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Water–rock interaction in sandstone aquifers can potentially mobilize U-and Th-series radionuclides,
resulting in elevated levels of radioactive constituents such as radium (Ra) in groundwater. Previous studies
have delineated the sources of Ra in groundwater by assuming that 228Ra/226Ra of groundwater parallels
the 232Th/238U activity ratio of aquifer solids. We present an integrated geochemical and isotopic study of
groundwater and aquifer solids for major and trace elements, radium (224Ra, 226Ra, 228Ra), strontium iso-
topes (87Sr/86Sr), and tritium in the Cambrian Jordan quartz sandstone aquifer of southeastern Minnesota
(USA). The Jordan aquifer, part of the Cambrian–Ordovician aquifer system of the upper midwestern USA,
is characterized by a wide range of Ra activities in groundwater. Uniform Ca–Mg–HCO3

− major element com-
position and patterns in 87Sr/86Sr indicate that interaction with carbonate minerals controls water chemistry.
At least one contributing Sr source is radiogenic, yielding 87Sr/86Sr ratios up to 0.71347. Radium-226 activi-
ties exhibit especially large variations (b1–418 mBq L−1), and the highest radium activities occupy a
100-km-long north–south region. Consistent with the carbonate-like elemental and Sr isotope signatures,
226Ra activity (median 85 mBq L−1) is higher than 228Ra (median 47 mBq L−1), yielding low 228Ra/226Ra ra-
tios (median 0.5) that would be expected from a lithology preferentially containing U relative to Th, such as
carbonate rocks. Collectively, results indicate the primary source of radium to the aquifer is alpha recoil from
aquifer solids rather than external inputs of high-Ra waters, indicated by (1) similar 228Ra/226Ra ratios in
aquifer solids and groundwater, including low, carbonate-like values in the high-226Ra samples; (2) some
association between whole-rock 226Ra levels and groundwater 226Ra activities; and (3) groundwater 224Ra/
228Ra averaging near unity. Furthermore, hydrogeologic setting (e.g. presence or absence of overlying carbonate
units) is inconsistent with systematic inputs of high-Ra waters from overlying carbonate aquifers. The most
proximate source of carbonate material in the sandstone aquifer seems to be the calcite and dolomite cement
that yields different geochemical and isotopic fingerprints than silicate minerals would impart. Whole-
rock 226Ra/238U≈1 implies that any U enrichment in the carbonate cement occurred at least 350,000 years
ago. High groundwater Ra activities relative to solids are attributable to anoxic conditions that play a role in
maintaining inefficient radium removal for a fresh groundwater system, indicated by the estimated dimension-
lesswhole-rock Ra distribution coefficient of 150–920 (median 560). Coprecipitation of Ra into barite is a poten-
tial but unquantified Ra removal mechanism. Overall, radium in the Jordan aquifer provides an example of a
naturally-occurring trace element of health significance that may be derived not mainly from the quartz sand-
stone matrix, but from carbonate material such as calcite and dolomite cement. Especially when combined
with complementary tracers such as 87Sr/86Sr, this study demonstrates the usefulness of the 228Ra/226Ra ratio
as an indicator of the key mineral phases (silicate vs. carbonate) involved in supplying radium to groundwater.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Naturally-occurring trace elements of the uranium (U) and thorium
(Th) decay series, including uranium, radium, and radon, can contribute
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excessive levels of radioactivity to some groundwater resources used for
drinking water. Sandstone aquifers in particular can yield radium (Ra)
isotope activities that exceed allowable drinking water levels, although
the aquifer rocks themselvesmay exhibit unexceptionalwhole-rock con-
centrations of U- and Th-series radionuclides (Lively et al., 1992; Szabo
et al., 1997; 2005; 2012; Vengosh et al., 2009). In particular, activities
of three of the four naturally-occurring Ra isotopes, 226Ra (t1/2=
1600 yr; daughter of 230Th in the 238U series), 228Ra (t1/2=5.8 yr;
daughter of 232Th), and 224Ra (t1/2=3.6 d; great-granddaughter of
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228Ra), can reach levels of concern. Radium levels in groundwater are not
commonly attributed to Ra transport due to its highly surface-reactive
nature; instead, local water–rock interaction is typically responsible.
This is characterized by Ra release to groundwater by alpha recoil (phys-
ical ejection by the alpha decay of its thorium parents) and subsequent
retention to the solids by adsorption and other geochemical processes
(Krishnaswami et al., 1982; Dickson, 1990). In some instances, the recoil
source has been attributed to surface coatings enriched in Ra precursors
(Dickson et al., 1987; Sturchio et al., 2001). In acidic waters (pHb5), Ra
is removed inefficiently (Szabo et al., 1997; 2012), and Ra removal also
becomes less efficient with increasing salinity (Kraemer and Reid,
1984; Moise et al., 2000; Sturchio et al., 2001; Tomita et al., 2010).
In fresh, near-neutral bicarbonate-dominated groundwater (total
dissolved solidsb1000 mg L−1), the effects of salinity and pH on Ra
are negligible, but redox conditions may significantly affect radium ad-
sorption due to the redox-sensitivity of Mn and Fe oxides, which adsorb
radium if present (Szabo and Zapecza, 1987; Vinson et al., 2009; Szabo
et al., 2012). In addition to removal by adsorption, radium may
coprecipitate with barium into barite, BaSO4 (Gilkeson et al., 1983;
Martin and Akber, 1999; Martin et al., 2003; Zhu, 2004; Grundl and
Cape, 2006).

