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ABSTRACT

3He and 4He concentrations in excess of those in water in solubility equilibrium with the atmosphere by up to

two and three orders of magnitude are observed in the shallow Glacial Drift and Saginaw aquifers in the Michi-

gan Basin. A simplified He transport model shows that in situ production is negligible and that most He excesses

have a source external to the aquifer. Simulated results show that 3He and 4He fluxes entering the bottom of the

Saginaw aquifer are 7.5 9 10�14 and 6.1 9 10�7 cm3STPcm�2 yr�1, both of which are lower than fluxes enter-

ing the underlying Marshall aquifer, 1.0 9 10�13 and 1.6 9 10�6 cm3STPcm�2 yr�1 for 3He and 4He, respec-

tively. In contrast, He fluxes entering the Saginaw aquifer are higher than fluxes entering the overlying Glacial

Drift aquifer of 5.2 9 10�14 and 1.5 9 10�7 cm3STPcm�2 yr�1 for 3He and 4He, respectively. The unusually high

He fluxes and their decreasing values from the lower Marshall to the upper Glacial Drift aquifer strongly suggest

the presence of an upward cross-formational flow, with increasing He dilution toward the surface by recharge

water. These fluxes are either comparable to or far greater than He fluxes in deeper aquifers around the world.

Model simulations also suggest an exponential decrease in the horizontal groundwater velocity with recharge dis-

tance. Horizontal velocities vary from 13 to 2 myr�1 for the Saginaw aquifer and from 18 to 6 myr�1 for the

Marshall aquifer. The highly permeable Glacial Drift aquifer displays a greater velocity range, from 250 to

5 myr�1. While Saginaw 4He ages estimated based on the simulated velocity field display an overall agreement

with 14C ages, 14C and 4He ages in the Glacial Drift and Marshall aquifers deviate significantly, possibly due to

simplifications introduced in the He transport model leading to calculation of first-order approximation He ages

and high uncertainties in Glacial Drift 14C ages.
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INTRODUCTION

High salinity fluids are found at all depths in the Michigan

Basin, from the deep Ordovician St. Peters Sandstone up

to the shallowest subsurface levels (e.g., Glacial Drift, Long

et al. 1988; Wilson 1989). The origin of such high salini-

ties, however, remains uncertain and has been the focus of

numerous studies (Long et al. 1988; Wilson 1989; Wilson

& Long 1993a,b; Ging et al. 1996; Martini 1997; McIn-

tosh et al. 2004, 2011, 2012; Ma et al. 2005). Upward

transport of deep basinal brines and subsequent mixing

with meteoric water has been previously proposed to

account for the presence of high salinity groundwater in

near-surface environments in the Michigan Basin (Long

et al. 1988; Mandle & Westjohn 1989; Weaver et al.

1995; Kolak et al. 1999; McIntosh et al. 2004, 2011).

Previous studies based on noble gases have confirmed the

presence of upward cross-formational flow in the Saginaw

and Marshall aquifers and deeper formations (Ma et al.

2005, 2009; Warrier et al. 2013). Helium, however, has

not been previously used to investigate the presence of

cross-formational upward transport in the shallowest

formations of the Michigan Basin, that is, the Saginaw and

Glacial Drift aquifers.
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The study of noble gases in large-scale groundwater flow

systems offers a powerful tool to investigate cross-forma-

tional flow within sedimentary basins as well as to track

CO2 leakage in natural CO2-rich springs (Torgersen &

Ivey 1985; Stute et al. 1992; Castro et al. 1998a,b; Pinti

& Marty 1998; Castro & Goblet 2003; Patriarche et al.

2004; Holland & Gilfillan 2013; Warrier et al. 2013).

Helium isotopes in particular can be used to ascertain

whether or not cross-formational flow is occurring through

the entire sedimentary sequence in the Michigan Basin and

to better constrain the origin of the very high salinities

present at all levels, and, more specifically, in shallow

groundwater systems.

Because of its conservative nature, helium is transported

by groundwater without reacting with the reservoir rocks.

Typically, helium is present in the mantle, in the crust,

and in the atmosphere (as a consequence of the degassing

of the Earth). These components of different origin pres-

ent specific characteristics, which allow identification of

their sources and sinks (Stute et al. 1992; Hilton & Por-

celli 2003; Castro 2004; Saar et al. 2005). Concentra-

tions of He isotopes (3He, 4He) 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:

(i) an excess air component resulting from dissolution of

small air bubbles caused by fluctuations of the groundwa-

ter table (Heaton & Vogel 1981); (ii) the b-decay of nat-

ural background and bomb tritium (tritiogenic 3He); (iii)

the 6Li(n, a)3H (3He) reaction (Morrison & Pine 1955)

(i.e., nucleogenic 3He); (iv) the a-decay of the natural U

and Th decay series elements (i.e., radiogenic 4He); and

(v) mantle contributions to both 3He and 4He (e.g., Cas-

tro et al. 2009). A detailed analysis of both the helium

concentrations and the 3He/4He (R) ratios measured in

groundwater allows the separation of the different compo-

nents. After separation of the individual He components,

He isotopes can then be used to estimate mean water res-

idence times.

Previous studies of the helium concentrations and isoto-

pic ratios in the Marshall aquifer suggest the presence of

tritiogenic 3He in young groundwaters in this aquifer (Ma

et al. 2005). High He excesses in old groundwater samples

are mostly of crustal origin with the presence of a signifi-

cant mantle He component in some samples. He excesses

in the Marshall aquifer are unusually high for such a shal-

low depth and require a source external to the aquifer.

Previous model simulations based on He data from the

Marshall aquifer suggest the presence of high He fluxes at

shallow depths within the Michigan Basin and point to the

presence of a dominant vertical groundwater flow compo-

nent, that is, upward leakage, and further suggest that the

impact of the horizontal groundwater flow component

(e.g., recharge water) at depth is minor (Ma et al. 2005).

Here, we present helium data and major ion chemistry

from the two shallowest aquifers in the Michigan Basin,

and the Glacial Drift and Saginaw aquifers, in addition to
14C and tritium data for some samples in the Glacial Drift

aquifer. These shallow groundwater data sets are subse-

quently analyzed in conjunction with helium data sets from

the Marshall aquifer (Ma et al. 2005).

GEOLOGICAL AND HYDROGEOLOGIC
BACKGROUND

Located in the northeastern United States, the Michigan

Basin is a concentric intracratonic depression floored by

crystalline Precambrian basement (Fig. 1A–C) and consists

of a succession of sedimentary rocks from Precambrian to

Jurassic that reaches depths of over 5 km (Dorr & Esch-

man 1970; Catacosinos & Daniels 1991). The entire sedi-

mentary strata are covered by thick Pleistocene Glacial

Drift sediments and are composed 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) (Fig. 1C). Depending

on their nature, these sedimentary rocks constitute either

aquitards (e.g., shale, evaporites) or aquifers (mostly sand-

stones and reefal and dolomitized limestones), giving ori-

gin to a multilayered aquifer system (Vugrinovich 1986;

Westjohn & Weaver 1996a).

Major tectonic structures such as the Albion-Scipio

Fault, the Lucas Fault, and the Howell Anticline

(Fig. 1A) are present in southern Michigan 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

(William et al. 1975; Van Schmus 1992; Menuge et al.

2002).

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

(Figs 1 and 2). The Bayport–Michigan confining units that

are composed mostly of shale and limestone overlie the

Marshall aquifer. The Marshall aquifer overlies the Cold-

water and Antrim Shale confining units in turn (Fig. 1C).

The Saginaw aquifer, a major groundwater flow system

composed mostly of sandstones, is located in the central

portion of the Michigan Basin (Fig. 1). It is underlain by

the Bayport–Michigan confining units (Mandle & West-

john 1989). These formations subcrop at an altitude of

~275–300 m and are overlain by the unconfined Glacial

Drift aquifer that consists dominantly of thick sequences of

glacial and/or fluvial sand and gravel that covers most of

the Michigan Basin (Westjohn et al. 1994; Hoaglund et al.

2002).

In the Glacial Drift aquifer, groundwater in southern

Michigan flows NW and NE into Lakes Michigan and

© 2015 John Wiley & Sons Ltd
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Huron, respectively (Fig. 2). In northern Michigan,

groundwater flows gravitationally toward the SW and SE

into Lakes Michigan and Huron, respectively (Fig. 2). In

the Saginaw aquifer, groundwater flows gravitationally

mainly from the south to the NE and from the north to

SE into the Saginaw Lowlands (SL) region and Lake

Huron, where it discharges (Fig. 2). In the Marshall aqui-

fer in southern Michigan, groundwater flows gravitationally

to the NW and NE and discharges into Lakes Michigan

and Huron (SL area), respectively (Vugrinovich 1986;

Mandle & Westjohn 1989). A detailed description of the

aquifer characteristics and regional geohydrology of the

Michigan Basin aquifers is available elsewhere (Vugrinovich

1986; Mandle & Westjohn 1989).

During the Pleistocene glacial advances (e.g., Wiscons-

inan, Illinoian, Kansan), the Michigan basin was entirely

covered by ice sheets (Dorr & Eschman 1970; McIntosh

et al. 2011). In general, the ice sheet advanced from

north to south across the Michigan Basin and retreated

toward the north (McIntosh et al. 2011; Castro et al.

