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[1] Helium data and major ion chemistry are presented for the shallow Marshall aquifer in southern
Michigan. This data set is subsequently analyzed in conjunction with major element data sets from deeper
and shallower water levels previously collected in this area. He excesses and isotopic ratios suggest the
presence of tritiogenic *He in young waters in the Marshall aquifer. He excesses in old groundwater
samples are mostly of crustal origin although the presence of a significant mantle He component in some
samples cannot be ruled out. He excesses in the Marshall aquifer are unusually high for such shallow
depths (<300 m) and reach over two and three orders of magnitude above those of air-saturated water
(ASW) for *He and *He, respectively. He isotopes require a source external to the aquifer, partly supplied
by underlying formations within the sedimentary sequence, partly from the crystalline basement.
Calibration of He concentrations observed in the Marshall aquifer requires He fluxes of 1 x 10~'* and
1.6 x 107° cm® STP cm ™2 yr~ ! for *He and *He, respectively. These He fluxes are far greater than those
reported in other sedimentary basins around the world (e.g., Paris Basin, Gulf Coast Basin) at similar and
far greater depths. Such high He fluxes present at such shallow depths within the Michigan Basin strongly
suggest the presence of a dominant vertical water flow component and further indicate that impact of
recharge water at depth is minor. Upward cross-formational flow is also likely responsible for the
extremely high salinities present in the shallow subsurface of the Michigan Basin. The observed positive
correlation between helium and bromide strongly suggests that these two very distinct conservative tracers
both originate at greater depths and further suggests that advection is the dominant transport mechanism
within the basin. The occurrence of large-scale cross-formational flow is also consistent with the evolution
displayed by the major ion chemistry throughout most of the sedimentary sequence, indicating that solutes
from shallow levels carry the signature of deep formation brines.
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1. Introduction great depths (e.g., Gulf Coast Basin, Illinois

Basin, Paris Basin) [Carpenter, 1978; Stueber
[2] Subsurface fluids presenting high salinities are ~ and Walter, 1991; Fontes and Matray, 1993].
a common occurrence in sedimentary basins at By contrast, high salinity fluids are found at all

Copyright 2005 by the American Geophysical Union 1 of 21



"k Geochemistr 3
% Geophysics Y(M
__ ~ Geosystems (| Jr

MA ET AL.. AQUIFER FLOW AND SALINITY SOURCES

10.1029/2005GC001010

depths in the Michigan Basin, from the deep
Ordovician St. Peters Sandstone up to the very
shallowest subsurface levels (Glacial Drift) [Long
et al., 1988; Wilson, 1989]. In addition to its
ubiquitous distribution, some of these high salin-
ity fluids in the Michigan Basin also present
some rather unusual characteristics. For example,
fluids from the Lower Devonian-Silurian forma-
tions (1 km < depth < 2 km) yield some of the
highest salinities (total dissolved solids: TDS >
450 g/L) reported in sedimentary basins around
the world, and contain high concentrations of
Ca”*’, Br~ and CI, as well as low Mg>", SO3 ",
and HCO3 [Wilson and Long, 1993a]. Salinities
up to 200 g/L. are also found in aquifers and
aquitards of the Carboniferous-Upper Devonian
formations at shallow depths (<300 m) [Martini,
1997]. The origin of such high salinities, how-
ever, remains uncertain and has been the focus of
numerous studies [e.g., Long et al., 1988; Wilson,
1989; Wilson and Long, 1993a, 1993b; Ging et
al., 1996; Martini, 1997, Mclntosh et al., 2004].
Indeed, while Lower Devonian-Silurian brines
(e.g., Detroit River Group, Niagara/Salina For-
mation) evolved most likely from evaporated
concentrated seawater subsequently modified by
water-rock interactions [Wilson and Long,
1993a], evolution of shallow Carboniferous-Upper
Devonian formation fluids (e.g., Marshall Sand-
stone, Antrim Shale, Traverse Formation) does not
appear to support extreme seawater evaporation
[Long et al., 1988; Wilson and Long, 1993b; Ging
et al., 1996; Mclntosh et al., 2004]. Although
dissolution of evaporites in neighboring formations
may explain some of the high salinities observed
locally in some shallow formations (e.g., Antrim
Formation waters in the northern marginal basin
[McIntosh et al., 2004]), such a process, however,
cannot account for the high Br™ concentrations
commonly found in these waters [e.g., Long et al.,
1988; Ging et al., 1996].

[3] Upward transport of deep basinal brines and
subsequent mixing with meteoric water has been
previously proposed to account for the presence of
such high salinity waters in near-surface environ-
ments in the Michigan Basin [Long et al., 1988;
Mandle and Westjohn, 1989; Weaver et al., 1995;
Kolak et al., 1999; Mcintosh et al., 2004]. Such
upward transport, however, has not been confirmed.

[4] The study of helium isotopes in large-scale
groundwater flow systems offers a powerful tool
to investigate cross-formational flow within sedi-
mentary basins [see, e.g., Castro et al., 1998a,

1998b; Castro and Goblet, 2003; Patriarche et
al., 2004]. Helium isotopes can thus be used to
ascertain whether or not cross-formational flow,
i.e., upward leakage, is occurring through the entire
sedimentary sequence in the Michigan Basin,
therefore better constraining the origin of the very
high salinities present at all levels and, more
specifically, in shallow groundwater systems.

[s] Because of its conservative nature, helium is
transported in and by the water without reacting
with the reservoir rocks. Typically, helium is pres-
ent in the mantle (e.g., primordial origin), in the
crust (nucleogenic and radiogenic origin), and in
the atmosphere (as a consequence of the degassing
of the Earth). These components of different origin
present specific characteristics, which allow iden-
tification of their sources and sinks [e.g., Stute et
al., 1992; Hilton and Porcelli, 2003; Castro, 2004;
Saar et al., 2005]. Concentrations of He isotopes
(*He, “He) in groundwater frequently exceed those
expected for water in solubility equilibrium with
the atmosphere (air-saturated water: ASW). These
excesses can result from different sources: (1) an
excess air component resulting from dissolution of
small air bubbles caused by fluctuations of the
groundwater table [Heaton and Vogel, 1981];
(2) the B-decay of natural and bomb tritium (tritio-
genic “He); (3) the °Li(n, o)’H (*He) reaction
[Morrison and Pine, 1955] (nucleogenic *He);
(4) the a-decay of the natural U and Th decay
series elements (radiogenic “He); and (5) mantle
contributions to both “He and “He.

[6] In this contribution, we present helium data and
major ion chemistry from the Marshall aquifer in
southern Michigan. This shallow groundwater data
set is subsequently analyzed in conjunction with
major element data sets from deeper and shallower
water levels previously acquired in this area
[Dannemiller and Baltusis, 1990; Wilson and
Long, 1993a, 1993b; Mcintosh et al., 2004]. In a
similar manner to that of observed high salinities, it
will be shown that He excesses in the Marshall
aquifer are unusually high for such shallow depths.
Such high excesses require an external helium
source to the aquifer, partly supplied by underlying
formations within the sedimentary sequence, partly
from the crystalline basement. The positive corre-
lation observed between helium and bromide
strongly suggests that these two very distinct con-
servative tracers both originate at greater depths, and
further suggests that advection is the dominant
transport mechanism within the basin. Our findings
reinforce the notion that upward leakage is the main
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process responsible for the presence of such high
salinities at shallow depths. The latter is also con-
sistent with the evolution displayed by the major ion
chemistry through most of the sedimentary se-
quence, indicating that solutes from shallow levels
carry the signature of deep formation brines.