Given that radium isotopes primarily record localized water–rock
interaction, isotopes of strontium, which like Ra is an alkaline earth
metal, may provide additional information on critical processes af-
fecting the mobility and removal of radium. Applications of strontium
isotopes in groundwater systems include: (1) mixing of waters of dis-
tinctive Sr content (Stueber and Walter, 1994; Katz and Bullen, 1996;
Frost and Toner, 2004; Warner et al., 2012); (2) silicate weathering
(Franklyn et al., 1991; Bullen et al., 1996; Harrington and Herczeg,
2003); (3) interaction with primary and/or diagenetic carbonate min-
erals (Bishop et al., 1994; Cander, 1995; Dogramaci and Herczeg,
2002; Musgrove and Banner, 2004; McIntosh and Walter, 2006);
and (4) fingerprinting of sources of divalent cations such as cation
exchange and evaporite dissolution (Armstrong et al., 1998;
Vengosh et al., 1999; 2002; Jacobson and Wasserburg, 2005).

Radium activity in groundwater in excess of the U.S. Environmen-
tal Protection Agency maximum contaminant level of 185 mBq L−1

(5 pCi L−1) combined 226Ra+228Ra activity is a well-documented
issue in the Cambrian–Ordovician aquifer system of the upper mid-
western United States, exhibiting the highest exceedance rate
among major regional aquifers in the United States (Szabo et al.,
2012), yet is poorly understood within the individual sandstone and
carbonate aquifers of this system. Numerous potential sources and
controls on radium have been suggested in previous studies of fresh
waters in these aquifers, including shale content of sandstone aquifers
(Weaver and Bahr, 1991), uranium enrichment in carbonate bedrock
(Jansen, 1994), and control by barite solubility (Grundl and Cape,
2006). This study evaluates the mechanisms that control the distribu-
tion of Ra in the Jordan sandstone aquifer, a ~30-m thick, upper
Cambrian quartz sandstone aquifer, incorporatingmulti-isotopic anal-
ysis of groundwater and aquifer solids.

The Jordan aquifer in Minnesota is a calcite- and dolomite-
cemented quartz sandstone including scattered tongue-shaped bod-
ies of fine clastic material containing K-feldspar (Thomas, 1991;
Runkel, 1994; Runkel et al., 2003). The Jordan also includes local car-
bonate rock units thought to yield relatively little water. The Jordan
sandstone overlies the St. Lawrence confining unit, composed of
shaly and dolomitic rocks, and is overlain by the Ordovician Prairie
du Chien Group, which contains crystalline and sandy dolomite
(Table 1). In subcrop areas, the Jordan aquifer is overlain by up to
100 m of Pleistocene glacial clay, sand, and/or gravel deposits that
locally form areas of favorable recharge or, especially in the western
portion of the study area where silt- and clay-rich tills dominate
(Fig. 1), are an effective confining unit (Runkel et al., 2003). Variation
of radium activities, especially radium-226, has been documented
within the Jordan aquifer in Minnesota (Lively et al., 1992). However,
the geographic extent of elevated radium levels in this aquifer was
not fully documented prior to this study.

