He diffusion coeffi-
cient values in water at 9.6�C (5.64 � 10�5 cm2 s�1 [Jähne
et al., 1987]) and free air (0.63 cm2 s�1 [Reid et al., 1977]),
one would expect a concentration gradient in the water
phase of 1.0 � 10�5 ccSTP/g/cm. Accounting for possible
effects of vertical mixing during sampling on measured He
concentrations, a He concentration gradient in the water
phase of <�1 � 10�11 ccSTP/g/cm was estimated (auxiliary
material). The predicted gradient, assuming that the gas
phase in the unsaturated zone is in equilibrium with
groundwater at the water table, is orders of magnitude
greater than was measured and thus there appears to be a
much lower than predicted flux of He into soil air. There-
fore, there is a significant barrier to He transport from the
water phase into the gas phase at or near the water table.
[12] The capillary fringe above the water table consists of

a region of variable effective gas and water porosity, with
low gas content within the pores at the base and high gas
content at the top [van Genuchten, 1980]. Standard models
of gas diffusivity as a function of effective gas porosity
[e.g., Millington and Quirk, 1961] predict a very strong
drop off of effective gas diffusivity as gas porosity declines, a
decline caused by a combination of increased tortuosity and
decreased connectivity. Field measurements by Kawamoto
et al. [2006] on soils from Denmark, similar to those found
at our field site, revealed that gas diffusion a full meter
above the water table can be reduced by more than 3 orders
of magnitude below values for free air. Closer to the base of
the capillary fringe, effective gas diffusivity can be reduced
by 5 orders of magnitude or more. It appears that, at least
near the base of the capillary fringe, a region crucial to the
formation of the noble gas excess air component, gas
diffusion may not always be a particularly fast pathway
for equilibration of noble gases. Therefore, slow gas trans-
portation in the capillary fringe may explain the low
apparent loss rate of helium into soil air.
[13] The combination of the success of the basic OD

model plus evidence for restricted gas diffusion at the base
of the unsaturated zones has important implications for
existing NGT models. Both the UA and CE models allow
for the incorporation of air from disconnected gas-filled
pores into groundwater, but once this excess air component
is dissolved, it is assumed that there is no re-equilibration
with the atmosphere because of the inefficiency of noble gas

1Auxiliary materials are available in the HTML. doi:10.1029/
2008GL035018.
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diffusion in water. The PR model does allow for partial re-
equilibration, but this is controlled by diffusion in the liquid
phase. In all cases, NGT models attempt to account for a
frequently large apparent excess of noble gas concentration
in measured samples. However, if there is a net deficit of O2

plus CO2, this noble gas excess will invariably be over-
estimated and therefore much of the effort to provide for
fractionated excess air could be biased by the presence of
a larger than anticipated ASW component. In addition, if
re-equilibration occurs near the water table, at the base of
the capillary fringe, the rate limiting process can be diffu-
sion in the gas phase and not necessarily diffusion in water
[Millington and Quirk, 1961; Kawamoto et al., 2006]. Here
we propose a new model to account for measured noble gas
concentrations on the basis of the OD model for the ASW
component, with allowance for partial re-equilibration of

noble gasses between groundwater and soil air via diffusion
in the gas phase.

3. Alternative NGT Models

[14] In the original OD model [Hall et al., 2005], excess
air was assumed to be unfractionated and was handled in the
same manner as the UA model. The overall goodness-of-fit
(c2) for the entire data set assuming a fixed NGT, although
better than that given by the CE model, was still higher than
expected (i.e., c2 = 343.7 for 69 degrees of freedom). We
examine here some alternatives applied to the original Hall
et al. [2005] data to see if significant improvements might
be made.
[15] First, if one takes oxygen depletion into account in

the CE model, it is possible to improve that system’s
performance with this set of data. Figure 1a shows the

Figure 1. c2 goodness of fit surface contours for varying NGT models for Hall et al. [2005] data as a function of POD and
excess air (Ae). Contour interval is 1. c

2 minima error bars estimated from a rise of 1 in the c2 value. Also shown are the
contours for the average NGT values in dashed lines. Models are: (a) CE model; gas diffusion relaxation models (b) b =
0.5, (c) b = 2/3, and (d) b = 1.
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result of such an analysis where c2 is calculated as a
function of the overpressure factor caused by O2 depletion
(POD) and a single assumed original excess air volume
(parameter ‘‘A’’ in the CE model of Aeschbach-Hertig et
al. [2000]). Their fractionation factor ‘‘F’’ and an NGT
value were calculated individually for each of 20 samples,
giving 38 degrees of freedom. The minimum c2 values
within the scanned range of parameters was 27.62 and the
probability of a c2 variable being greater than or equal to
this value is 0.89, indicating that this is an acceptable fit.
Also shown in Figure 1a are contours of the average fitted
NGT values and although the CE model with the addition of
a POD factor does give an acceptable goodness-of-fit pa-
rameter, the minimum value trends to higher NGT values
than the actual ground temperature. Nevertheless, the addi-
tion of a POD factor in combination with the CE model does
appear to be useful in improving fits and calculating more
accurate NGTs.
[16] Next, we examine the possibility that the excess air

component, which is not in equilibrium with the soil
atmosphere at the water table, will gradually tend to diffuse
back into the atmosphere. This is similar to the PR model,
but instead of assuming that the diffusion rate of noble gases
is determined by the water phase, we examine the possibil-
ity of it being dominated by the gas phase. The Millington
and Quirk [1961] model of dependence of effective diffu-
sion coefficient as a function of porosity is given by:

De=D0 ¼ e10=3=f2 ð1Þ

where De is the effective diffusion coefficient, D0 is the
diffusion coefficient in free air, e is the air filled porosity
and f is the total porosity. It is clear that as gas porosity
nears zero at the base of the capillary fringe, gas diffusion
becomes extremely inefficient [see also Caron et al., 1998;
Kawamoto et al., 2006]. The zone just above the water table
is likely to be crucial to the formation of the excess air
component, as this is where disconnected gas pores are
likely to form.
[17] Processes in the boundary layer between air and

water will control the transfer of noble gases from water
back into the gas phase. Deacon [1977] proposed a set of
boundary layer models for air-water gas transfer where the
mass transfer rate is proportional to Db, where D is the rate
limiting diffusion coefficient, which is often assumed to be
the value in water, but at the base of the capillary zone, can
be the gas diffusion coefficient. The term b depends on the
wind speed over the water, which corresponds here to zero
horizontal air speed. In our case of zero horizontal air speed,
the preferred value for this parameter was 2/3. Assuming a
first order loss of excess air to the gas phase, one can
construct a new NGT model, which we will refer to as the
gas diffusive relaxation (GR) model, as:

Ci ¼ ASWi � POD þ Ae � Zi � exp �t � Db
i

� �
ð2Þ

where Ci is the total concentration of the ith noble gas (i =
Ne, Ar, Kr, Xe); ASWi is the ith air saturated water noble gas
component concentration; POD represents the ratio of noble
gas partial pressures at the water table to that in free air
(oxygen depletion factor); Ae is the original excess air

concentration before interface mass transfer occurs; Zi
represents ith noble gas volume fraction in free air; Di is the
diffusion coefficient of each noble gas in air; b is a mass
transfer model dependent constant; and t is a parameter that
depends on the time taken for the gas transfer as well as the
length scale of the boundary layer (see the auxiliary material
for a derivation of this equation). Gas diffusion coefficients
are calculated following Fuller et al. [1966].
[18] In practice, we have fixed two of these parameters

for the entire suite of data from Hall et al. [2005], namely Ae

and POD, and individually fit t and NGT (which determines
ASWi). The c

2 statistic for the entire suite of data (38 degrees
of freedom) is then calculated for b equal to 0.5, 2/3, and 1
(Figures 1b, 1c, and 1d, respectively). As was the case for
the CE model, there are acceptable minima for all three b
values (i.e., minimum c2 = 24.78, 23.28 and 22.12 with P of
c2 exceeding these values being 0.95, 0.97 and 0.98 for b =
0.5, 2/3 and 1 respectively). However, the model with b = 2/3
has a minimum with an average NGT value that closely
coincides with the true average temperature of 9.6�C and
this is our preferred model. A similar analysis assuming
water-based diffusion did not yield acceptable c2 values
(i.e., c2 � degrees of freedom) and tended to have minima
that correspond to very high NGT and POD values.
[19] It should be emphasized that differences between

NGT models in their handling of excess air will only be
apparent for samples with a significant excess air compo-
nent (i.e., large excess Ne). The important new feature of
the OD and GR models, however, is the recognition of the
possibility of soil gas having a noticeably different compo-
sition than standard air. This leads to calculating a more
accurate ASW component and avoids erroneously ascribing
all excess noble gas concentrations to ‘‘excess air’’.
[20] A difficulty with all models that involve noble gas

kinetics, where the gases are not in equilibrium, is that such
models can predict significant isotope ratio fractionation, as
is the case for the PR model. Our new GR model also
predicts isotope ratio fractionation, but the effect is small
because of two key factors: 1) diffusion coefficients are
comparatively insensitive to mass in the Fuller et al. [1966]
model, being proportional to (1/Ma + 1/Mi)

0.5, where Ma is
the molecular weight of air and Mi is that for the ith noble
gas; and 2) the amount of the potentially fractionated
component (i.e., excess air) is greatly reduced because of
the larger ASW component when POD > 1. Figure 2 shows
the predicted and measured 40Ar/36Ar ratios for the Hall et
al. [2005] data using the GR model and the null hypothesis
that the two sets of values are not significantly different
passes a c2 test. The CE model predictions would also
satisfy this test.

4. Conclusions

[21] Dissolved oxygen saturation and CO2 measurements
in the new monitoring well support the OD model of Hall et
al. [2005]. The extremely low measured He concentration
gradient within the well suggests that the base of the
capillary zone has very low diffusive loss of He, which in
turn implies that gas transport from groundwater into the
overlying soil gas can be very inefficient. Our new GR
model incorporates oxygen depletion and handles the excess
air component using a transport model based on boundary
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layer gas transfer and is very successful in reproducing the
Hall et al. [2005] data, including isotopic ratios. Applying
an oxygen depletion correction also improves the ability of
the CE model to reproduce the data. The GR model assumes
unfractionated excess air incorporation, but partial re-equil-
ibration, while the CE model has fractionated excess air
uptake with no re-equilibration. It is possible that either
mechanism, or a combination of both, is operating at any
given site. Further characterization of both groundwater and
soil gas compositions will be required to test our new
hypothesis, both at this site as well as other locations
spanning a range of climates.
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Figure 2. Predicted and measured 40Ar/36Ar ratios for
Hall et al. [2005] data using GR model with b = 2/3. Errors
1s. Passes the null hypothesis that the model values and
measured ratios are indistinguishable, with c2 = 22.39 for
20 degrees of freedom (p = 0.32).
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