2012). Glacial loading of the Laurentide Ice Sheet

(LIS) during the last glacial maximum (LGM, ~18 ka)

Saginaw Fm

(B)

(A) (C)

A′

A

A A′

Fig. 1. Hydrogeologic framework of the study area. (A) Subcrop formations and major structures present in the Michigan Basin—Lower Peninsula of Michi-

gan (after Dorr & Eschman 1970; Fisher et al. 1988); horizontal groundwater flow (small arrows) in the Marshall, Saginaw, and Glacial Drift aquifers and ver-

tical upward fluxes entering these aquifers (long arrows) are also indicated; (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 He data of formation

groundwater are discussed in this study are indicated (bold italic).
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dramatically increased the hydraulic heads in the Michi-

gan Basin aquifers, thus reversing the regional groundwa-

ter flow pattern in northern Michigan and SL areas

(Hoaglund et al. 2004; Person et al. 2007; McIntosh

et al. 2011). Similar reversals were also identified east of

the Michigan Basin and the nearby southeastern Wiscon-

sin (Klump et al. 2008; Neuzil & Provost 2014). Fol-

lowing the retreat of LIS, groundwater flow rapidly

resumed to observed modern patterns (Hoaglund et al.

2004; McIntosh et al. 2011).

Predevelopment freshwater heads (Barton et al. 1996),

groundwater flow simulations (Hoaglund et al. 2004;

McIntosh et al. 2011), and high helium fluxes in the

Marshall aquifer, as well as dissolved major elements

throughout the entire sedimentary aquifers (Ma et al.

2005), point to the presence of an upward cross-forma-

tional flow in the SL area. Cross-formational flow

appears to be particularly significant in the lower forma-

tions and is likely responsible for the presence of extre-

mely high salinity values (total dissolved solids—TDS ≥
200 g l�1) in the Marshall aquifer in this region (Ma

et al. 2005).

SAMPLE COLLECTION AND MEASUREMENTS

A total of 22 groundwater samples were collected from 11

wells (2 duplicates at each well site) in the Glacial Drift

aquifer for analysis of concentrations and isotopic ratios of

all stable noble gases (He, Ne, Ar, Kr, Xe) after tempera-

ture and pH reached equilibrium. Samples were collected

in copper tubes (i.e., standard refrigeration grade 3/8” Cu

tubing) and water was allowed to flow through for

~10 min. 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 Warrier et al.

(2012) and Hall et al. (2012). 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
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Fig. 2. Detailed study area and location of

the Glacial Drift (dark blue squares), Saginaw

(black circles), and Marshall (green triangles)

aquifer samples in southern Michigan

(adapted from Mandle & Westjohn 1989).

Bold contour represents the Saginaw subcrop;

gray contour represents the Marshall subcrop.

Equipotential line (contour lines) values are

shown in meters together with main

groundwater flow directions (small arrows)

for the Saginaw aquifer (Castro et al. 2012).

Dark gray area corresponds to the Saginaw

lowlands. Regional groundwater flow

direction for the Glacial Drift aquifer (large

arrows) is also shown.
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constrictions in the vacuum system, purified, and sequen-

tially allowed to enter a MAP-215 mass spectrometer using

a cryoseparator. The complete measurement procedure

comprises estimation of He, Ne, Ar, Kr, and Xe concentra-

tions, 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. Excess air (EA) was cal-

culated from measured noble gas concentrations using the

unfractionated air (UA) model (Ballentine & Hall 1999;

Kipfer et al. 2002).

Seven groundwater samples were also collected for analy-

ses of major elements in the Glacial Drift aquifer. These

were filtered with a 0.45-lm Gelman Laboratory AquaPrep

filter and subsequently preserved in high-density polyethyl-

ene bottles with no headspace before analysis. Samples for

cation analyses were acidified to pH <2 by using nitric

acid. Major ion chemistry of these samples was determined

in the Aqueous Geochemistry and Hydrogeology Labora-

tory at the University of Arizona. Alkalinity was measured

by the Gran-Alkalinity titration method (Gieskes & Rogers

1973) with a precision of �1%. Cation chemistry was

determined by inductively coupled plasma-optical emission

spectrometer (ICP-OES) with a PerkinElmer Optima

5100DV (precision, �2%). Anions were analyzed by ion

chromatography (IC) with a Dionex Model 3000 (preci-

sion, �2%). Groundwater ages for 7 samples in the Glacial

Drift aquifer were calculated from 14C activities measured

at the AMS facility at Woods Hole Oceanographic Institu-

tion. Corrected 14C ages from the Mook model (Mook

et al. 1974) for all Glacial Drift samples were subsequently

converted into calibrated calendar ages using CALIB

Rev6.1.0 program (Stuiver & Reimer 1993; Castro et al.

2012) and IntCal’09 calibration data set (Reimer et al.

2009). Calibrated calendar ages are referred to hereafter

simply as ages.

3 Glacial Drift samples for tritium analyses were col-

lected in copper tubes following the same collecting proto-

cols for the noble gas samples and subsequently measured

in the Noble Gas Laboratory of Lamont-Doherty Earth

Observatory. Tritium concentrations were measured by
3He ingrowth method with a precision of �2% and a

detection limit of 0.01 TU (Ludin et al. 1998).

Groundwater samples from 16 wells in the Saginaw

aquifer were also previously collected and analyzed for

noble gas concentrations (He, Ne, Ar, Kr, and Xe) and

isotopic ratios, carbon isotopes (d13C and 14C) and major

elements. Except for He concentrations and isotopic ratios,

all other results were previously published in Castro et al.

(2012) and Warrier et al. (2013). He concentrations and

isotopic ratios for the Saginaw aquifer are presented and

discussed here for the first time. Sixteen groundwater sam-

ples were also previously collected and analyzed for all the

same gases in the Marshall aquifer (Ma et al. 2004, 2005).

Some of the previously published Marshall results are

discussed here and analyzed in conjunction with the newly

published He results for the Saginaw aquifer and all newly

published results for the Glacial Drift aquifer.

HELIUM ISOTOPE RESULTS

Helium systematics

Excess He (Heexc) is calculated by removing the ASW

(Heeq) and excess air (Heea) components (Kipfer et al.

2002) from total measured He concentrations (Hemeas) in

groundwater samples (Stute et al. 1992; Castro et al.

2000). Heeq and Heea are estimated based on recharge

temperatures and as a function of pressure, depending on

the average recharge elevation, 275 m for all three aqui-

fers. The mean annual air temperature (MAAT) for Jackson

in southeast Michigan of 9.1 � 0.8°C (1931–2002, the

MAAT data is from http://lwf.ncdc.noaa.gov/oa/cli

mate/stationlocator.html) was adopted as the recharge

temperature. Heexc comprises both the mantle (Hem) and

crustal (Hec = Hecin + Hecext) components, where Hecin
and Hecext are produced in situ within the aquifer and

externally at greater depths, respectively (Castro et al.

2000; Ma et al. 2005). 3Het is the tritiogenic 3He. 3Heexc
is thus given by:

3Heexc ¼ 3Hemeas � 3Heeq � 3Heea

¼ ð4Hemeas �RmeasÞ � ð4Heeq �ReqÞ � ð4Heea �ReaÞ
¼ 3Hecin þ 3Hecext þ 3Hem þ 3Het

ð1Þ
and

4Heexc ¼ 4Hemeas � 4Heeq � 4Heea

¼ 4Hecin þ 4Hecext þ 4Hem
ð2Þ

Req is the 3He/4He ratio of water in solubility equilib-

rium with the atmosphere, that is, Req = 0.983 9

Ra = (1.360 � 0.006) 9 10�6 (Benson & Krause 1980),

and Rea is the 3He/4He ratio of the excess air component.

Finally,

ðR=RaÞexc ¼ ð3Heexc=
4HeexcÞ=ð3Hea=

4HeaÞ ð3Þ
where 3Hea and 4Hea represent the atmospheric 3He and
4He abundances, respectively.

The major fraction of the total 4He excess is typically of

radiogenic origin, resulting both from in situ production

and from an external flux. These two contributions are

quantified in section ‘Crustal 3He and 4He Origin: Exter-

nal Versus in situ Production’. Typically, He produced in

the crust results in 0.02 ≤ Rc/Ra ≤ 0.05 (e.g., O’Nions &

Oxburgh 1983; Castro 2004) while mantle-derived He is

typically characterized by 8 ≤ Rm/Ra≤50 (e.g., Graham

2002; Starkey et al. 2009).

© 2015 John Wiley & Sons Ltd
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A typical way to separate the helium components of a

groundwater sample is to plot (Weise 1986; Weise &

Moser 1987):

3Hemeas � 3Heea
4Hemeas � 4Heea

vs :
4Heeq

4Hemeas � 4Heea

Transforming the helium balance equation according to

Stute et al. (1992) results in a linear equation of the form

Y = a X + b:

3Hemeas�3Heea
4Hemeas�4Heea|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Y

¼ Req�Rterþ
3Het
4Heeq

� � 4Heeq
4Hemeas�4Heea|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

X

þRter

ð4Þ
where Rter represents the 3He/4He ratio originating from

terrigenic sources (crustal and mantle helium). X values

vary from 0 to 1 and larger X values indicate that the ASW

component is more dominant in the total He concentra-

tion and vice versa. Larger Y values mean more mantle

helium or tritiogenic 3He incorporated into the water.