This objective of this research is to improve understanding of
radium sources and removal mechanisms in this mostly anoxic,
near-neutral pH, quartz sandstone aquifer. The isotopic data obtained
in this study (224Ra, 226Ra, 228Ra, 87Sr/86Sr) are combined with addi-
tional data sets collected by the Minnesota Department of Health,
Environmental Health Division, including stratigraphic and well
depth information, radium-226 and radium-228 activities, and tritium
activities. Using this broad combination of groundwater data and anal-
ysis of the radionuclide content of selected aquifer solids from wells,
this study provides new insights on the identification of radium
sources and its removal mechanisms.

2. Methods

Water samples were collected from wells after a period of
pumping to ensure that the internal volume was flushed. Construc-
tion details and geologic information were obtained from the Minne-
sota Department of Health County Well Index (Table 2).

2.1. Major and trace element concentrations

Analysis of Ca, Mg, Na, Si, Sr, Ba, Fe, andMn on filtered (b0.45 μm),
acidified water samples was performed by direct current plasma
optical emission spectrometry on an ARL-Fisions Spectrascan 7 at
Duke University, calibrated by a multi-element solution prepared
from plasma-grade single element standards (precision ±2%). Potas-
sium was analyzed by flame atomic absorption spectrometry
(expected precision±12%; Eaton et al., 2005). Selected filtered, acid-
ified water samples were analyzed for U concentrations by inductive-
ly coupled plasma mass spectrometry (ICP-MS) on a VG Plasmaquad
3 at Duke University, calibrated using a plasma-grade U standard in
a multi-element matrix solution (precision±3%). Anion concentra-
tions (Cl−, NO3

−, and SO4
2−) were analyzed on a Dionex DX-500 ion

chromatograph (precision±4%). Alkalinity concentrations were
measured by titration of unfiltered samples to pH 4.5 with standard-
ized HCl (precision±1%).

2.2. Strontium isotopes and tritium activity

Samples were prepared for strontium isotope analysis by drying
filtered water samples containing ~3 μg Sr in Teflon vials in a laminar
flow hood. After digestion in Optima HNO3, Sr was separated with
Eichrom SR-B50-S resin (procedural blankb80 pg Sr), loaded onto
degassed Re filaments in a Ta solution, and analyzed for 87Sr/86Sr
using a ThermoFisher TRITON thermal ionization mass spectrometer
at Duke University. The long-term average 87Sr/86Sr value of NIST
SRM 987 during the study was 0.710245±0.000020 (2σ, n=109)
and sample ratios are reported without normalization to SRM 987.
Tritium analysis of selected unfiltered water samples was performed
at the University of Waterloo Environmental Isotope Laboratory by
liquid scintillation counting subsequent to enrichment by electrolysis
(precision~0.8 tritium units (TU)).

2.3. Radium isotopes

Radium isotopes were preconcentrated from unfiltered, 40 L sam-
ples on the same day as collection by slowly pumping these generally
anoxic samples through two sequential columns each containing 10 g
(dry weight) of Mn oxide-coated acrylic fibers. Radium-224 of the
two columns was analyzed using a delayed coincidence alpha counter
(Moore and Arnold, 1996; Garcia-Solsona et al., 2008), calibrated at an
efficiency matching firmly hand-squeezed fibers and decay-corrected
to the time of collection. Radium-226 was determined using a Durridge
RAD7 radon monitor on samples incubated for three weeks (Kim et al.,



Table 1
Simplified list of hydrostratigraphic units discussed in this paper (Mossler, 1990; Runkel et al., 2003) and median values of 226Ra activity and 228Ra/226Ra ratio for major Proterozoic
to Ordovician and Quaternary aquifers in Minnesota within the area shown on Fig. 1 (data from this study plus additional data sources (Section 2.5)).

Aquifer Confining unit Rock types Thickness
(m)

Abbreviation Median 226Ra
(mBq L−1)
(n)a

Median
228Ra/226Ra
(n)b

Quaternary Glacial sand and gravel Sand, gravel 0–100 Q b37 (80)
Clay-rich till Silt, clay

Ordovician Galena Limestone, dolomite, shale 55–65 GAL 104 (14) 0.3 (3)
Decorah-Platteville-Glenwood Shale, carbonate 10–35 DPG

St. Peter Sandstone 40–50 STP 68 (6) 1.0 (5)
Prairie du Chien Dolomite and sandy dolomite 45–95 PDC 48 (29) 0.7 (20)

Cambrian Jordan Sandstone 20–40 JDN 45 (268) 0.6 (140)
St. Lawrence Siltstone and silty dolomite 15 STL