[7] This study aims at illustrating the practical
gains achieved at clarifying the nature of cross-
formational flow as well as the origin of high
salinity fluids through the combined use of helium
isotopes and major ion chemistry.

2. Geological and Hydrogeologic
Background

[s] Located in the northeastern United States, the
Michigan Basin is a concentric intracratonic de-
pression floored by crystalline Precambrian base-
ment (Figures la, 1b, and Ic), and consists of a
succession of sedimentary rocks from Precambrian
to Jurassic that reaches depths over 5 km [Dorr and
Eschman, 1970; Catacosinos and Daniels, 1991].
The entire sedimentary strata are covered by thick
Pleistocene Glacial Drift sediments and are com-
posed mainly of evaporites (e.g., Salina Group),
carbonates (e.g., Traverse Formation), shales (e.g.,
Antrim and Coldwater Formations), and sand-
stones (e.g., Marshall Formation) (Figure Ic).
Depending on its nature, these sedimentary rocks
constitute either aquitards (e.g., shale, evaporites)
or aquifers (mostly sandstones and reefal and
dolomitized limestones), giving origin to a multi-
layered aquifer system [Vugrinovich, 1986;
Westjohn and Weaver, 1996].

[v] Major tectonic structures such as the Albion-
Scipio Fault, the Lucas Fault, and the Howell
Anticline (Figure 1a) are present in southern Mich-
igan and penetrate also the Precambrian crystalline
basement [Fisher et al., 1988]. The latter belongs
to the Eastern Granite and Rhyolite Province
(EGRP), and displays an age of ~1.5 Ga [Hinze
et al., 1975; Van Schmus, 1992; Menuge et al.,
2002].

[10] The Marshall aquifer, a major groundwater
flow system composed mostly of sandstones of
Mississippian age, is located in the central portion
of the Michigan Basin (Figures la, 1c, and 2). The
Bayport-Michigan confining units which are com-
posed mostly of shale and limestone overly the
Marshall aquifer, which in turn overlies the Cold-
water and Antrim Shale confining units (Figure 1c).
These formations subcrop at an altitude of ~300 m.

In the Marshall aquifer in southern Michigan,
groundwater flows gravitationally to the NE and
NW (Figure 2), and groundwater discharges into
Lake Huron and Lake Michigan, in the Saginaw
and Michigan Lowlands area, respectively
[Vugrinovich, 1986; Mandle and Westjohn,
1989]. Salinities increase from the recharge
(TDS < 0.5 g/L) toward the discharge areas
(TDS > 200 g/L).

3. Sampling Techniques and
Experimental Methods

[11] Water samples for analysis of noble gases (He,
Ne, Ar, Kr and Xe) were colleted from 14 wells in
the Marshall aquifer (Figure 2) after temperature
and pH reached equilibrium. Samples were col-
lected in copper tubes (i.e., standard refrigeration
grade 3/8” Cu tubing) and water was allowed to
flow through for ~10 minutes. While the water
flushed through the system, the absence of gas
bubbles that could potentially contaminate or
phase fractionate the samples was checked
through a transparent plastic tube mounted at
the end of the Cu tube. The Cu tubes were then
sealed by stainless steel pinch-off clamps [Weiss,
1968]. Noble gases were analyzed at the Noble
Gas Laboratory at the University of Michigan as
described briefly below and in detail by Ma et
al. [2004] and Saar et al. [2005].

[12] Water samples in Cu tubes were attached to a
vacuum extraction system and noble gases were
quantitatively extracted for inletting into a MAP-
215 mass spectrometer. Noble gases were trans-
ported using water vapor as a carrier gas through
two constrictions in the vacuum system, purified,
and sequentially allowed to enter a MAP-215 mass
spectrometer using a cryo-separator. The complete
measurement procedure comprises estimation of
He, Ne, Ar, Kr, and Xe concentrations, and their
respective isotopic ratios, with standard errors for
volume estimates of 1.5, 1.3, 1.3, 1.5 and 2.2%,
respectively. When replicate analyses are available,
an error weighted average is reported.

[13] Water samples collected for analyses of major
elements were filtered with a 0.45 pm Gelman
Laboratory AquaPrep filter, and subsequently pre-
served in high-density polyethylene bottles with no
head space before analyses. Samples for cation
analyses were acidified to pH < 2 by using nitric
acid. Major ion chemistry of these samples was
determined in the Experimental and Aqueous
Geochemistry Laboratory at the University of
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Figure 1.

(a) Subcrop formations and major structures present in the Michigan Basin—Lower Peninsula of

Michigan [after Dorr and Eschman, 1970; Fisher et al., 1988]; (b) general schematic geologic representation along
cross section A—A'; (c) stratigraphic succession through the Michigan Basin in which major lithologies present in the
basin are identified; units for which chemistry of formation waters is discussed in this study are indicated (bold italic).
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Figure 2. Detailed study area and sample locations for the Marshall aquifer in southern Michigan [adapted from
Mandle and Westjohn, 1989]. The Marshall aquifer subcrop (shaded area), equipotentials (m, contour lines), and
direction of water flow (arrows) are indicated, as well as the location of a groundwater sample for which trittum
measurements are available (C4 [cf. Dannemiller and Baltusis, 1990]).

Michigan. Alkalinity was measured by the Gran-
Alkalinity titration method [Gieskes and Rogers,
1973] with a precision of £0.4%. Cation chemistry
was determined by inductively coupled plasma-
atomic emission spectrometry with a Leeman Labs
PlasmaSpec III system (precision, +2%). Anions
were analyzed by ion chromatograpgy (IC) with a
Dionex 40001 series (precision, £1%).

4. Helium Systematics

[14] Excess He (He,,.) is calculated by removing
the ASW (He,,) and excess air (He,,) components
from total measured He concentrations (He,,q,,) in
water samples [cf. Stute et al., 1992; Castro et al.,
2000]. He,, and He,, are estimated on the basis of
recharge temperatures derived from Ne, Ar, Kr, and
Xe concentrations previously reported by Ma et al.

[2004] and following Ballentine and Hall [1999].
He,,. comprises both mantle (He,,) and crustal
(He. = He.;, + He..,;) components, where He,,
and He,.,, are produced in situ within the aquifer
and externally at greater depths, respectively, and
3He, is the tritiogenic *He, so that

3 3 3 3
Hee. = "Hepeqs — Heeq — “He,,

- 3H€cm + 3Heﬂext + 3Hem + 3Het (1)
and

4Heexc = 4Hemeax - 4Heeq - 4Heea
= YHeuy + ‘Heeoy + *Heyy - (2)

Concentrations of *He in equation (1) are given
3 _ 4 3 _ 4

by Igleeq = Heﬁq X Req, "Heo, = "He,y X Ry,

and “He,eqs = "Hepeqs X Ryeas, Where R,, =
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(1.360 + 0.006) x 107° is the *He/*He ratio for
ASW [Benson and Krause, 1980], R, = (1.384 +
0.013) x 107° is the atmospheric *He/*He ratio
[Clarke et al., 1976], and R,..s 1s the total
measured “He/*He ratio. We also define

3He,,

_ 3[—[eexc _
" 4He,,

3 3
_ H €cin + Hecext
Rexe = 4 He.