If the He isotopic data from a specific aquifer represent

a two-component mixture, samples plotted in the above

fashion will fall along a line. However, plot results using

helium data from different aquifers from around the world,

including the Great Hungarian Plain (Stute et al. 1992)

and the Carrizo aquifer (Castro et al. 2000; Castro 2004),

clearly show that isotope data for most of the samples do

not fall along a line (Castro 2004). They appear scattered

and cannot record a mixture between two components.

Rather, these data must reflect a mixture of three or more

components, be it from in situ production, an external

crustal origin, a mantle component, or a component of

tritiogenic origin in very young groundwater.

Overall results

He concentrations and isotopic ratios, d13C, 14C activities

and calendar ages, pH, temperature, major element data,

as well as sample names, location, and well depths for the

Glacial Drift and Saginaw aquifers are given in Tables 1

and 2, respectively. The Fontes & Garnier (1979) model

(F&G model) ages for Saginaw samples are reported in

Castro et al. (2012) because it utilizes both geochemical

and isotopic balances to derive corrected 14C ages and also

to facilitate paleoclimatic comparisons with previously

reported F&G corrected 14C ages for samples from the

Marshall aquifer (Ma et al. 2004). 14C ages for the Glacial

Drift aquifer were estimated following Mook et al. (1974)

as opposed to the F&G model. Mook et al. (1974)

account for initial 14C values for groundwater systems that

may have undergone isotopic exchange between the gas-

eous and aqueous carbonate systems which is characteristic

of unconfined aquifers such as the Glacial Drift and is

generally underestimated by the F&G model (Han &

Plummer 2013). Glacial Drift and Saginaw aquifer 14C ages

were subsequently converted into calendar ages (cf. Section

‘Sample Collection and Measurements’). Glacial Drift aqui-

fer recharge distances were estimated by considering the

distance between the locations with highest hydraulic head

values in southern Michigan as given by Hoaglund et al.

(2002) and the location of the respective samples.

For both the Glacial Drift and Saginaw aquifers, most

samples display 3He and 4He concentrations in excess of

ASW values (Table 1). These He excesses reach values

of over two and three orders of magnitude above those of

ASW for 3He and 4He, respectively, and are particularly

high for samples 25, 29, 31, 62, and 65 in the Glacial

Drift aquifer and samples 14, 15, and 16 in the Saginaw

aquifer, located in the SL discharge area in the central por-

tion of the basin (Fig. 3A,B). Similarly, Rexc/Ra values

vary from 1.9 to 0.12 and from 0.830 to 0.039 for the

Glacial Drift and Saginaw aquifers (Fig. 4), respectively,

and are far greater for ‘modern waters’ as compared to

older ones (Table 1).

A clear increase in 3He (not shown) and 4He (Fig. 3A)

concentrations with recharge distance is observed in the

Glacial Drift aquifer and points to the presence of strong

horizontal He concentration gradients. Although the He

increase with distance is smoother and more regular for

the Glacial Drift aquifer than for the Saginaw aquifer, the

latter exhibits a general positive exponential correlation

between 4He and recharge distance, with the exception of

samples 1, 5, 6, and 12 (Fig. 3A). Overall, for most sam-

ples, He concentrations are higher in the Marshall as com-

pared to the Saginaw aquifer which, in turn, display higher

He concentrations than the Glacial Drift, pointing to

increasing levels of He dilution by freshwater. A generally

well-developed correlation between 4He excesses and

groundwater ages in the Saginaw aquifer is also observed

(Table 2, Fig. 3B) similar to that previously observed in

the Marshall aquifer (Ma et al. 2005). These point to a

progressive accumulation of He isotopes in the Saginaw

aquifer over time. However, a similar correlation in the

Glacial Drift aquifer is not apparent (Table 1, Fig. 3B).

This lack of correlation between He concentrations and

groundwater ages in the Glacial Drift aquifer is likely due

to lack of precision of 14C age determination when dealing

with young groundwater.
3H/3He ages (Table 1) were calculated following Sch-

losser et al. (1988) for Glacial Drift samples gd11a, gd20a,

and gd2. Samples gd20a and gd2 are modern which is

consistent with subcrop recharge area samples in the

Marshall and Saginaw aquifers (Ma et al. 2005; Castro

et al. 2012). Tritium concentration in sample gd11a, with

0.01 TU, is beyond the 3H/3He age limit (Kazemi et al.

2006) and points to an age > 60 years.

This general trend of increasing excess He with recharge

distance and ages is also accompanied by a progressive

© 2015 John Wiley & Sons Ltd
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evolution in water chemistry in all three aquifers. Preliminary

major element analysis shows that the hydrochemical facies

of the Glacial Drift, Saginaw, and Marshall aquifers evolve

progressively from a CaMg-HCO3/Na-HCO3 facies into a

NaCl facies from the recharge to the discharge areas

(Table 3), reflecting the increasing impact of brines on

freshwater along these groundwater flow paths. Bromide

(Br�), which behaves as a conservative element during sea-

water evaporation and diagenetic processes (Carpenter

1978; Stueber & Walter 1991), is considered an ideal tracer

of groundwater circulation and brine sources. In the Glacial

Drift and Saginaw aquifers, Br concentrations increase grad-

ually with recharge distance (Table 1, 2, and 3) and further

support the presence of upward cross-formational flow and

the increasing impact of basinal brines in the central portion

of the Michigan Basin and in particular, the SL area. The

combined He and major element trends point unequivocally

to the increased impact of cross-formational flow with

increasing distance from recharge areas.

Individual helium component separation

While 3He and 4He present in most groundwater in sedi-

mentary systems have a dominant crustal origin (Castro

et al. 1998a,b, 2000), the presence of a smaller mantle

component is not uncommon. In addition, 3Heexc can

result from background 3H decay (7.4 TU in Michigan cf.

von Buttlar & Libby 1955) or the decay of bomb 3H as

the nuclear bomb tests took place in the 1950s and 1960s.

These three different He sources can be identified based

on Rexc/Ra values, 3He and 4He excesses, as well as on

groundwater age considerations (e.g., Stute et al. 1992;

Castro 2004; Warrier et al. 2012). In the analysis that fol-

lows, we adopt 0.02 ≤ Rc/Ra ≤ 0.05 as our ‘reference’

crustal value (Fig. 4). Thus, Rexc/Ra values greater than

the latter strongly suggest the presence of a significant

mantle or tritiogenic He contribution. The observed

decrease in Rexc/Ra values in both the Glacial Drift and

Saginaw aquifers is accompanied by an increase in 3Heexc
and 4Heexc (Table 1 and 2; Fig. 4). For the Saginaw aqui-

fer, modern groundwater samples (Table 2) display small

He excesses (<10 times that of ASW values) with

0.22 ≤ Rexc/Ra ≤ 0.83, the latter being much greater than

typical crustal He values. Thus, these high Rexc/Ra values

result from either natural or bomb 3H decay or the addi-

tion of a mantle He component. As the groundwater sam-

ples become older further away from the recharge area, He

excesses increase significantly, up to two and three orders

of magnitude over ASW concentrations for 3He and 4He,

respectively, with Rexc/Ra values approaching typical crus-

tal values. For the Glacial Drift aquifer, although Rexc/Ra

values for all samples are >0.05, a clear negative correlation

is also observed between Rexc/Ra values and 3Heexc and
4Heexc (Table 1; Fig. 4). This observed inverse correlation

between Rexc/Ra and 3Heexc and
4Heexc was also previously

observed in the Marshall aquifer (Ma et al. 2005). This

suggests that significant He excesses and, in particular,

high crustal He values are found throughout the Michigan

Basin in the shallowest aquifers. It further suggests some

level of vertical connection and mass exchange between

these three aquifers, as indicated by the similarity of their

respective He isotopic signatures and decreasing excess He

concentrations with decreasing depth. From the underlying

Marshall aquifer to the Glacial Drift aquifer, Rexc/Ra val-

ues increase and point to the existence of a strong vertical

Rexc/Ra gradient. Below, following equation (4) and sec-

tion ‘Helium Systematics’, we estimate the contribution of
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ter age in the Glacial Drift, Saginaw, and Marshall aquifers. (A) Evolution of
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the Glacial Drift (blue squares, this study), Saginaw (black circles, this
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crustal, mantle, and atmospheric He components by adopt-

ing end-member values of 0.02 for Rc/Ra (e.g., Castro

2004) and 8 for Rm/Ra (Farley & Neroda 1998), respec-

tively.

Glacial drift aquifer

It is apparent from Fig. 5A that for most samples, the bulk

of the He excess in the Glacial Drift aquifer is due to the

addition of both nucleogenic 3He and radiogenic 4He,

with Rnoea/Ra ratios varying from 0.02 (0% mantle

helium) to 0.66 (8% mantle helium) with varying

contributions of tritiogenic 3He, between 7.4 and 20 TU
3H (1 TU = 2.5 9 10�15 cm3 3He STP g�1). Tritiogenic
3He in the Glacial Drift aquifer likely results from both

background and postbomb tritium decay. The latter is

likely present in samples displaying the youngest ground-

water ages (samples 2, 7, 11, 18). Assuming complete

decay of 7.4 TU 3H, 1.85 9 10�14 cm3 STP g�1 of tritio-

genic 3He would have been added to these waters (red

dashed lines, Fig. 5A). It is apparent that all samples lie
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concentrations for samples from the Marshall
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aquifers, respectively. Shaded areas indicate

typical crustal R/Ra values (0.02–0.05).