Tunnel City-Wonewoc Sandstone 60–65 TCW b37 (68) 1.2 (26)
Eau Claire Shale 25–35 ECR

Mt. Simon-
Hinckley-Fond du Lac

Sandstone 45–85 MHF 118 (137) 1.2 (125)c

Proterozoic Sandstone Variable

a Median reported from wells with 226Ra activity above detection in this study plus additional data.
b Ratio calculated only from wells with both 226Ra and 228Ra activities above detection in this study plus additional data.
c Values are for combined Mt. Simon-Hinckley-Fond du Lac aquifers.
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2001), calibrated using a 226Ra solution (National Institute for
Standards and Technology) transferred onto Mn oxide fibers. Radium-
228 was quantified by gamma spectrometry using the 911 keV peak
of 228Ac analyzed on the upper column's Mn fibers compressed into a
disc (5 mm thick x 65 mm diameter), calibrated using DL-1a ore
Fig. 1. Map showing geographic groups of wells sampled in this study, radium-226 activitie
tions of wells from which solids were analyzed. Purple line represents extent of Prairie du C
Bloomgren, 1990; Runkel, 1998; Mossler and Tipping, 2000; Mossler, 2001) or inferred from
extent is from Hobbs and Goebel (1982), and northwestern edge of the Prairie du Chien Gro
(For interpretation of the references to color in this figure legend, the reader is referred to
(Canadian Certified Reference Materials Project), GSP-2 rock standard
(USGS), and an aged 232Th solution on compressed fibers in matching
geometry. Radium-224 error calculations follow the methods of
Garcia-Solsona et al. (2008); for 226Ra and 228Ra, standard methods of
counting statistics and propagation of error were used (Eaton et al.,
s in Jordan Aquifer groundwater from this study and additional data sources, and loca-
hien–Jordan aquifer system derived from maps (Mossler and Book, 1984; Mossler and
well logs. Decorah confining unit extent is fromMorey and Meints (2000), clay-rich till
up, which otherwise overlies the Jordan aquifer, is from Olsen and Bloomgren (1989).
the web version of the article.)



Table 2
Major element chemistry and well construction information. Six-digit well identifiers are unique numbers in the Minnesota Department of Health County Well Index. Samples with
dates not listed are unfiltered, unpreserved supplemental water samples analyzed for anions and 87Sr/86Sr only.

Unique
ID

Sampling
Date

Depth
to bedrock
(m)

Over-
lying
unit

Open
interval
(m)

pH O2 T
(°C)

Ca Mg Na Fe Mn K Si Cl NO3
− as

NO3
−(a)

SO4
2− HCO3

−

Hastings Group
207993 17 PDC 96–122 13.36 41.3
509053 16 May 2008 18 PDC 63–87 7.65 3.3 11.4 76.5 26.6 17.4 0.02 0.01 1.2 7.4 32.8 21.81 31.4 278

Shakopee Group
415975 04 Sep 2008 2 PDC 44–67 7.30 3.8 11.3 91.1 34.7 45.0 0.01 0.01 4.3 8.2 92.6 22.08 13.6 333
674456 04 Sep 2008 32 PDC 78–103 7.23 1.4 10.0 89.2 36.4 9.4 0.01 0.07 4.0 8.3 16.3 4.75 17.7 428

Northeastern Group
182655 05 May 2009 36 Q 52–61 7.43 1.3 9.8 48.8 18.2 4.2 0.02 0.00 1.3 8.1 3.8 1.51 7.5 223
208548 49 PDC 62–105 7.44 4.0
687180 05 May 2009 52 Q 53–67 7.98 0.8 11.8 29.6 11.3 4.6 1.23 0.03 1.8 5.3 1.0 0.41 0.1 168