4Hecin + 4Hecext

(3)

C

5. Marshall Aquifer: Results and

Discussion

5.1. General Data Overview

[15] He concentrations and isotopic ratios, '*C and
calendar ages, pH, temperature, major element
data, as well as sample names, locations, and well
depths are given in Tables 1 and 2, respectively.
4C ages were estimated according to Fontes and
Garnier’s [1979] correction model and a half-life
value of 5730 years was used as suggested by these
authors. '*C ages were subsequently converted into
calendar ages using CALIB Rev4.4.1 [Stuiver and
Reimer, 1993]. Additional details on '*C age
estimation can be found at Ma et al. [2004].

[16] For most of the Marshall groundwater sam-
ples, *He and “He concentrations are found in
excess of those expected for water in solubility
equilibrium with the atmosphere (Table 1). He
excesses vary and are greater for “He than for
*He. These excesses reach values of over two
and three orders of magnitude above those of
ASW for *He and “He, respectively, and are
particularly high for sample 16, located in the
Saginaw Lowland discharge area in the central
portion of the basin (Figure 2). Similarly, R.../R,
values vary from 5.78 to 0.03, and are far greater
for “modern waters” (samples 1, 3, 6—9, Table 1)
as compared to older ones (e.g., samples 14a,b, 16,
Table 1). The observed decrease in R.,./R, values
is accompanied by an increase in 3He,. and *He,,.
(Figures 3a and 3b).

[17] *He and “He excesses increase both with
groundwater age and TDS (Tables 1 and 2). With
the exception of samples 4a,b, 3He,,. and “He,,,
increase almost linearly with groundwater ages
(Figure 3c), and indicate a progressive accumula-
tion of He isotopes in the Marshall aquifer over
time. Approximate regional flow paths are indicated
in Figure 2. Note, however, that distance from
recharge areas to the different sample locations are
highly variable due to the concentric shape of the
Marshall subcrop (Figure 2). As a result, ground-

water ages and corresponding He excesses of the
different water samples reflect this variability. TDS
values increase from ~0.5 g/L for samples located at
the proximity of recharge areas (““‘modern waters””)
up to 217 g/L for sample 16, located in the
Saginaw Lowland discharge area (Figure 2, Table 2).
This progressive increase of He excess compo-
nents as well as TDS is also accompanied by a
marked evolution in water chemistry (Figure 3c).
Specifically, young (“modern”) waters display
major-ion compositions dominated by a calcium-
bicarbonate (Ca-HCO;) facies, and evolve pro-
gressively into a dominantly sodium-bicarbonate
(Na-HCO3;) facies. As groundwater ages become
older and salinity increases (e.g., samples 14, 15,
16), groundwater chemistry shifts progressively
into a dominantly sodium-chloride (Na-Cl) facies.
Samples 4a,b, with an unusual chemistry type
and unusually high He excesses and R../R,
value as compared to its groundwater age are
an exception to this pattern, and suggest a very
distinct origin to these specific waters. This is
discussed below.

5.2. Excess *He: Tritiogenic Versus Mantle
and Crustal Components

[1s] While *He,,. present in most groundwaters
has a dominant crustal origin [e.g., Castro et al.,
1998a, 1998b, 2000], *He,,. can result from
three distinct sources, i.e., from natural and/or
bomb *H decay, in addition to a mantle and/or
crustal origin. These three different *He sources
can be identified partly on the basis of R./R,
values, *He and “He excesses, as well as on
groundwater age considerations [e.g., see Saar et
al., 2005]. For example, mantle-derived He is
characterized by 8 < R,/R, < 30 [e.g., Graham,
2002; Hilton and Porcelli, 2003] while very
young waters carrying an important “He tritiogenic
component can also yield Ry, o/R, > 1 [Schlosser et
al., 1989] (atmospheric ratio R/R, = 1). By
contrast, He produced in the crystalline crust as
well as in shale dominated formations results in
0.02 < RJ/R, < 0.05 while typical in situ
production in aquifers (e.g., sandstones, lime-
stones) yields values of about one order of
magnitude lower, with 0.001 < R/R, < 0.005
[e.g., Castro, 2004]. In the analysis that follows
we adopt 0.02 < Rey/R, < 0.05 as our “refer-
ence” crustal value (Figures 3a and 3b). Thus
Rex/Ra values greater than the latter strongly
suggest the presence of a significant mantle or
tritiogenic “He contribution. We attempt to iden-
tify these two distinct sources below.
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Table 2. Major Element Data for Samples From the Marshall Aquifer

T, TDS, Alkalinity, Cl, Br, SOy, Na, Ca, Mg, K, Sr, CB,?
Sample pH °C mg/L meq/kg mM mM mM mM mM mM mM mM %
1 7.0 11.3 5410 5914 0.496 0.0000 0.303 0335 2.147 1.028 0.023 0.0014 —2.2
2 73 104  560.1 6.486 0.074 0.0000 0.245 0.812 1.688 1.208 0.238 0.0260 —1.5
4 7.0 9.8 1707 6.068 0.689 0.0000 7.579 2.489 8.895 1332 0.698 0.1157 1.8
6 7.7 11.1 499.7 5.386 0.462  0.0005 0.098 0.665 1.728 0.843 0.065 0.0258 —1.0
7 74 113 7563 6.297 1.748 0.0018 1.008 2.140 2.747 1.243 0.074 0.0103 0.8
8 7.1 11.7  789.5 7.113 1.021  0.0010 1.247 0.364 3450 1297 0.036 0.0021 3.6
9 73 10.8  626.5 6.258 0.708 0.0000 0.620 0.717 2.385 1.297 0.076 0.0096 —0.3
10 7.7 11.8 9582 6.435 1.418 0.0023 2.398 8994 1.086 0.672 0.100 0.0324 —0.2
12 8.0 115 1062 6.861 2.692 0.0106 2.590 8.099 1.654 0.999 0.158 0.0208 —4.2
13 82 112 1020 6.863 5797 0.0511 0.694 6399 3.048 1.251 0.249 0.0436 3.9
14 8.1 122 1530 5.128 1521 0.0499 1.714 1344 3206 1.597 0.287 0.0551 —1.0
15 74 12.0 1376 7.646 8.600 0.0739 1464 11.48 3.126 1.460 0.357 0.0531 44
16 54 169 217105 0.286 4711 21.536 0479 3164 7084 3102 19.10 7.2209 4.9

 Charge balance in %.