Table 3 Major Element Data for Samples From the Glacial Drift and Saginaw Aquifers.

Sample pH T (°C) TDS (mg l�1) Alkalinity (mM) Na (mM) K (mM) Ca (mM) Mg (mM) Cl (mM) HCO3 (mM) SO4 (mM) Br (mM)

Glacial Drift Aquifer
gd18 7.4 11.4 320 5.900 0.452 0.038 1.984 1.334 0.100 5.723 0.466 0

gd25 6.8 11.8 1160 8.755 5.648 0.046 7.115 2.840 7.197 8.319 4.414 0
gd29 7.2 11.8 544 5.825 8.782 0.015 0.009 0.003 1.358 5.791 0.703 0.0006
gd31 7.3 11 485 4.131 7.259 0.006 0.004 0.002 0.676 4.109 0.918 0.0006
gd59 7.8 11.5 266 4.234 1.585 0.052 0.930 0.801 0.311 4.129 0.163 0.0002
gd62 7.4 11 347 6.814 0.830 0.039 2.333 1.529 0.224 6.590 0.485 0.002
gd65 7.1 11.3 817 7.051 6.387 0.055 2.917 1.743 7.329 6.823 0.498 0.002

Saginaw Aquifer*
sg1 7.6 9.1 645 5.900 0.226 0.025 2.809 1.583 0.724 5.686 1.194 0
sg2 7.7 9.3 476 5.341 0.697 0.063 1.698 0.984 0.350 5.200 0.371 0
sg3 7.6 10.3 404 4.898 0.512 0.141 1.676 0.523 0.088 4.777 0.127 0
sg4 7.8 8 444 4.344 5.677 0.026 0.023 0.014 0.111 4.289 0.472 0
sg5 7.5 14.8 365 4.359 0.221 0.074 1.399 1.015 0.079 4.245 0.151 0
sg6 7.7 9.4 498 6.340 0.709 0.056 1.332 1.528 0.030 6.151 0.129 0

sg7 7.9 11.3 381 4.342 2.032 0.039 0.767 0.593 0.061 4.244 0.270 0
sg8 7.4 5.5 1180 3.837 7.827 0.095 3.035 1.482 5.154 3.729 4.457 0.0067
sg9 7.6 6.9 782 3.799 2.585 0.042 2.897 1.044 0.459 3.694 3.519 0
sg10 8.1 5.7 1850 3.707 25.200 0.251 0.735 0.427 20.989 3.583 2.694 0.0164
sg11 7.8 7.2 558 4.500 3.422 0.054 1.316 0.880 1.670 4.383 0.801 0.0063
sg12 7.5 14 410 4.975 0.272 0.082 1.451 0.965 0.035 4.831 0.213 0

sg13 8.3 19.8 706 4.545 9.099 0.043 0.198 0.183 2.161 4.376 1.452 0.0049
sg14 8.2 9.8 1506 5.479 21.136 0.130 0.420 0.131 15.574 5.296 1.240 0.0210
sg15 8 9.4 1510 3.384 19.093 0.198 1.248 0.575 18.216 3.264 1.612 0.0214
sg16 8 9.1 4319 3.345 67.419 0.346 2.322 1.097 63.936 3.152 1.832 0.0788

*Saginaw aquifer data from Castro et al. (2012).

© 2015 John Wiley & Sons Ltd
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above the line corresponding to 7.4 TU tritiogenic 3He

with zero mantle helium contribution, pointing to either

the presence of mantle He or the addition of postbomb

tritiogenic 3He.
4Heeq/

4Henoea of sample 25 is ~0.14, a value that is sig-

nificantly lower than those of samples 2, 11, and 18, and

suggests a contribution of ~2% mantle He. About 2%

mantle He is estimated for sample 25 in addition to 40

TU tritiogenic 3He (Fig. 5A). Sample 59 is located above

the line corresponding to 7.4 TU tritiogenic 3He and 5%

mantle He and requires either more tritiogenic 3He (~40
TU) or a higher mantle contribution (8%), of which the

latter is more likely considering the fact that sample 59 is

as old as 14 840 years (Table 1). This greater mantle He

component in sample 59 suggests the presence of a strong

upward leakage of groundwater associated with the Mid-

continent Rift (MCR) System in these areas (see Figs 1

and 2) possibly carrying both ‘dead’ carbon and mantle

He. This could also explain the observed inconsistencies in
14C ages as a function of 4Heexc and recharge distances
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Fig. 5. Rnoea/Ra versus 4Heeq/
4Henoea for the

(A) Glacial Drift and (B) Saginaw aquifers,

respectively. He isotopic ratios R/Ra of the

crust and the mantle are assumed to be 0.02

and 8, respectively. The prebomb background

tritium concentration in this area of 7.4 TU is

also indicated (Kaufman & Libby 1954; von

Buttlar & Libby 1955; Thatcher 1962). Lines

corresponding to 0%, 1%, 2%, 5%, and 8%

mantle helium and 7.4 TU, 15 TU, and 20 TU

tritiogenic He are shown for the Glacial Drift

aquifer; lines corresponding to 0%, 1%, and

2% mantle helium and 0 TU, 7.4 TU, 10 TU,

and 15 TU tritiogenic He are also shown for

the Saginaw aquifer.

© 2015 John Wiley & Sons Ltd

Groundwater flow and water residence times - Michigan Basin 11



(Table 1, Fig. 3B). Overall, most helium in the Glacial

Drift aquifer is of crustal origin, with small but non-negli-

gible amounts of tritiogenic and mantle He components in

some samples.

Saginaw aquifer

Figure 5B shows the contributions of terrigenic elements

to the samples from the Saginaw Aquifer. It is apparent

that nucleogenic 3He and radiogenic 4He also dominate

the He excesses in the Saginaw samples, with Rnoea/Ra

varying between 0.02 (0% mantle helium) and 0.18 (2%

mantle helium), with a tritiogenic 3He contribution

between 7.4 and 15 TU. The average Rnoea/Ra value is

0.05, a value typical of crustal production. Except for sam-

ple 4, all samples for which 3He/4He ratios are available

fall above the 7.4 TU tritiogenic 3He line, indicating the

existence of 3He sources resulting from decay of bomb tri-

tium and from the mantle. With the exception of samples

1a, 2, 3, 5, and 12, Rnoea/Ra of all other samples fall

between the lines corresponding to 0% and 1% mantle He

contribution with 7.4 TU of possible tritiogenic 3He. This

confirms that the mantle helium component is small but

non-negligible in the Saginaw Aquifer.

Samples 1a, 2, and 3 point to tritiogenic helium compo-

nents corresponding to >20 TU, 15 TU, and 9 TU,

respectively, if one assumes the fraction of mantle helium

to be 0%. Samples 5 and 12 may have a helium source dif-

ferent from other samples with higher mantle helium con-

tributions. This is consistent with the proximity of both

samples to the MCR System (Figs 2, 3A and 5B). Sample

4 is the sole sample located below the line corresponding

to 0% mantle He and 7.4 TU tritiogenic 3He. However, it

is possible that the tritium background has varied over

time and a lower tritium background, as low as 2.5 TU,

was incorporated, as opposed to the current 7.4 TU.

In a similar manner to that in the Glacial Drift aquifer,

most helium in the Saginaw aquifer is of crustal origin,

with smaller but non-negligible amounts of tritiogenic 3He

than the Glacial Drift aquifer (younger samples) and fairly

minor amounts of a mantle (older samples) component.

Crustal 3He and 4He origin: external versus in situ

production

From the above discussion, it is apparent that most of the
3He and 4He excesses in the Glacial Drift and Saginaw

aquifers are of crustal origin with the addition of a small

mantle component and minor tritiogenic 3He. This is con-

sistent with previous findings in the underlying Marshall

aquifer (Ma et al. 2005). Here, we discuss the origin of the

crustally produced 3He and 4He to ascertain whether or

not 3Heexc and 4Heexc present in the Glacial Drift and

Saginaw aquifers result mostly from in situ production

within the aquifers, or if instead, they have a deeper

external origin. With regard to the latter, it is also impor-

tant to ascertain whether or not the sedimentary sequence

underlying these aquifers is the main contributor or if the

crystalline basement is providing most of the He excesses

present in groundwater.

Production rates of 3He and 4He were calculated for the

Glacial Drift and Saginaw aquifers and corresponding sedi-

mentary formations underlying these aquifers, as well as

the crystalline basement as follows (Ballentine 1991):

Pð3HeÞ ¼ ð6:035½U� þ 1:434½Th�Þ�
½Li� � 10�23cm3STP g�1

rockyr
�1

ð5Þ

Pð4HeÞ ¼ 1:207� 10�13½U� þ 2:867

�10�14½Th�cm3STP g�1
rockyr

�1
ð6Þ

where [Li], [U], and [Th] represent the Li, U, and Th

concentrations (ppm), respectively (Table 4).