Southern Group
132254 13 Jan 2009 73 PDC 94–122
147951 29 Jul 2009 33 PDC 153–176 7.02 0.2 9.6 117.4 33.5 27.7 0.80 0.05 3.4 5.3 0.8 1.77 60.7 520
161402 12 May 2008 15 PDC 79–109 7.41 9.7 56.3 22.7 2.9 0.28 0.04 1.3 5.1 0.9 0.04 21.6 259
171005 12 May 2008 1 PDC 86–108 7.33 10.1 92.5 28.4 6.1 1.09 0.06 2.3 5.3 1.3 0.06 17.8 424
213638 16 Jul 2009 66 PDC 128–155 7.12 0.1 12.2 109.2 35.1 13.5 2.60 0.05 3.1 6.4 1.0 0.25 51.3 503
216520 06 Apr 2010 20 PDC 114–130 7.06 0.2 9.5 87.7 30.9 10.5 1.05 0.05 3.6 6.9 1.5 0.06 10.3 466
217550 04 May 2010 20 PDC 204–229 7.19 0.4 10.4 68.2 23.9 3.4 0.29 0.01 1.6 4.0 0.8 0.07 27.8 322
228317 29 Jul 2009 18 PDC 111–146 7.16 0.2 9.4 78.8 23.6 4.5 0.57 0.05 1.2 5.6 5.5 0.06 30.5 324
228324 05 Sep 2008 14 PDC 177–201 7.30 b0.1 11.3 68.9 21.2 4.0 0.23 0.03 3.2 3.3 4.1 1.29 58.0 270
228331 14 May 2008 6 PDC 139–150 7.77 0.7 8.3 76.3 25.7 3.7 0.35 0.08 1.1 5.2 0.8 0.11 30.0 338
433273 05 Sep 2008 2 PDC 91–120 7.56 0.0 10.5 49.4 18.5 2.9 0.24 0.03 1.2 4.9 4.5 1.29 25.7 227
463537 15 May 2008 35 PDC 124–149 7.21 1.6 9.9 105.1 30.7 22.8 1.09 0.06 3.2 5.8 1.4 b0.01 43.3 475
466198 06 Apr 2010 4 PDC 136–147 7.68 1.9 10.6 80.8 26.0 3.9 0.05 0.07 1.4 6.2 1.6 0.04 15.3 357
516045 29 Jul 2009 37 PDC 159–185 7.26 0.2 9.8 92.5 28.5 21.2 0.61 0.04 2.8 6.1 1.1 0.08 46.0 422
541549 29 Jul 2009 16 PDC 100–123 7.07 0.7 10.2 119.5 34.4 14.1 0.86 0.05 2.7 5.5 5.2 0.10 54.6 433
541775 29 Jul 2009 22 PDC 78–144 7.12 0.3 10.8 111.1 31.6 20.5 1.39 0.05 4.2 5.2 1.0 0.10 24.1 521
559422 12 May 2008 13 PDC 87–112 7.43 9.5 82.5 31.0 3.6 0.07 0.08 1.3 5.9 5.8 0.72 35.6 360
601336 24 PDC 121–146 0.02 18.6
642018 29 Jul 2009 6 PDC 73–103 7.42 9.3 11.0 63.0 24.9 2.7 0.03 b0.01 0.8 7.1 3.4 7.81 8.6 318
697770 14 May 2008 4 PDC 109–116 7.89 0.5 10.4 44.0 17.1 2.4 1.22 0.05 0.7 5.3 0.7 b0.01 16.2 207
698933 17 PDC 114–143 0.02 29.3
716426 16 Jul 2009 10 PDC 95–127 7.15 0.2 10.9 96.6 29.0 17.7 0.79 0.05 2.7 5.6 13.6 0.15 48.0 405
733087 15 PDC 111–140 0.86 33.2
743063 12 May 2008 6 PDC 130–158 7.24 9.5 71.5 24.5 2.4 0.92 0.04 1.2 5.9 1.0 0.07 21.5 347
spring b 02 Aug 2009 11.2 9.2 60.0 27.1 4.0 0.03 b0.01 0.7 6.8 7.6 18.69 6.4 301