[19] “Modern” water samples (1, 3, 6-9; see
Table 1) [see discussion by Ma et al., 2004], i.e.,
samples at the proximity of recharge areas, display
small He excesses (<10 times that of ASW;
Figures 3a and 3b) and 0.21 < R /R, < 5.78,
the latter being far greater than typical crustal He
values (0.02—0.05). Thus these result either from
natural or bomb *H decay or the addition of a mantle
He component. Although no trittum measurements
are available for our groundwater samples, tritium
analysis performed in 1986 on one groundwater
sample from the Marshall aquifer in our study area
with similar '*C activity and chemical composition
to that of our young samples yielded 22TU
[Dannemiller and Baltusis, 1990]. This value is
well above the natural *H background in precip-
itations (usually <5 TU [e.g., Roether, 1967])
and therefore indicates the addition of bomb test
*H to this groundwater. Between 1963 (time of
the bomb *H peak (e.g., International Atomic Energy
Agency/World Meteorological Organisation,
Global Network for Isotopes in Precipitation,
Vienna, 1998)) and 1986, about two “H half
lives have elapsed. A rough estimation was
performed for the amount of *H that would be
present in the recharge waters of this aquifer
when the bomb tests reached their maximum.
This simple calculation yields a value of ~94 TU.
Therefore between 1963 and 2003 (date of our
sampling campaign), a maximum of 85 TU have
decayed into *He in these groundwaters, equivalent
to the addition of 2.1 x 10~"* cm® STP/g *He in
water (1 TU =2.5 x 107> em® STP/g *He). This
amount of anthropogenic *He is capable of explain-
ing the *He excess observed in our young samples
(CHeexcess: 1.5 x 10" "*t0 1.2 x 10~ "* cm? STP/g).

Although we cannot be certain that most *He,,. in
these samples result from bomb tritium decay due to
water age uncertainties associated with these sam-
ples (see discussion by Ma et al. [2004]), the
observed high R, /R, values associated with these
young water ages strongly suggest that most 3Heexc
in these samples are the result of anthropogenic
tritium decay. The simultaneous presence of a small
amount of "He,,. indicates a mixture between this
young water component and an older one. The
observed decrease of R.,./R, values with increased
*He,,. and *He,,. and increased groundwater ages
further supports this hypothesis. The presence of a
small mantle He component in these samples al-
though less likely, cannot be excluded completely.

[20] With the exception of “modern” water sam-
ples as well as sample 4, all other samples (ages >
5 kyr; see Table 1 and Figures 3a and 3b) present
lower R /R, ratios, ranging from 0.09 (10b) to
0.03 (12b, 14b), indicative of an increasing dom-
inance of crustally produced *He and “He in these
waters. Although most of these R.../R, values fall
into the typical crustally produced He values (0.02 <
RJ/R, < 0.05), it is important to note that the
presence of a significant mantle component that is
potentially masked by dilution of the original signal
by crustally produced He cannot be excluded (e.g.,
see discussion by Castro [2004]).

[21] As previously mentioned, samples 4a,b pres-
ent an unusual He signature, with unusually high
He excesses (approximately up to and above 2
orders of magnitude that of the ASW for *He and
“*He, respectively) and high Re,/R, values (~0.16)
as compared to its groundwater age (~5 kyr). In
addition, and as discussed above, the amount of
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tritiogenic He that is potentially present is these
waters is negligible with respect to its *He,.. Thus
this high R.../R, value is clearly indicative of the
presence of a mantle He component. If one
assumes a simple binary mixture between a typical
mantle component with R,,/R, = 8 and a crustal
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component with R/R, = 0.02, the corresponding
mantle contribution is ~2%. Significant mantle He
contributions in groundwaters are commonly found
in active tectonic geological settings [e.g., Stute et
al., 1992; Hilton et al., 2002; Saar et al., 2005].
However, mantle He signatures in groundwater
from stable tectonic settings have also been docu-
mented [Torgersen et al., 1995; Siegel et al., 2004;
Castro, 2004]. The mantle signature found in
samples 4a,b together with the observed high *He
and *He excesses, strongly suggests a deeper origin
for these water samples and the potential presence
of a local deep permeable fault.

[22] On the basis of the R.,./R;, values and 3HeeXC
values from the Marshall aquifer, it is clear that
addition of tritiogenic *He can account for most of
the observed *He excess in “modern” water sam-
ples, while older water samples are largely domi-
nated by crustal (nucleogenic) *He. A smaller
mantle contribution is also present in at least some
of the older samples.

5.3. Crustal *He and “He Components:
External Versus in Situ Production Origin

[23] From the above discussion it is clear that with
the exception of tritiogenic *He in young waters
and the presence of a small mantle component in
older samples, most of the excess *He and “He in
the groundwaters of the Marshall aquifer is of
crustal origin. Here, we discuss the origin of the
crustally produced *He and *He, in order to ascer-
tain whether or not *He,,. and *He,. present in the
Marshall waters result mostly from in situ produc-
tion within the aquifer, or if instead, it has an
external deeper origin. With regard to the latter, it
is also important to ascertain whether or not the

Figure 3. (a and b) R.,./R, values versus *He and *He
excess concentrations for samples from the Marshall
aquifer, respectively. Vertical dashed lines indicate 1x,
10x, 100x, 1000x the ASW value at 1 atm pressure
and 5°C; shaded areas indicate typical crustal R./R,
values (0.02—0.05). (c) “He excess versus groundwater
(calendar) ages. Dashed lines indicate He accumulation
resulting both from in situ production in the Marshall
sandstone and from the sedimentary sequence under-
lying the Marshall aquifer (“whole basin’), respec-
tively; groundwater hydrochemical facies are also
indicated. “Modern” water refers to samples for which
the water age <1000 years (Table 1) [see Ma et al.,
2004]. Sample 16 corresponds to a Marshall brine
sample with TDS~217 g/L for which it was not possible
to fit a '*C model age due to its high salinities; 0.5%
corresponds to the "“C activity measured.
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Table 3. Calculated *He and *He Production Rates and Corresponding *He/*He and R;,/R, Ratios in the Michigan
Basin as Well as *He Production Rates in the Crystalline Basement

P[4He] P[ He], P[4He] P[ He],

cm® STP  cm® STP em® STP cm® STP
Erock - grock gH20 = 2120 |
yr! yr! *He/*He Ri/R, yr ' yr!

Thickness, Porosity, Th, U, Li, Density,"l
Lithology m % ppm ppm ppm gcm >
Marshall 90 20 1.7 045 15 2.6
sandstone®
Sedimentary 2400 74 27 32 2.5
sequence
underlying
Marshall®
Crystalline 12 4
basement®

1.03E-13  7.73E-22 7.50E-09 0.005 1.07E-12 8.04E-21

5.38E-13 8.61E-21 1.60E-08 0.012 1.83E-10 4.03E-18

8.27E-13

4U, Th, and Li estimated from average lithological composition after Parker [1967]; thickness and porosity values after Westjohn and Weaver

[1996].

"Based on average lithological composition: shale (40%), limestone (20%), dolomite (20%), evaporites (10%), and sandstone (10%) [after
Speece et al., 1985]; values of U, Th, and Li estimated from average lithological composition after Parker [1967] and Tolstikhin et al. [1996].
“U and Th estimated from outcrop area for the crystalline basement [Menuge et al., 2002].

dDensity of rocks estimated after Clark [1966].

sedimentary sequence underlying the Marshall is
the main contributor or if the crystalline basement
is providing most of the He present in the Marshall
groundwaters.