The accumulation rate of He isotopes in groundwater

was then estimated according to:

AiHe
¼ PðiHeÞ � qr � K� ðð1� xÞ=xÞcm3STP g �1

H2O
yr�1

ð7Þ
where i represents 3He or 4He, qr is the density of the

rock in g cm�3, x is the porosity of the reservoir rock, and

Λ is the transfer efficiency of He from the rock matrix to

the water, assumed to be 1 (cf., Torgersen 1980; Torger-

sen & Clarke 1985). Table 4 lists the calculated 3He and
4He in situ production rates, thickness and porosity values

for the Glacial Drift, Saginaw, and Marshall aquifers, and

the sedimentary sequence underlying these aquifers in the

study area. Corresponding R/Ra production values as well

as 3He and 4He accumulation rates in groundwater for all

aquifers and underlying sedimentary sequences are also

indicated. 4He production rates for the crystalline base-

ment are also listed. 3He production rates are not calcu-

lated for the crystalline basement due to lack of

Li concentration data.

If one assumes that all 4He excesses in the Glacial Drift

and Saginaw groundwater result from in situ production,

it would take between 50 and 881 kyrs, and 0.01 and

63.1 Myrs for the Glacial Drift and Saginaw aquifers,

respectively, to produce the observed 4Heexc, time periods

that would correspond to the required age of these

groundwater samples. Such groundwater ages seem to be

far too high for most samples and in contradiction with

estimated 14C ages (Tables 1 and 2), indicating that most

of the He excess has an origin external to the aquifers.

Taking into account groundwater ages as well as in situ

production rates, the expected He accumulation in

groundwater resulting solely from in situ production

within the Glacial Drift and Saginaw aquifers is ~2–3
orders of magnitude lower than the observed He excesses

© 2015 John Wiley & Sons Ltd

12 T. WEN et al.



(Fig. 6). We thus conclude that in situ production is a

negligible He source in both, the Glacial Drift and Sagi-

naw aquifers, compared to external contributions. Such

external He sources to aquifers have been also confirmed

in the Marshall aquifer (Ma et al. 2005). If it is assumed

that all 3He excesses in the Glacial Drift and Saginaw

groundwater result from in situ production, it would take

between 1.7 and 12.9 Myrs, and between 1 and 621 Myrs

for the Glacial Drift and Saginaw aquifers, respectively, to

produce all the 3He excesses, ages which are even older

than the ages calculated based on 4Heexc, and in many

cases (samples 25, 29, 59, 62, and 65 in the Glacial Drift

aquifer and sample 16 in the Saginaw aquifer), these are

higher than the age of the formations themselves rendering

it impossible for these water ages to be realistic. That sug-

gests the 3He excesses in the Glacial Drift and Saginaw

aquifers have an external origin, with potentially some

mantle contribution.

External sources can be provided by the underlying sedi-

mentary sequence and/or by the crystalline basement. The

sedimentary sequences underneath the Glacial Drift and

Saginaw aquifers are ~2750 m and ~2630 m thick, respec-

tively (cf., Section ‘Geological and Hydrogeologic Back-

ground’; Table 4). Taking into account these different

lithological compositions, thicknesses, and respective pro-

duction rates, we estimate that the entire sedimentary

sequence is capable of producing all 4Heexc for some sam-

ples (e.g., samples 3, 4, 7, 9, 11 in the Saginaw aquifer

and samples 31 and 59 in the Glacial Drift aquifer).
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Fig. 6. 4He excess versus groundwater (calendar) ages. He accumulation

resulting both from in situ production in the Glacial Drift (blue squares, this

study), Saginaw (black circles, this study), and Marshall aquifers (green tri-

angles, Ma et al. 2005) and corresponding He concentrations resulting

from production in the sedimentary sequences underneath these aquifers

are also indicated for the Glacial Drift (red dashed line), Saginaw (green

dashed line), and Marshall (orange dashed line) aquifers, respectively.
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However, most samples in both aquifers have higher 4He

concentrations with respect to those that can potentially

be produced in the underlying sedimentary sequences.

Thus, an external He flux from deeper levels (e.g., curst

and/or mantle) is required to account for these excesses

(Fig. 6).

From the above discussion, it is clear that an external

source dominates both 3Heexc and
4Heexc in both the Gla-

cial Drift and Saginaw aquifers. In the following sections,

we estimate the external vertical 3He and 4He fluxes enter-

ing the base of the Glacial Drift and Saginaw aquifers and

further revise the previously calculated He fluxes for the

Marshall aquifer (Ma et al. 2005) while attempting to bet-

ter constrain the He sources in these aquifers.

HE TRANSPORT MODEL

Model description

In order to quantify the transfer of 3He and 4He to and its

accumulation in a confined aquifer, Torgersen & Ivey

(1985) proposed a simple model assuming that steady state

for both flow and He transport is reached within the sys-

tem. The advection–dispersion equation describing their

model is given by:

vx
@C

@x
þDT

@2C

@z2
¼ A ð8Þ

where vx (in m yr�1) is the advective pore velocity in the

x (horizontal) direction, x is the distance from the

recharge area of the aquifer in m, z is the relative vertical

position inside the aquifer, C is the 3He or 4He concen-

tration in cm3 STP cm�3
H2O, and Dz is the coefficient of

hydrodynamic transverse dispersion in m2 yr�1 given by

Dz = aT vx + d (Freeze & Cherry 1977). Thus, it includes

both vertical dispersion expressed as a function of trans-

verse dispersivity (aT) and diffusion expressed by the

molecular diffusion coefficient for the solute in the porous

media (longitudinal dispersive transport is neglected here

as the horizontal concentration gradient is negligible as

compared to the vertical one (Dagan 1989; Domenico &

Schwartz 1990); A is a source term, and in our case, it

represents the accumulation of 4He or 3He in groundwa-

ter resulting from in situ production as calculated from

Equation (7).

It is important to note that Grasby et al. (2000) found

that the regional-scale flow system of the Williston Basin

underwent two major reversals due to the Pleistocene

glaciation. Subsequently, McIntosh et al. (2011) con-

firmed also the presence of reversed groundwater flow pat-

terns during the Pleistocene glaciation in the Michigan

Basin, that is, during the LGM, at ~18 ka, primarily in the

shallow glacial drift deposits. These findings suggest that

transient conditions might be in place both the Williston

and Michigan Basins (Grasby et al. 2000; Person et al.

2007; McIntosh et al. 2011). However, Hoaglund et al.

(2002, 2004) have argued that aquifers under the Lake

Michigan lobe equilibrated back to steady state relatively

quickly following the retreat of the LIS. In addition and

more recently, groundwater flow simulations in both

steady and transient states led to the establishment of simi-

lar groundwater flow patterns in the Michigan Basin

(McIntosh et al. 2011). Thus, following Ma et al. (2005),

assuming steady state for both groundwater flow and He

transport in the shallowest aquifer of the Michigan Basin is

expected to be a reasonable assumption within uncertain-

ties.

The prescribed boundary conditions for this model are

as follows: (i) a 4He or 3He concentration that initially is

zero for all depths in the aquifer: [C]0,z = 0; (ii) a flux J0
of 4He or 3He entering the aquifer across the bottom

boundary zo, assumed to be constant:
�
Dz

@C
@z

�
x;z0

¼ Jo; and

(iii) a no-flux 4He or 3He boundary condition at the top

of the aquifer, that is, no 4He or 3He losses occurring

through the top of the aquifer are allowed:
�
@C
@z

�
x;0

¼ 0.

He studies in multilayered aquifer systems in which the

advective, dispersive, and diffusive fluxes were quantified

(Castro et al. 1998b) show a significant reduction in these
4He losses of up to 30 times the total vertical flux J0 enter-

ing 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 compared to the J0
flux entering the bottom of the aquifer (Castro et al.

2000).

The analytical solution to this problem is given by Tor-

gersen & Ivey (1985):

C ¼A
x

vx
þ J0x

z0vxq
þ J0z0
Dzq

3 z
z0

� �2
�1

6
� 2

p2
X1
m¼1

ð�1Þm
m2

exp �Dzm
2p2x

z20vx

	 

cos

mpz
z0

	 
2
64

3
75
ð9Þ

where q represents the density of the groundwater.

Although the assumption of an isotropic medium does

not correspond to the real situation due to, among other

factors, variations in the lithology inside the same aquifer

which induce variations in porosity and velocity and thus

in the dispersion rate, we chose a constant value of

Dz = 0.13 m2 yr�1 for all aquifers discussed in this contri-

bution. This choice was made on the basis of measure-

ments of transverse dispersion performed in homogeneous

sandstone at various flow rates (Freeze & Cherry 1977),

showing that Dz is practically constant for a wide range of

velocities (varying from 0.32 to 16 m yr�1). This velocity

range covers typical observations in different types of aqui-

fers. The density value of water (q) was set to 1 g cm�3

for all aquifers and all simulations.

© 2015 John Wiley & Sons Ltd
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4He and 3He simulations

4He and 3He simulations for the Marshall aquifer were

previously carried out by assuming known values for the

groundwater velocity while fitting 4He and 3He concentra-

tions as a function of groundwater ages (Ma et al. 2005).

This approach led to estimated 3He and 4He fluxes enter-

ing the base of the Marshall aquifer of 1 9 10�13 and

1.6 9 10�6 cm3 STP cm�2 yr�1, respectively (Ma et al.