Twin Cities Group
112234 16 May 2008 71 PDC 124–153 7.45 0.4 10.0 73.8 28.5 3.5 0.08 0.10 1.1 6.3 5.9 0.06 22.1 359
112235 04 Sep 2008 47 PDC 99–124 7.32 b0.1 10.1 80.3 29.1 5.3 0.31 0.06 2.0 5.8 15.0 1.30 21.6 369
127259 13 May 2008 26 PDC 91–118 7.01 10.2 70.3 25.2 3.5 0.26 0.08 2.2 5.3 5.0 b0.01 18.7 346
127263 15 Jul 2009 15 PDC 130–155 7.33 0.4 10.1 73.4 24.2 6.7 0.41 0.07 1.8 6.3 13.4 0.05 20.7 323
133389 29 Apr 2010 86 PDC 86–115 7.26 0.1 9.9 80.4 31.9 6.4 2.36 0.07 2.8 9.3 17.7 0.05 9.4 406
151561 02 Sep 2008 24 PDC 131–157 7.33 b0.1 10.2 85.9 30.1 9.8 0.53 0.07 1.7 6.6 28.5 b0.01 37.5 345
151590 12 May 2009 58 PDC 94–116 7.62 0.1 12.8 50.8 18.9 4.2 2.58 0.18 2.1 4.8 1.5 0.28 4.2 281
165640 14 May 2008 54 PDC 109–138 7.56 0.8 10.0 81.7 29.3 6.6 0.06 0.25 1.5 6.3 17.9 1.68 21.1 354
171018 29 Jul 2009 32 PDC 109–140 7.52 0.1 9.2 62.1 21.7 3.2 0.53 0.06 1.7 5.9 0.9 0.09 8.9 304
200160 01 May 2009 49 PDC 157–183 7.36 0.1 10.5 51.3 18.3 5.6 0.29 0.05 1.9 6.7 2.1 0.45 1.9 282
200664 15 May 2008 15 PDC 122–148 7.62 1.3 10.2 61.4 22.6 4.1 0.29 0.04 1.6 5.3 1.0 b0.01 8.9 323
200665 15 May 2008 10 PDC 74–104 7.53 1.2 10.6 64.2 25.6 4.7 0.27 0.05 2.9 4.9 2.1 0.11 11.8 300
200674 16 May 2008 12 PDC 98–123 7.61 0.4 10.5 72.2 25.9 5.6 0.35 0.06 2.1 5.9 6.8 0.07 16.0 335
203613 30 Apr 2009 32 PDC 131–151 7.17 0.2 10.1 82.8 30.7 15.5 0.71 0.05 2.1 7.7 37.6 0.27 19.2 361
204470 14 May 2009 36 PDC 120–142 7.30 0.2 9.7 68.3 27.2 12.5 0.29 0.18 2.4 8.0 2.5 0.32 6.8 393
204617 14 May 2009 43 PDC 135–154 7.39 0.1 9.7 65.6 21.9 4.1 0.49 0.13 1.6 8.9 1.8 0.33 3.2 352
205627 09 Jul 2009 80 STP 96–118 7.45 0.2 9.7 88.0 41.4 23.2 0.54 0.20 4.2 7.7 1.4 0.05 21.9 509
205789 01 May 2009 40 PDC 141–157 7.61 10.6 45.1 16.0 5.2 1.29 0.05 2.0 5.8 1.7 0.39 1.5 254
205812 02 Sep 2008 37 PDC 146–179 7.44 b0.1 10.1 66.1 25.9 3.3 0.28 0.07 1.1 5.8 5.7 b0.01 23.3 320
205825 02 Sep 2008 22 PDC 132–162 7.42 b0.1 11.0 71.3 23.7 4.9 0.33 0.05 1.7 6.5 3.9 1.36 5.8 344
206172 30 Mar 2010 34 PDC 83–109 7.14 0.1 9.9 77.5 30.3 5.6 0.51 0.07 2.2 6.4 16.1 0.16 23.5 373
206183 30 Apr 2009 55 PDC 98–123 7.19 0.1 10.2 83.4 32.0 15.3 0.59 0.06 2.0 7.6 51.4 0.76 26.9 358
206353 30 Apr 2009 61 PDC 105–134 7.24 0.1 10.4 80.2 30.0 15.9 0.41 0.08 2.3 7.9 54.2 0.28 27.1 344
206933 48 PDC 112–137
207727 05 Sep 2008 37 PDC 111–141 7.45 b0.1 10.9 68.4 23.2 3.2 0.58 0.08 1.3 6.7 4.8 1.33 11.6 313
215447 23 Jul 2009 31 PDC 122–154 7.25 0.3 10.0 93.7 31.7 11.2 0.81 0.10 2.0 7.1 25.1 0.08 33.5 387
235373 16 May 2008 89 PDC 103–127 7.71 0.9 10.0 78.6 27.8 4.4 0.28 0.25 1.5 8.5 6.6 0.10 18.6 375
235586 24 PDC 114–146 0.02 20.6
414034 21 Jul 2009 87 Q 89–102 7.30 0.3 9.7 83.2 39.3 11.7 0.45 0.03 3.6 5.5 1.3 0.18 14.4 478
420992 13 May 2008 45 PDC 142–173 7.24 9.9 79.9 29.9 5.8 0.36 0.15 1.6 6.3 19.3 b0.01 20.1 356

(continued on next page)
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Table 2 (continued)