£24] To angwer to this question, production rates of
He and “He were calculated for the Marshall
Sandstone, the sedimentary formations underlying
the Marshall aquifer, as well as the crystalline
basement as follows [e.g., Ballentine, 1991]:

P(*He) = (6.035[U] + 1.434[Th)) x [Li]

x 107%cm? STP g, yr! (4)

P(*He) = 1.207 x 10~ [U] +2.867
x 107" [Th] em® STP g ! yr ™!, (5)

where [Li], [U], and [Th] represent the Li, U, and
Th concentrations (ppm), respectively (Table 3).
The accumulation rate of He isotopes in the water
was then estimated according to the expression

[PLJHZO: P(’He) xp, X A x ((1 —w)/w)

% p em’ STP gipo yr ', (6)

where i represents *He or 4He p, 1s the mass
density of the rock in gcm , P 1S the density of
the water in gem °, w is the porosity of the
reservoir rock and A is the transfer efficiency of He
from the rock matrix to the water. For sediments, it
can be assumed that A = 1 [e.g., Torgersen, 1980;
Torgersen and Clarke, 1985]. Table 3 lists the

calculated *He and *He in situ production rates,
thickness and porosity values for the Marshall
aquifer, and the whole sedimentary sequence
underlying the Marshall in the study area. Corre—
spondlng R/R, production values as well as *He
and *He accumulation rates in the water for the
Marshall and underlymg sedimentary sequences
are also indicated. *He productlon rates for the
crystalline basement are also given.

[2s] If it is assumed that all *He and *He excesses
in the Marshall groundwaters results from in situ
production and if one excludes all “modern”
samples, under such accumulation rates (Table 3)
it would take between 2.3 and 1700 Myr and 0.2
and 300 Myr to produce the observed *He,,. and
*He,.., time periods that would correspond to the
required age of these groundwaters. Such ground-
water ages seem to be far too high for most
samples, and are clearly in contradiction with
estimated '*C ages (Table 1). In addmon the
accumulation time requlred for the observed *He,,.
in sample 16 (1700 Myr) is far greater than the age
of the Marshall Sandstone itself, clearly indicating
that most of the excess He has an external origin to
the aquifer. Similarly, the contrast between R, /R,
ratios in the Marshall aquifer (0.03-0.15) for
samples with water ages >5 kyr and that of in situ
produced ratios (0.005) strongly suggests that He
excesses in the Marshall aquifer have an external
origin, with potentially some mantle contribution
[e.g., see Castro, 2004]. Taking into account
groundwater ages as well as in situ production
rates, the expected He accumulation in the water
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resulting solely from in situ production within this
sandstone aquifer is ~2-3 orders of magnitude
lower than the observed excess He (Figure 3c). We
thus conclude that in situ production is a negligible
He source in the Marshall sandstone as compared
to an external contribution. Such external He
sources to aquifers have been documented in a
diversity of sedimentary basins around the world
[e.g., Torgersen and Clarke, 1985; Stute et al.,
1992; Castro et al., 1998a, 1998b, 2000; Castro,
2004]. The occurrence of an external He flux has
been widely accepted as the main He excess source
in multilayered aquifer systems. Alternatively,
Solomon et al. [1996] have proposed that diffusion
of inherited *“He could become the dominant ex-
ternal He source under specific conditions (e.g.,
shallow aquifers with high water velocities). Such
conditions, however, do not apply to our system.

[26] External sources can be provided either by the
underlying sedimentary sequence or by the crys-
talline basement, or both. We now attempt at
quantifying these. The whole sedimentary se-
quence underneath the study area is ~2.4 km thick
and contains mainly carbonates, shales, sandstones,
and evaporites [e.g., Fisher et al., 1988; Speece et
al., 1985]. Taking into account these different
lithological compositions, thickness, and respective
production rates, we estimate that the entire sedi-
mentary sequence is capable of producing ~20 and
~50% of *He,,. and *He,,,. in the Marshall aquifer
(Figure 3c), respectively, if one excludes “modern”
samples as well as sample 4. Indeed, production
within the sedimentary sequence remains negligible
for the latter (0.5 and 4% for 3He,,. and *He,,,,
respectively). The estimated contributions represent
maximum bounds with respect to the observed He
excesses. Thus, while *He production within the
sedimentary sequence is a relatively marginal source
for *He in the Marshall (<20%), production of “He
within the basin underlying the Marshall has the
potential to account for a non-negligible amount
(<50%) of the total observed *He,,. in this
aquifer.

[27] From the above discussion it is clear that an
external source dominates both, *He,,. and *He,,.
in the Marshall aquifer. While the sedimentary
sequence underlying the Marshall aquifer has the
potential to play an important role at providing *He
concentrations, most of the *He,,.. appears to have
its source in the crystalline basement. In the
following section, we estimate the external vertical
*He and *He fluxes entering the Marshall aquifer
from the combined underlying sedimentary se-

quence and crystalline basement, and attempt at
better constraining the He provided by each one of
these sources.

5.4. He Transport Simulations: Estimation
of *He and “He External Fluxes

5.4.1. Conceptual Model

[28] In order to quantify the transfer of He to, and
its accumulation in, a confined aquifer, 7orgersen
and Ivey [1985] proposed a simple model assuming
that steady state for flow and transport is reached in
the system. Here, we adopt a similar procedure to
quantify the *He and *He upward fluxes entering
the bottom of the Marshall aquifer. The advection-
dispersion equation governing the model is given
by

ocC 9*C
ngﬂ—DTg—P, (7)

where v, is the advective pore velocity in the x
(horizontal) direction, x is the distance from the
recharge area of the aquifer, z is the relative vertical
g)osition inside the aquifer, C corresponds to the
He,,. or *He,,. concentrations, Dy is the coeffi-
cient of hydrodynamic transverse dispersion given
by Dr = auv, + d [see, e.g., Freeze and Cherry,
1979]. Thus it includes both vertical dispersion
expressed as a function of transverse dispersivity
(o) and diffusion expressed by the molecular
diffusion coefficient for the solute in the porous
medium d. P is a source term and in our case it
represents the accumulation of *He and *He in the
water resulting from in situ production, as
calculated from equation (6). The prescribed
boundary conditions for this model are (1) a *He
or *He concentration that initially is zero for all
depths in the aquifer; (2) a flux J, of *He or *He
entering the aquifer across the bottom boundary z,,
assumed to be constant; (3) a no-flux *He and *He
boundary condition at the top of the aquifer, i.e., no
He losses occurring through the top of the aquifer
are allowed. He studies in multilayered aquifer
systems in which the advective, dispersive and
diffusive fluxes were quantified [see Castro et al.,
1998b] show a very important reduction of these
losses of up to 30 times the (total vertical flux) flux
Jo entering at the bottom of the aquifer. In view of
such results, the prescribed zero He flux boundary
condition at the top of the aquifer seems to be
reasonable as compared to the J, flux entering
the bottom of the aquifer [see also Castro et al.,
2000].
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[29] The analytical solution to this problem is
given by [Torgersen and Ivey, 1985]

JotJ "
C=pry 200 J0%0
zopw  Drpw

3<z%>2“22i<—

1)
6 m?

m=1

Dym* it mmnz
~exp| — p cos ik (8)

where z is the thickness of the aquifer (m), p is the
water density (1 gem ), w is the porosity, J, is the
upward *He or *He flux (cm® STP cm 2 yr ')
entering the bottom of the confined aquifer, and ¢ is
the groundwater age (yr). Because an exact
recharge distance (x) for all samples is difficult to
estimate due to the concentric shape of the
Marshall subcrop (Figure 2), excess He concentra-
tions (C) were calculated and are presented as a
function of groundwater ages (¢) (Table 1).