2005). Here, in addition to estimating 3He and 4He fluxes

entering the base of the Glacial Drift and Saginaw aquifers,

we also estimate 3He and 4He fluxes from the Marshall

aquifer following a procedure similar to that used for these

two other aquifers (cf. Castro et al. 2000).

4He simulations

Velocity and water residence times are determined by fitting

the 4He concentrations as a function of recharge distance.

The velocity vx and the 4He flux J0 entering the base of the

aquifer are the two free parameters in our model simula-

tions. All other parameters were treated as initially known

values. 4He concentration distributions were obtained after

fitting the model by trial and error to the measured values

by numerically solving Equation (9) (105 terms in the ser-

ies) for values of z corresponding to the bottom (z0) and to

the surface (z = 0 m) of the aquifer, respectively. Only one

of the two unknown parameters (vx and J0) was changed at

one time, that is, the simulations were conducted as if we

were dealing with one variable only.

To calibrate the model, simulations were conducted as

follows:

(1) We made an initial attempt to fit the 4He concentra-

tions as a function of recharge distance with a constant

flux value J0 and a constant horizontal velocity value

vx. To this end, a chosen velocity value vx was kept

constant during simulations with different values of J0
covering five orders of magnitude. This procedure was

then repeated for different velocity values, covering a

range of three orders of magnitude (one order of mag-

nitude lower and higher as compared to the previously

calculated average values for these aquifers: 60 m yr�1

for the Glacial Drift aquifer (Long et al. 1988; Hall

et al. 2012); 5.37 m yr�1 for the Saginaw aquifer

(Mandle 1986; Hoaglund et al. 2002; Castro et al.

2012), and 2.9 m yr�1 for the Marshall aquifer (Man-

dle 1986; Hoaglund et al. 2002; Castro et al. 2012).

We feel that such a procedure provides an acceptable

range of vx values for the groundwater in different

types of aquifers.

The attempt to calibrate the model with both constant flux

and velocity values (J0 and vx) failed, as it was not possible

to reasonably reproduce the evolution of the observed 4He

concentrations as a function of distance from the recharge

area. Nevertheless, these simulations made it possible to

estimate, for each aquifer, an average flux value J0 that

better represents the distribution of the measured 4He

concentrations and that appeared to be a quasi-unique

solution for each aquifer. Sensitivity tests to the flux J0 and

to the velocity vx presented in the supplementary material

provide evidence for this. The large number of sensitivity

tests performed showed that only a decrease in the velocity

value vx with recharge distance x could reproduce the slope

(increase) of 4He concentrations with distance from the

recharge area observed in each aquifer.

(2) After determining the flux value J0 for each aquifer,

the velocity remains the only unknown parameter. To

determine this unknown, we first attempted to repro-

duce our 4He concentrations with a constant velocity,

followed by a linear decrease in velocity with increasing

recharge distance in all aquifers. However, for all aqui-

fers, the best fit was obtained by assuming an exponen-

tial decrease in vx with x, where vx is given by:

vx ¼ vxo exp log
vxf
vxo

	 
 ðx � x0Þ
xf � x0

� �
ð10Þ

where x0 is the recharge area of the aquifer; xf is the maxi-

mum distance from the recharge area along a defined flow

line in the aquifer; vx is the horizontal velocity at a certain

distance x; vx0 is the horizontal velocity at a distance

x = vx0, that is, the velocity of the groundwater in the

recharge area; and vxf is the velocity for x = xf. Although

such an exponential velocity decrease remains an assump-

tion, such relationship has previously been observed in

many aquifers around the world, including the Auob Sand-

stone Aquifer in Namibia and the Carrizo and Queen aqui-

fers in Texas (Castro et al. 2000, 2005; Castro & Goblet

2003; Patriarche et al. 2004).

Equation (10) assumes that vx becomes very small for large

distances from the recharge area ( lim
x!1 vx ¼ 0). The assump-

tion of a zero velocity for an infinite distance seems to be

reasonable and corresponds to the situation observed in the

discharge area itself. This assumption is reasonable, in par-

ticular, if a strong vertical leakage is present in these areas.

For each aquifer, x0 and xf are known, with x0 = 0 (recharge

area) and xf being 199 km, 160 km, and 200 km for the

Glacial Drift, the Saginaw, and the Marshall aquifers,

respectively. The unknown vx0 and vxf were defined after fit-

ting the model by iteration over a range of likely values.

The velocity vx and the time t given by t ¼ R x
0

dx
dv are initially

calculated for each point at a distance x, with a spatial reso-

lution of 100 m. The calculated time value t is then inte-

grated in Equation (9) (now expressed as a function of

time) for the calculation of the 4He concentrations.

3He simulations

After fitting the model for 4He concentrations, the velocity

pattern of the aquifer is determined. With this known

© 2015 John Wiley & Sons Ltd
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velocity field for each aquifer, we have only one unknown

parameter in Equation (9), that is, the 3He flux J0. It is

straightforward to find out the optimal 3He flux entering

the bottom of the aquifer following step (2) as described

above for 4He.

Modeling results and discussion

Saginaw aquifer
4He simulations in the Saginaw aquifer were performed for

an average aquifer thickness zo of 120 m (Vugrinovich

1986). 4He and 3He accumulation rates in the groundwa-

ter (source term in Equation 9) were taken as

1.07 9 10�12 and 8.04 9 10�21 cm3 STP cm�3
H2O yr�1,

respectively (Table 4). Following the calibration procedure

described in the previous section, sensitivity tests for a con-

stant flux (J0) and velocity (vx) values were performed cov-

ering 5 orders of magnitude of He flux values, from

6.1 9 10�5 to 6.1 9 10�9 cm3 STP cm�2 yr�1 and for

velocity values one order of magnitude lower and higher,

respectively (0.537 and 53.7 m yr�1), than the average

velocity value previously used (Castro et al. 2012; Text

S1). Sensitivity tests showed that the flux value J0 entering

the bottom of the aquifer is to a large extent independent

of the horizontal velocity of the groundwater and thus rep-

resents a ‘quasi-unique’ solution. Sensitivity results also

showed that to reproduce the increase in 4He concentra-

tions as well as a reduction in the 4He gradient between

the top and bottom of the aquifer toward the discharge

area, the velocities of the groundwater have to be

decreased with increasing recharge distance.

Figure 7A and B show the simulated 4Heexc and 3Heexc
from the bottom (z = 120 m) and top of the Saginaw

aquifer (z = 0 m) as a function of the recharge distance for

our calibrated model. Contributions of 3Heexc and 4Heexc
from in situ accumulation in the groundwater are also

shown (lower dashed lines). Simulated 4Heexc and 3Heexc
reproduce reasonably well both the increase in measured

He excesses and the decrease in excess range values with

increased recharge distance. With the exception of samples

14, 15, and 16 for 4He simulations and samples 5, 12, 14,

and 16 for 3He, most measured concentrations fall within

simulated values between the bottom and the top of the

aquifer.

The optimal fit obtained indicates that He excesses in

the Saginaw aquifer require external He flux values of

7.5 9 10�14 and 6.1 9 10�7 cm3 STP cm�2 yr�1 for 3He

and 4He, respectively (Fig. 7A,B). Estimated He fluxes

yield a Rexc/Ra = 0.089 entering the bottom of the Sagi-

naw aquifer, a value that is very close to the observed aver-

age Rexc/Ra of 0.09 if one excludes the tritiogenic 3He

contributions (Table 1, Fig. 7A,B) which is not considered

in our simulations. The model also suggests, as previously

concluded, that in situ production from the Saginaw

aquifer is negligible, yielding concentrations that are 3–5
orders of magnitude lower than the observed 3He and 4He

excesses in the Saginaw aquifer (Fig. 7A,B).
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Fig. 7. Calculated (A) 4Heexc and (B) 3Heexc concentrations for the bottom

(z = 120 m) and for the top of the aquifer (z = 0 m) as a function of the

recharge distance for the Saginaw aquifer. Measured 4Heexc and 3Heexc
concentration values are also shown as well as the 4He and 3He concentra-

tion curves resulting from in situ production only (lower dashed line). (C)

Calculated groundwater residence times for the Saginaw aquifer using
4Heexc distribution concentrations (this study) and 14C measurements (Cas-

tro et al. 2012) as a function of recharge distance.
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Such high fluxes entering the bottom of the Saginaw

aquifer cannot explain the high 4Heexc of samples 14, 15,

and 16, nor the high 3Heexc of samples 5, 12, 14, and 16.

Fitting observed He excesses for these samples requires

fluxes that are far greater than the estimated average 3He

and 4He fluxes (Table 5). Specifically, for samples 5 and

12, 3He fluxes of 1.42 9 10�13 and 1.07 9 10�13 cm3

STP cm�2 yr�1 are required, resulting in simulated Rexc/Ra

values of 0.17 and 0.13, respectively. The latter are consis-

tent with measured Rexc/Ra values without tritiogenic 3He

of 0.18 and 0.13 for samples 5 and 12, respectively (cf.