Unique
ID

Sampling
Date

Depth
to bedrock
(m)

Over-
lying
unit

Open
interval
(m)

pH O2 T
(°C)

Ca Mg Na Fe Mn K Si Cl NO3
− as

NO3
−(a)

SO4
2− HCO3

−

433296 13 May 2008 76 PDC 160–188 7.53 9.8 73.8 24.0 5.6 0.36 0.07 1.6 5.4 1.6 0.36 7.9 369
453886 21 Jul 2009 64 PDC 94–102 7.17 0.3 12.9 91.4 36.4 14.6 0.20 1.71 4.9 6.1 1.5 0.13 12.7 492
463527 06 May 2009 49 PDC 128–157 7.23 b0.1 10.0 69.8 24.7 4.0 0.11 0.25 1.8 7.9 1.7 0.03 11.0 338
468118 31 PDC 76–98
519954 16 May 2008 1 PDC 102–125 7.69 2.3 12.0 65.3 24.6 4.3 0.28 0.10 1.6 6.0 5.0 0.05 19.1 325
583308 21 Jul 2009 72 Q 73–74 7.33 0.2 12.9 93.2 34.8 15.4 0.72 0.07 2.8 8.6 1.4 0.02 10.8 488
603079 15 Jul 2009 87 PDC 94–124 7.42 0.3 10.7 76.6 29.6 5.1 0.76 0.08 2.2 8.4 14.6 1.51 20.0 338
626784 04 Sep 2008 103 PDC 117–153 7.50 b0.1 10.1 67.3 24.1 3.7 0.17 0.08 1.4 8.0 4.1 1.28 11.6 327
677176 04 May 2009 61 PDC 69–102 6.95 0.1 9.2 81.1 33.9 20.8 0.11 0.71 4.1 7.6 1.5 0.27 20.1 481
705735 12 May 2009 14 PDC 74–92 7.37 0.1 10.7 57.0 21.1 4.8 0.32 0.11 2.0 6.8 4.7 0.34 17.8 299
725107 16 Jul 2009 70 PDC 105–131 7.26 0.1 9.9 100.5 41.1 25.8 2.45 0.15 2.0 6.9 1.1 0.10 32.1 551
747666 14 May 2009 70 STP 95–116 7.30 0.2 9.0 81.4 30.0 5.9 0.48 0.31 2.6 10.5 1.3 0.27 5.0 452
753663 15 Jul 2009 44 PDC 119–149 7.30 0.4 9.8 73.8 26.9 3.8 0.09 0.08 1.8 5.5 5.6 4.02 24.4 307
759809 09 Jul 2009 57 STP 95–124 7.24 0.1 10.3 90.4 31.6 6.9 1.21 0.27 1.9 8.1 1.1 0.02 1.4 455

a 1 mg L−1 NO3
− as NO3

−≈0.23 mg L−1 NO3
−–N. The US EPA maximum contaminant level is 10 mg L NO3

−–N (≈44 mg L−1 NO3
− as NO3

−).
b Located outside extent of maps: 43.689°N, 91.543°W.

284 D.S. Vinson et al. / Chemical Geology 334 (2012) 280–294
2005) including background count rate subtraction and correction for
the fraction of Ra on the second column of fibers. Reported 2σ errors
represent counting statistics but not potential uncertainties associated
with factors such as varied counting geometry (228Ra) or moisture
variation (224Ra).

2.4. Analysis of aquifer solids

Air-dried cuttings fromwells constructed using cable toolmethods
were obtained from the Minnesota Geological Survey, crushed, and
underwent three procedures. (1) Samples were extracted in 1 N HCl
for 16 h (Hedley et al., 1982; Shang and Zelazny, 2008) to dissolve
calcite, dolomite, and other HCl-soluble phases, then centrifuged and
analyzed for U and Th by ICP-MS; four extracts were also prepared
for Sr isotope analysis. (2) Samples were dissolved in a HF-HNO3

solution (modified from Stewart et al., 2002) for whole-rock analysis
by ICP-MS, calibrated using nine rock standards. (3) Samples were
sealed into polyethylene containers and analyzed by gamma spec-
trometry for 238U using the 63 keV peak of 234Th corrected for
self-adsorption effects (Gilmore, 2008), 226Ra (weighted average of
the 352 keV peak of 214Pb and the 609 keV peak of 214Bi), and 228Ra
(583 keV peak of 208Tl) after 3 weeks of incubation, calibrated with
DL-1a in matching geometry, and corrected for the background
count rate.