[30] This analytical model was calibrated for an
average thickness of the Marshall aquifer in the
study area of ~90 m, and a constant value of D=
0.13 m? yr~ ' chosen on the basis of measurements
of transverse dispersion performed in a homoge-
neous sandstone at various flow rates (0.32 to 16 m
yr~ ! [Freeze and Cherry, 1979; see also Castro et
al., 2000]). In situ production accumulation rates
(P) in the Marshall aquifer for *He and *He are
8.0 x 107 %" and 1.1 x 10~"? cm® STP gso yr ',
respectively (Table 3).

[31] Except for sample 16 for which no ground-
water age is available as it was not possible to fit a
'4C model age for a fluid with such high salinities,
all other samples were used for calibration of the
transport model.

5.4.2. Results and Discussion

[32] Figures 4a and 4b show the calculated *He,,
and *He,,. from the bottom (z/zy = 1) to the top of
the aquifer (z/zo = 0) at constant intervals of 0.2 (z/z)
(plain lines) as a function of the groundwater ages for
our calibrated model. Contributions of *He and *He
in situ accumulation in the water are also shown
(dashed lines). Calculated *He,,. and *He,,. con-
centrations increase with increased groundwater
ages as well as with increased relative depth (z/z).
Most of our samples with groundwater ages >5 kyr
are located in the upper portion of the aquifer (z/zg <
0.4) and it is apparent that, except for sample 4, our
calibrated model reproduces reasonably well the
observed He excesses. The best fit obtained indi-
cates that the high 3He,,.and *He,,. observed in the
Marshall aquifer require He flux values of 1 x 10~ "3

and 1.6 x 107° cm® STP cm ™2 yr! for *He and
“He, respectively (Figures 4a and 4b). Estimated He
fluxes yield a R,./R, = 0.045 entering the bottom of
the aquifer, a value that is consistent with the
observed average R,../R, value of 0.047 of all
samples with groundwater ages >5 kyr, with the
exception of sample 4. The model also indicates, as
previously concluded (section 5.3) that in situ pro-
duction from the Marshall sandstone is negligible,
yielding concentrations that are ~2-3 orders of
magnitude lower than the observed excess He in
the Marshall aquifer (dashed lines, Figures 4a
and 4b).

[33] Although these fluxes should be taken as a
first order approximation due to the simplifica-
tions implemented in the model, it is clear that
He fluxes entering the Marshall aquifer are far
greater than He fluxes reported in other sedimen-
tary basins at similar (<300 m), and far greater
depths (Figure 5). For example, the upward “He
flux entering the Marshall aquifer is over an
order of magnitude greater than the one entering
the Carrizo aquifer (46 times, average depth
1000 m [cf. Castro and Goblet, 2003]) in the
Gulf Coast Basin, and presents an intermediate
value between fluxes entering the Albian (depth
~800 m) and Lusitanian aquifers (depth ~1600 m)
at the center of the Paris Basin [Castro et al.,
1998b]. This flux is also significantly higher than
those estimated in the Great Hungarian Plain
[Stute et al., 1992], and close to that estimated
in the Great Artesian Basin [Torgersen and Ivey,
1985]. A similar pattern is observed for *He
fluxes. Such high He fluxes present at such
shallow depths within the Michigan Basin
strongly suggest the existence of a deep ground-
water flow system in place distinct from many
other multilayered sedimentary systems around
the world, in which an horizontal component of
groundwater flow plays an important role. In-
deed, Castro et al. [1998b] have shown that “He
fluxes decrease rapidly toward the surface (e.g.,
see Figure 5) as a result of a progressive dilution
by recharge water carrying a small atmospheric He
component present in deeper aquifers/formations.
Such steep flux decrease does not appear to be
present in the Michigan Basin, suggesting that
the impact of the horizontal flow component
(e.g., recharge water) at depth is minor. The
presence of a dominant vertical flow component
(upward leakage) with respect to a horizontal one
is also likely responsible for the extremely high
salinities in the shallow subsurface of the Mich-
igan Basin.
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Figure 5. Estimated “He fluxes entering the Marshall
aquifer as compared to *He fluxes entering aquifers in
other multilayered sedimentary basins: the Carrizo
aquifer in the Gulf Coast Basin [Castro and Goblet,
2003], the Ypresian, Albian, Lusitanian, and Dogger
aquifers in the central portion of the Paris Basin [Castro
et al., 1998b], and the Great Artesian Basin [Torgersen
and Ivey, 1985]. Although not a multilayered system,
“He fluxes estimated in the Great Hungarian Plain [Stute
et al, 1992] are also indicated for comparison; the
crustal flux entering the Paris Basin is also indicated
[Castro et al., 1998Db].

[34] On the basis of measured U and Th concen-
trations in the Precambrian crystalline basement of
our study area (Table 3), we estimate that, in
addition to production within the sedimentary
sequence (~2.4 km), at least ~6 km of crystalhne
basement would be required to produce the *He
flux underneath the Marshall aqulfer This rough
estimation indicates that about 20% of *He,,,. in the
Marshall could result from the sedimentary se-
quence, while ~80% might originate in the base-
ment. Li concentrations are not available for the
Precambrian crystalline basernent thus we cannot
make such estimations for HeexC However, as
previously discussed, it is expected that the crys-
talhne basement is by far the most important source
of *He,,, observed in the Marshall. The basement
underneath the study area is highly fractured
(Figure la) and it is likely that the presence of
faults act as conduits for groundwater flow, thereby
enhancing vertical He transport within the crystal-
line basement, at great depths.

[35] Such high fluxes entering the Marshall aquifer
cannot, however, explain the high *He,,. and
“He.,. observed in samples 4a,b, which were
collected from the upper portion of the aquifer
(z/z9 = 0.3). In order to fit such He excesses, ﬂuxes
of 5 x 107" and 2 x 107> cm® STP em™ 2 yr

for 3Hem, and 4Hem are required, respectively.

These yield R /R, ~ 0.18, a value that is consistent
with our observed R.,./R, of 0.15 (average for
samples 4a,b), strongly suggesting the presence of
a more significant and local mantle component in
this area. Comparison between “He flux values
required to fit samples 4a,b and the crustal flux value
determined underneath the Paris Basin (Figure 5)
further supports the notion that a mantle flux is partly
responsible for the total local He flux in this area.

[36] Overall, our results indicate that He has an
origin external to the aquifer, from deeper sources,
strongly supporting the presence of cross-forma-
tional flow (upward leakage) throughout most of
the sedimentary sequence within the Michigan
Basin. Our results also suggest that the impact of
a horizontal flow component (e.g., recharge water)
at depth is minor. This dominant vertical water
component with respect to the horizontal one can
explain the observed major ions vertical patterns
within the Michigan Basin as well as the extremely
high salinities observed at the shallow subsurface.
We analyze these below.