Table 2). This, in turn, points to the presence of a more

significant mantle He component in these two samples. As

previously suggested, it is likely that the presence of faults

in this area (Fig. 2) may act as conduits for groundwater

from greater depths, and from the crystalline basement in

particular, thereby enhancing vertical He transport. To fit
4He excesses for samples 14, 15, and 16, 4He fluxes

between 8.9 9 10–7 and 2.2 9 10�6 cm3 STP cm�2 yr�1

are required. For 3Heexc, flux values of 8.9 9 10–14 and

1.67 9 10–13 cm3 STP cm�2 yr�1 are required for samples

14 and 16, respectively. These yield Rexc/Ra of 0.05, 0.06,

and 0.05 for samples 14, 15, and 16, respectively. In a

manner similar to that of samples 5 and 12, simulated

Rexc/Ra are consistent with measured Rexc/Ra without tri-

tiogenic 3He for these samples (Tables 2 and 4) and pres-

ent a much higher crustal He component than samples 5

and 12. This lower simulated Rexc/Ra and higher 3He and
4He fluxes point to the presence of upward groundwater

flow in the Saginaw Lowland as previously indicated by

Mandle & Westjohn (1989) and Hoaglund et al. (2004).

Significantly higher fluxes than average at certain loca-

tions in the Saginaw and also in the Marshall aquifer (cf.

section ‘Marshall aquifer’) strongly suggest the presence of

vertical pathways (Seal Bypass Systems—SBS, Cartwright

et al. 2007) within the central portion of the Michigan

Basin. These Seal Bypass Systems in the central portion of

the Michigan Basin might also impair their potential as

nuclear waste repositories. However, Ordovician shales and

carbonates on the eastern flank of the Michigan Basin were

recently found to be well isolated from overlying forma-

tions (Clark et al. 2013), thus considerably strengthening

the safety of nuclear waste disposal in this geological repos-

itory. These discrepancies between central and eastern

Michigan Basin reflect the heterogeneity of deep Michigan

Basin formations.

Despite the uncertainty associated with these calcula-

tions, it is clear that He fluxes entering the Saginaw aquifer

are far greater than He fluxes reported in other sedimen-

tary basins at similar (≤300 m), and even far greater depths

(Fig. 8). For example, the upward 4He flux entering the

Saginaw aquifer is over an order of magnitude greater than

the one entering the Carrizo aquifer in the Gulf Coast

Basin (average depth 1000 m; Castro & Goblet 2003; Pat-

riarche et al. 2004) and presents an intermediate value

between fluxes entering the Albian (depth ~600 m) and

Lusitanian aquifers (depth ~1600 m) at the center of the

Paris Basin (Castro et al. 1998b). A similar pattern is

observed for 3He fluxes. Such high He fluxes present at

such shallow depths strongly suggest that a dominant verti-

cal flow component (upward leakage) with respect to a

horizontal one is present within the Michigan Basin and

the impact of the horizontal flow component at depth is

minor (Ma et al. 2005).

Concerning the Saginaw aquifer velocity field, the best

fit for He concentrations’ distribution as a function of

recharge distance was obtained for an exponential velocity

Table 5 Comparison of Rexc/Ra Modeling and Measured Results for Specific

Samples in the Saginaw and Marshall Aquifers.

Samples
Modeling 3

He flux
Modeling 4

He flux
Modeling Rexc/Ra

of the flux

Measured
Rexc/Ra without
tritiogenic 3He

Saginaw Aquifer
sg05 1.42E-13 6.10E-07 0.17 0.18
sg12 1.07E-13 6.10E-07 0.13 0.13
sg14 8.90E-14 1.30E-06 0.05 0.05
sg15 7.50E-14 8.90E-07 0.06 0.04
sg16 1.67E-13 2.20E-06 0.05 0.05

Marshall Aquifer

mr04 4.80E-13 2.30E-06 0.15 0.15
mr16 7.70E-13 1.50E-05 0.04 0.04

Glacial 
Drift Marshall 

Aquifer

Saginaw
Aquifer

4He flux (cm3 STP cm–2 year –1)

M
ea

n 
de

pt
h 

(m
)

Fig. 8. Estimated 4He fluxes entering the Marshall, Saginaw, and Glacial

Drift aquifers (this study), respectively. 4He fluxes entering aquifers in other

multilayered sedimentary basins are also indicated. These include the Carri-

zo aquifer in the Gulf Coast Basin (Castro & Goblet 2003), the Ypresian, Al-

bian, Lusitanian, and Dogger aquifers in the central portion of the Paris

Basin (Castro et al. 1998b), and the Great Artesian Basin (Torgersen & Ivey

1985). Although not a multilayered system, 4He 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.

1998b).
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decrease between the recharge and discharge areas from

v0 = 13 m yr�1 to vf = 2 m yr�1. This velocity range is

consistent with results obtained through pumping tests

(Mandle & Westjohn 1989) and groundwater flow model-

ing (Hoaglund et al. 2002). This reduction in the velocity

field toward the discharge area is also in agreement with

the observed decrease in hydraulic gradient (Fig. 2; West-

john & Weaver 1996b; Hoaglund et al. 2002) and consis-

tent with the occurrence of upward water leakage as

discussed earlier in section ‘Helium Isotope Results’.

First-order approximation groundwater residence times

estimated from 4He simulations are plotted as a function

of recharge distance together with previously estimated
14C ages (Fig. 7C, Castro et al. 2012). From this figure, it

is apparent that from the recharge to the discharge area,
4He ages increase gradually from modern to around

32 500 years, while 14C ages vary from modern to

48 060 years (sample 14, see also Table 2) with some

exceptions. Overall, mean estimated 4He groundwater resi-

dence times follow a pattern similar to that of 14C ages

and both ages correlate reasonably well. Exceptions to this

general observation are samples 8, 13, 14, and 16 display-

ing significantly older 14C ages. As previously discussed for

the Carrizo aquifer (e.g., Castro et al. 2000; Castro &

Goblet 2005), 14C ages can be the result of a local situa-

tion in a particular area, contrary to the 4He ages corre-

sponding to an average age of the water, thus giving origin

to some discrepancies. It is important to note that the cur-

rently estimated 4He ages using this analytical, highly sim-

plified model are first-order approximation water ages and

do not reflect local hydrodynamic and structural features

which might be present and which might be better

revealed by 14C ages (see, e.g., Castro & Goblet 2005)

and by 4He ages when carrying out more complex and

detailed numerical modeling simulations of coupled

groundwater flow and He transport (e.g., Patriarche et al.

2004; Castro et al. 2007).

Marshall aquifer

Figure 9A and B show the calculated curves for the bottom

(z = 90 m) and top of the aquifer (z = 0 m) as a function of

recharge distance, as well as the measured 4Heexc and
3Heexc

concentrations. Contributions of in situ produced 4He and
3He to groundwater are also shown. Simulated external He

flux values in the Marshall aquifer are 1 9 10�13 and

1.6 9 10�6 cm3 STP cm�2 yr�1 for 3He and 4He, respec-

tively, and reproduce the measured range in He concentra-

tions with the exception of samples 4 and 16 (Fig. 9A,B).

High 4He and 3He concentrations for these two samples are

likely due to groundwater mixing between the Marshall

aquifer and that of upward cross-formational flow with

higher He concentrations (Ma et al. 2005). Values for 4He

and 3He best fitting concentrations for samples 4 and 16

(Table 5) yield Rexc/Ra of 0.15 and 0.04, respectively,

values that are consistent with measured Rexc/Ra without

tritiogenic 3He, strongly suggesting the presence of a more

significant mantle component in sample 4 and an even more

dominant crustal component in sample 16, the latter likely

due to strong upward cross-formational flow in the major

discharge area of the Michigan Basin.

Model calibration was obtained for an exponential

decrease in the velocity vx from 18 to 6 m yr�1 from the

recharge to the discharge area, an average velocity that is

higher than that of the overlying Saginaw aquifer.

Although this is somewhat surprising, it is consistent with

hydraulic conductivities derived from multiple aquifer tests

performed in the area, in particular, in an area extending

from Battle Creek to the center of the basin, which yield

values ranging from 5 9 10�7 to 1.94 9 10�3 m s�1

(Mandle & Westjohn 1989). Using hydraulic head values

given by Hoaglund et al. (2002), an average hydraulic gra-

dient value of 1.1 9 10�3 is estimated. From these, assum-

ing the Marshall to be isotropic, water velocities ranging

between 0.02 and 67 m yr�1 are derived. This estimated

range of velocity values is consistent with our calibrated

model results. Although our model is capable of reproduc-

ing measured He concentrations for both 4He and 3He in

the Marshall aquifer, corresponding 4He ages which

increase gradually from modern to around 14 240 years

(x = 160 km) from the recharge to the discharge areas

have no significant correlation with 14C ages, which, with

the exception of samples 2, 4, and 12–15 increase from

modern to 6380 years (sample 10) along the flow path

(Fig. 9C, Ma et al. 2004). In particular, 14C ages of Mar-

shall samples display poor correlation with recharge dis-

tance (Fig. 9C). This can be due to the fact that most of

our samples, which are located relatively close to the

recharge area, fall along different flow paths. This unbal-

anced sample location between the recharge and discharge

areas might also be contributing to a bias toward an over-

estimation of water velocities through He simulations. As

pointed out previously for the Saginaw aquifer, however,

these 4He ages are first-order approximation ages and

unable to reproduce in detail hydrodynamic and structural

features in this aquifer. Therefore, discrepancies between
14C and 4He ages are expected. In the near future, we

expect to build a more detailed and complex numerical

model to conduct both simulations of groundwater flow

and He transport and thus use He as a tool to derive far

more precise groundwater residence times.