6. Origin of High Salinity in the
Shallow Subsurface of the Michigan
Basin

[37] In a similar manner to the observed unusually
high He excesses, high salinity values have been
widely documented in both aquifers and aquitards
at the shallow subsurface in the Michigan Basin
[e.g., Long et al., 1988; Weaver et al., 1995; Ging
et al., 1996]. The origin of solutes in these shallow
groundwaters remains uncertain and upward trans-
port of underlying basinal brines into shallow
depths and subsequent mixing with recently
recharged meteoric water has been suggested to
explain the observed salinity distributions [Long et
al., 1988; Ging et al., 1996; Weaver et al., 1995;
Kolak et al., 1999]. Our results presented above
clearly indicate that the main source of He in the
Marshal is external to the aquifer, partly from
the underlying sedimentary sequence, partly from
the crystalline basement, and strongly support the
presence of large scale cross-formational flow
within the Michigan Basin.

[38] If our hypothesis based on He isotopes is
correct and upward leakage indeed occurs through-
out most of the sedimentary sequence, its vertical
impact on major ion chemistry evolution should be
equally and clearly observed. Thus we now ana-
lyze the major ion chemistry systematics not only
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Figure 6. Cl~ and Na" versus Br~ concentrations, respectively, for the Marshall aquifer (closed red circles, this
study; open red circles, Dannemiller and Baltusis [1990]), the Glacial Drift (black crosses, Dannemiller and Baltusis
[1990]), the Antrim Shale formation (open blue squares, Mclntosh et al. [2004]), the Traverse formation (closed blue
squares), the Richfield (open brown triangles), the Detroit River Group (open green triangles), and the Niagara/Salina
formation (closed brown triangles) [Wilson and Long, 1993a, 1993b]. Both (a and c) log-log and (b and d) linear
scales are shown; seawater-evaporation curves from McCaffrey et al. [1987] are also shown (brown dashed line).

within the Marshall aquifer, but rather, from the
deeper Silurian up to the shallowest subsurface
levels (Glacial Drift sediments; Figure 1c).

6.1. General Data Overview

[39] Because bromide remains in solution during
seawater evaporation and is not modified by dia-
genetic processes [e.g., Carpenter, 1978; Stueber
and Walter, 1991], in a similar manner to He, Br™
behaves as a conservative tracer. Thus the latter is
also an ideal element to trace groundwater circu-
lation and to identify the origin of solutes. Conse-
quently, in order to discuss the chemistry evolution
within the Michigan Basin, all other ions are
plotted as a function of Br~ concentrations.

[40] Figures 6 and 7 show the concentrations of
Cl™, Na*, as well as Ca*", Mg®", Sr**, and K"
plotted as a function of Br—, respectively, for the
Marshall aquifer in southern Michigan (this
study; Dannemiller and Baltusis [1990]), the
overlying Glacial Drift [Dannemiller and Baltusis,
1990], the underlying Upper-Devonian Antrim
shale [McIntosh et al.,2004] and Traverse carbonate
formations [ Wilson and Long, 1993b], as well as the
evaporite-carbonate Lower-Devonian and Silurian
formations [Wilson and Long, 1993a]. Results indi-
cate that major ion concentrations vary between
4 (Mg*" and Ca*") and 6 (Br, CI~, Na*, and
Sr*") orders of magnitude from shallow fresh
groundwater to deep brines in the Michigan Basin.
K" concentrations display an intermediate variation,
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up to 5 orders of magnitude. Due to these high
variations in concentrations, element relationship
plots are presented both in log-log and linear scale
to allow for a detailed analysis of these distinct
chemistry waters (Figures 6 and 7).

[41] In the sections that follow we first discuss
the origin of salinity at the shallower levels,
i.e., Glacial Drift through Traverse Formation
(section 6.2). We then proceed to discuss how
these shallower brines relate to those of deeper
formations (Traverse-Silurian, section 6.3), and
present then a brief overview of the observed
vertical facies evolution and He-Br~ positive
correlation (section 6.4).

6.2. Origin of Salinities in the Shallow
Subsurface of the Michigan Basin

[42] Groundwater samples from the Marshall aqui-
fer yield variable CI~ and Br™ concentrations and
display a positive correlation between these two
elements (Figure 6a). Low CI~ and Br~ concen-
trations are found close to the recharge area and are
indistinguishable to the composition of fresh water
in the overlying Glacial Drift. By contrast, samples
close to the discharge area display high Cl~ and
Br~ concentrations, with a signature similar to
those of the most diluted underlying Antrim For-
mation brines (Figures 6a and 6b). While dissolu-
tion of evaporites in neighboring formations may
explain some of the high Cl concentrations ob-
served locally in Antrim formation waters in the
northern marginal basin [Mcintosh et al., 2004],
such a process, however, cannot account for the
high Br~ concentrations found in the Marshall and
Antrim formation waters in our study area (south-
ern portion of the basin). Indeed, Br~ content is
negligible in evaporites. High Br~ concentrations
are the result of seawater evaporation and are thus
expected to have its original source in underlying
Br -enriched basinal brines [e.g., Ging et al.,
1996; Mcintosh et al., 2004]. Indeed, brines from
the Traverse formation (Figures 6a and 6b), a major
carbonate aquifer underlying the Antrim shale have
higher Br~ and CI™ concentrations and plot along
the seawater-evaporation curve (dashed line,
Figure 6b) [McCaffiey et al., 1987], past halite

saturation, indicating that their evolution is related
to evaporated seawater [Wilson and Long, 1993b].
Samples from the Marshall and Antrim formations
also plot along the seawater-evaporation curve
(Figures 6a and 6b) and connect the fresh water
and brine end-members, suggesting mixing of
upwelling deep brines with recharge water within
these shallower levels (Figure 6b). High Cl1~ and
Br contents in shallow waters (e.g., Glacial Drift
and Marshall aquifer) are thus most likely trans-
ported through cross-formational flow from the
underlying Traverse formation brines.

[43] As also previously suggested through estima-
tion of He fluxes (section 5.4.2), mixing of deep
brines with recharge fresh water seems to be absent
at lower levels as indicated by the high CI™
concentrations in place in these formations (e.g.,
Traverse Formation, Silurian) as well as its ob-
served small variability range.

[44] Na" within the Marshall shows a similar trend
to that of C1™ (Figures 6¢ and 6d), and is also likely
the result of upwelling basinal brines from the
Traverse Formation. An almost linear trend is also
observed between Ca’", Mg%, Sr?", and K and
Br™ in the most concentrated brines within the
Marshall and those of deeper formations (Figure 7),
further indicative of a progressive evolution from
the deepest brines (e.g., Silurian) into shallower
ones (Marshall).

[45] In fresh and less concentrated waters (e.g.,
Glacial Drift and Marshall), Ca’", Mg2+, Sr**, and
K" concentrations remain relatively constant with
increasing Br~ contents (Br~ < 0.1 mM). Indeed,
and unlike Na" and C1~ which are directly related
to Br~ through formation of basinal brines, Ca*",
Mg**, Sr**, and K" in diluted waters are buffered
by water-rock interactions [e.g., Szramek and
Walter, 2004].

6.3. Deeper Brine Signatures in Shallow
Formation Waters

[46] We have just shown that Glacial Drift and
Marshall groundwaters carry the signature of the
deeper Traverse brines. In earlier sections we have
also shown that the observed He excess in the

Figure 7. Ca?’, Mg®", Sr**, and K" versus Br~ concentrations for the Marshall aquifer (closed red circles, this
study; open red circles, [Dannemiller and Baltusis, 1990]), the Glacial Drift (black crosses, Dannemiller and Baltusis
[1990]), the Antrim Shale formation (open blue squares, Mclntosh et al. [2004]), the Traverse formation (closed blue
squares), the Richfield (open brown triangles), the Detroit River Group (open green triangles), and the Niagara/Salina
formation (closed brown triangles) [Wilson and Long, 1993a, 1993b]. Both (a, c, e, and g) log-log and (b, d, f, and h)

linear scales are shown.
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Figure 8. Ternary diagram showing mole percentage of Ca, Mg, and Na + K in Michigan Basin formation waters:
Pleistocene (Glacial Drift, black crosses), Mississippian (Marshall sandstone, open red circles), Upper Devonian
(Antrim and Traverse formations, open blue circles), Lower Devonian (Richfield and Detroit River Group, open
green triangles), and Silurian (Niagara/Salina formations, closed green triangle). Trends indicating evolution of
chemical facies from fresh groundwater (Trend 1) to deeper brines (Trend 2) are also indicated.

Marshall originates from sources deeper than the
Traverse formation, and suggested that high salin-
ities observed in the Marshall are also likely to
have a deeper origin.

[47] Because the environmental conditions required
for such extreme seawater evaporation to take place
during Late Devonian (e.g., Traverse Formation) are
unlikely, Wilson and Long [1993a, 1993b] sug-
gested that the latter might have been affected by
the underlying Silurian brines. Indeed, such influ-
ence can be clearly observed between a diversity of
ions and Br™ (Figures 6 and 7). For example, Lower
Devonian and Silurian brines present the highest
CI™ and Br~ concentrations and plot further along
the seawater-evaporation curve, close to K-salt
saturation, indicating a more extreme seawater
evaporation. It is clear that Silurian and Traverse
brines are not plotted as two isolated groups, but
instead, Silurian brines evolve into the chemical
composition of those of the Traverse group
(Figure 6b). Major cations (Na*, K*, Ca®", Mg?",
and Sr*") show a similar trend. This signature of
deep Silurian brines into the Traverse Formation
reinforces once again the presence of deep cross-
formational flow derived from He considerations.

[48] Michigan Basin brines have significantly
enriched Ca®*, and depleted Mg2+, Na', and K"
concentrations (Figures 6d, 7b, 7d, and 7h) with
respect to modern seawater-evaporation curves
[McCaffrey et al., 1987]. Extensive water-rock
interactions have been proposed to explain these
elemental differences from modern evaporated sea-
water (e.g., dolomitization for Ca*"-excess and
Mg?"-deficit; albitization for Ca*"-excess and
Na'-deficit; formation of new K-minerals for K*-
deficit [e.g., Wilson and Long et al., 1993a, 1993b;
Davisson and Criss, 1996; Duffin, 1989]). How-
ever, these elemental differences could also be
interpreted as the result of fundamentally different
chemical compositions in ancient Silurian sea-
waters (e.g., seawater with higher Ca®", lower
Mg*" and Na' concentrations [Brennan and
Lowenstein, 2002]). Although no single process
alone can account for the observed chemical com-
positions of these brines, such elemental differ-
ences with respect to modern evaporated seawater
are found at almost all depths in the Michigan
Basin (e.g., from Silurian to Mississippian forma-
tions). This suggests that brines at all depths may
be genetically related as a result of upward cross-
formational flow.
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Figure 9. “He... versus Br~ concentrations in the
Marshall aquifer (this study). ASW “He concentration
at 5°C [Ozima and Podosek, 2002] and average
Br~ concentration in shallow fresh groundwaters
[Dannemiller and Baltusis, 1990] are indicated.

6.4. Vertical Chemical Water Facies
Evolution and He-Br Relationship in the
Marshall Aquifer

[49] Overall, diluted waters in the Glacial Drift and
Marshall aquifers are mostly Ca-Mg-HCO3 domi-
nated and represent recharge water in which water-
rock interactions with carbonates have occurred
over time, while high saline waters have evolved
into Na-ClI facies due to incorporation of deeper
brines (Trend 1, Figure 8). Upper Devonian
strata are mostly Na-Cl dominated and evolve
progressively into Na-Ca-Cl facies (Devonian).
The latter subsequently evolves into a dominant
Ca-Na-Cl facies (Lower Devonian-Silurian;
Trend 2, Figure 8).

[s0] Although the Michigan Basin brines are geo-
chemically compartmentalized [e.g., Martini,
1997], the above observations clearly show the
influence of deep Silurian brines into the overlying
strata, which likely results from upward cross-
formational flow. The positive correlation observed
in the Marshall aquifer between excess He and Br™
(Figure 9), two very distinct conservative tracers,
further reinforces this concept.

7. Conclusions

[s1] We present helium data and major ion chem-
istry from the Marshall aquifer in southern Mich-
igan. This shallow groundwater data set is
subsequently interpreted in conjunction with major

element data sets from deeper and shallower water
levels previously analyzed in this area [ Dannemiller
and Baltusis, 1990; Wilson and Long, 1993a, 1993b;
Mclntosh et al., 2004].

[s2] He excesses and isotopic ratios suggest the
presence of tritiogenic *He in young waters in the
Marshall aquifer. High He excesses in old ground-
water samples are mostly of crustal origin (nucleo-
genic *He and radiogenic *He) with the presence of
a significant mantle He component in some samples.
He excesses in the Marshall aquifer are unusually
high for such shallow depths, and require a source
external to the aquifer, partly supplied by underlying
formations within the sedimentary sequence, partly
from the crystalline basement. Calibration of He
concentrations through an analytical model indicate
that the high 3He,.. and *He,,. observed in the
Marshall require He fluxes of 1 x 10~ and 1.6 x
107® cm® STP cm ™2 yr ! for *He and “He, respec-
tively. These He fluxes are far greater than those
reported in other sedimentary basins around the
world at similar and far greater depths (e.g., Paris
Basin, Gulf Coast Basin [Castro et al., 1998b;
Castro, 2004]). Such high He fluxes present at such
shallow depths within the Michigan Basin strongly
suggest the presence of a dominant vertical water
flow component, i.e., upward leakage, and further
indicate that the impact of the horizontal flow
component (e.g., recharge water) at depth is minor.
Cross-formational flow is also likely responsible for
the extremely high salinities present in the shallow
subsurface of the Michigan Basin. The observed
positive correlation between helium and bromide
strongly suggests that these two very distinct con-
servative tracers both originate at greater depths, and
further suggests that advection is the dominant
transport mechanism within the basin. The occur-
rence of large-scale cross-formational flow is also
consistent with the evolution displayed by the major
ion chemistry throughout most of the sedimentary
sequence (e.g., Silurian through Glacial Drift
Sediments), indicating that solutes from shallow
levels carry the signature of deep formation
brines.
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