Glacial drift aquifer

The Glacial Drift aquifer is the shallowest, unconfined

aquifer in the Michigan Basin, which overlies the Saginaw

aquifer. Our model simulations indicate that measured 3He

and 4He concentrations in the Glacial Drift aquifer require

He flux values entering the base of the aquifer of

5.2 9 10�14 and 1.5 9 10�7 cm3 STP cm�2 yr�1 for 3He

© 2015 John Wiley & Sons Ltd
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and 4He, respectively (Fig. 10A,B), values which are lower

than the He flux values obtained for the Saginaw and Mar-

shall aquifers (Fig. 8). These flux values are capable of

reproducing the measured He concentrations with the

exception of samples 62 for both 3He and 4He, 59 for
4He, and 31 for 3He for which concentrations are slightly

underestimated.

Estimated He fluxes correspond to a Rexc/Ra value of

0.25, a value that is in agreement with the observed aver-

age measured Rexc/Ra without tritiogenic 3He value of

0.22 for all samples (Table 1, Fig. 10A,B). This simulated

Glacial Drift Rexc/Ra value is higher than that of the Sagi-

naw aquifer, which, in turn, is higher than that of the Mar-

shall aquifer. This increasing trend in Rexc/Ra from the

deeper Marshall to the shallower Glacial Drift aquifer sug-

gests a decreasing dominance of crustal He, together with

increased dilution of He concentrations by freshwater and

possibly, an increase in tritiogenic 3He. Conversely, from

the lower Marshall aquifer to the upper Glacial Drift aqui-

fer, simulated He fluxes for 3He and 4He, respectively,

point also to an increased impact of recharge water on

crustal He being carried through upward cross-formational

flow. Measured relatively low He concentrations in samples

59 and 62 are accompanied by older 14C ages (Fig. 10A,

C) and suggest a lower local in situ He production rate,

which occurs in an area that is locally much less permeable

than the rest of the formation (also revealed by the well

logs of these sampled wells; see also Westjohn et al. 1994)

and where groundwater could be isolated from the general

circulation and thus much older (Castro et al. 2000).

This model is fitted for velocity values vx decreasing

exponentially from 250 to 5 m yr�1 from the recharge

toward the discharge area, that is, from areas with highest

hydraulic head values in southwest Michigan to the regio-

nal Michigan Basin discharge area in the Saginaw Lowlands

(Hoaglund et al. 2002). This range of velocity values is

consistent with previous findings (Long et al. 1988;

Cypher & Lemke 2009). Figure 10C shows that estimated

water ages in the Glacial Drift aquifer through both 14C

and 4He are at present highly uncertain. 14C ages in the

Glacial Drift aquifer vary from modern (samples gd18 and

gd25) to 148 40 years (sample gd59) and, with the excep-

tion of gd59, they display an overall pattern of increasing

ages with increased recharge distance. This increase in 14C

ages with greater recharge distance is also observed for
4He ages, which vary from modern to about 5800 years

(gd65; Fig. 10C). The unconfined nature of the Glacial

Drift aquifer renders age estimation more complex as com-

pared to confined aquifers and further work to better con-

strain the Glacial Drift water ages will be undertaken in the

future.

CONCLUSIONS

We present helium and major ion data for the Saginaw and

Glacial Drift aquifers in the Michigan Basin, in addition to
14C and tritium data for some samples in the Glacial Drift.

These two shallow groundwater data sets are subsequently

interpreted in conjunction with helium, 14C and major ele-

ment data from the deeper Marshall aquifer previously ana-

lyzed (Ma et al. 2005).
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Fig. 9. Calculated (A) 4Heexc and (B) 3Heexc concentration curves for the

bottom (z = 90 m) and the top of the aquifer (z = 0 m) as a function of

recharge distance for the Marshall aquifer. Measured 4Heexc and 3Heexc
concentration values are also shown as well as the 4He and 3He concentra-

tion curves resulting from in situ production only (lower dashed line). (C)

Calculated groundwater residence times for the Marshall aquifer using
4Heexc distribution concentrations (this study) and 14C measurements (Ma

et al. 2004, 2005) as a function of recharge distance.
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For all three aquifers, He excesses are unusually high for

such shallow depths and suggest the presence of a domi-

nant crustal He component (nucleogenic 3He and radio-

genic 4He) in most groundwater samples with the presence

of a non-negligible mantle He component in some of the

samples. Such high He excesses in the Glacial Drift and

Saginaw aquifers require a He source external to these two

aquifers, which is consistent with previous findings in the

Marshall aquifer (Ma et al. 2005). The transition from

CaMg-HCO3/Na-HCO3 facies to NaCl facies from the

recharge to the discharge area in all three aquifers and

increasing trend of Br concentrations with recharge dis-

tances in the Glacial Drift and Saginaw aquifers also sup-

port this finding. In addition to some mantle He, this

external He flux can be supplied by underlying formations

within the sedimentary sequence in addition to the crystal-

line basement. Some tritiogenic 3He is also found in the

youngest groundwaters.

To estimate the 3He and 4He fluxes entering the base of

the Glacial Drift, the Saginaw and the Marshall aquifers, a

modified version of the analytical model developed by Tor-

gersen & Ivey (1985), was applied. Results show that 3He

and 4He fluxes entering the bottom of the Saginaw aquifer

are 7.5 9 10�14 and 6.1 9 10�7 cm3 STP cm�2 yr�1,

both of which are lower than the flux values entering the

Marshall aquifer, 1 9 10�13 and 1.6 9 10�6 cm3 STP

cm�2 yr�1 for 3He and 4He, respectively. On the other

hand, He flux values entering the Saginaw aquifer are

higher than the He fluxes entering the Glacial Drift aquifer

of 5.2 9 10�14 and 1.5 9 10�7 cm3 STP cm�2 yr�1 for
3He and 4He, respectively. 3He and 4He fluxes in these

three aquifers are unusually high at such shallow depth and

are one to two orders of magnitude greater than those

entering the deeper Carrizo aquifer in the Gulf Coast Basin

and comparable to those in the deeper aquifers of Paris

Basin and the Great Artesian Basin (Fig. 8). Furthermore,

the He fluxes are decreasing from the lower Marshall aqui-

fer to the upper Glacial Drift aquifer (Fig. 8) which

strongly suggests the presence of a dominant vertical

groundwater flow component, that is, the presence of

upward cross-formational flow, with increasing He dilution

with decreasing depth by horizontal flow of meteoric water

entering recharge areas. Helium transport simulations also

suggest that the contribution of in situ 3He and 4He pro-

duction to measured He concentrations in all three aqui-

fers is negligible, being two to five orders of magnitude

lower with respect to contribution from external He

sources.

Model simulations suggest that an exponential decrease

in the groundwater velocity with increasing recharge dis-

tance from the recharge area is required to explain the dis-

tribution of the observed 3He and 4He concentrations in

all three aquifers. These velocity values vary from 13 to

2 m yr�1 for the Saginaw aquifer and from 18 to 6 m yr�1

for the Marshall aquifer, between the recharge and dis-

charge areas, respectively. The Glacial Drift aquifer displays

a greater range in velocity values, with a decrease from the

recharge toward the discharge areas from 250 to 5 m yr�1.

The exponential decrease in horizontal flow velocity in

these three aquifers is also consistent with the presence of

leakage in this system. Based on their known velocity
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Fig. 10. Calculated (A) 4Heexc and (B) 3Heexc concentration curves for the

bottom (z = 38 m) and for the top of the aquifer (z = 0 m) as a function

of the recharge distance for the Glacial Drift aquifer. Measured 4Heexc and
3Heexc concentration values are also shown as well as the 4He and 3He

concentration curves resulting from in situ production only (lower dashed

line). (C) Calculated groundwater residence times for the Glacial Drift aqui-

fer using 4Heexc distribution concentrations and 14C measurements (this

study) as a function of recharge distance.
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fields, 4He ages were estimated for the Glacial Drift, the

Saginaw, and the Marshall aquifers. While Saginaw 4He

ages display an overall agreement with 14C ages (Castro

et al. 2012), 14C and 4He ages in the Glacial Drift and

Marshall aquifers deviate significantly, possibly due to the

high uncertainties in 14C ages in the Glacial Drift aquifer

which display, modern ages for most of the samples. In

addition, He ages calculated through this analytical model

are first-order approximation ages due to the simplifica-

tions introduced in the model and are thus not expected

to be able to reproduce certain hydrodynamic and geologic

features in these aquifers which might significantly impact

the water ages.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Text S1. Sensitivity Tests of the 4He Flux J0 and Veloc-

ity vx in the Saginaw Aquifer.

Figure S1. Model results for sensitivity tests of the 4He

flux value for the Saginaw aquifer: calculated 4Heexc curves

for five different orders of magnitude of the flux value,

between 6.1 9 10�5 and 6.1 9 10�9 cm3 STP cm2 yr�1

and a constant velocity value of 5.37 m yr�1.

Figure S2. Model results for a flux value of

6.1 9 10�7 cm3 STP cm2 yr�1 and velocity values of (A)

0.537 and (B) 53.7 m yr�1 in the Saginaw aquifer, respec-

tively.
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