2.5. Additional data sources

In addition to the samples collected for this study, unpublished
radium and tritium data from the Minnesota Department of Health
(MDH) are included in maps of Ra distribution and in Table 1.
Radium-226 and radium-228 data are averages of available results
for each well. These additional data also include Ra activities from
the U.S. Geological Survey (http://water.usgs.gov; accessed June
2009) and Lively et al. (1992). For tritium activities presented in
this study, the most recent available MDH result was used if not
collected specifically for this study.

3. Results

3.1. Major element chemistry, tritium, and redox conditions

The major element composition of the groundwater in the Jordan
aquifer is uniformly a Ca–Mg–HCO3

− type. Throughout the aquifer but
especially in non-subcrop areas, sodium concentrations are uniformly
much lower than Ca and Mg (Table 2). In most of the aquifer, condi-
tions are essentially anoxic, indicated by low dissolved oxygen con-
centrations and often by elevated concentrations of dissolved Fe and
Mn (Table 2). Some exceptions to this pattern of redox conditions
are seen in subcropping areas of the Jordan aquifer. Samples were di-
vided into five geographic groups based on hydrogeologic setting and
variations in major element chemistry and tritium activity: (1) the
Twin Cities Group, roughly corresponding to the Twin Cities Basin
structural feature, and in which the highest radium activities were
observed; (2) the Southern Group, in which the aquifer generally
deepens to the south; and (3) the peripheral Hastings, (4) Shakopee,
and (5) Northeastern groups (Fig. 1), providing examples of a rela-
tively shallow hydrogeologic setting exhibiting indicators of rapid re-
charge such as detectable tritium activity (Table 3), elevated nitrate
concentrations, and higher proportion of Na (Table 2). Other exam-
ples of the shallow setting were documented where the Jordan aqui-
fer outcrops along the eastern edge of the Southern Group (e.g. well
642018 and the spring sample). The relationship between
hydrogeologic setting and groundwater residence time is illustrated
along the cross-section from east to west across the Jordan aquifer
(Fig. 2). Areas where the aquifer subcrops below sandy glacial sedi-
ments and some portions of the Twin Cities metropolitan area (cen-
tral and eastern parts of Fig. 2) exhibit measurable tritium.
However, the Jordan aquifer in the western part of the study area
generally exhibits activitiesb0.8 TU due to thick clay-rich tills in this
area (e.g. the western one-third of Fig. 2). Also, beneath the Decorah
shale confining unit in the Southern Group (Fig. 1), tritium activities
are generallyb0.8 TU (Table 3), which indicates that little or no re-
charge later than~1950 has entered the aquifer in these areas.

3.2. Strontium

Strontiumconcentrations (mean0.17 mg L−1,median 0.14 mg L−1,
range 0.05–0.45 mg L−1) and 87Sr/86Sr isotope ratios (mean 0.71124,
median 0.71135, range 0.70861–0.71347) exhibit large variations with-
in the study area (Table 3, Fig. 3a). The lowest concentrations of Sr were
observed in areas in which the aquifer subcrops, increasing in deeper
and in southern and western portions of the aquifer. In the Twin Cities
Group, strontium concentration is well correlated with Mg (Spearman
rank coefficient ρ=0.74), Ca (ρ=0.78), and HCO3

− (ρ=0.81) concen-
trations, but far less sowith Ba (ρ=0.37) or 226Ra (ρ=0.29). In general,
more radiogenic 87Sr/86Sr ratios (mean 0.71192, median 0.71200) were
observed in the Twin Cities Group than the Southern Group (mean
0.70996, median 0.70995; Fig. 3b).

3.3. Radium, uranium, and barium

3.3.1. Water samples
Radium-226 activities occur over a large range (median 85 mBq L−1,

range below detection to 418 mBq L−1) whereas 224Ra and 228Ra

http://water.usgs.gov


Table 3
Trace metal concentrations, Sr isotope ratios, and tritium and radium activities of Jordan aquifer groundwater. Italized tritium activities are from samples collected by the Minnesota
Department of Health on different dates than indicated in Table 2. Errors are ±2σ.

Unique ID Ba (mg L−1) Sr (mg L−1) 87Sr/86Sr Tritium (TU) 224Ra (mBq L−1) 226Ra (mBq L−1) 228Ra (mBq L−1) U (μg L−1)

Hastings Group
207993 0.710870 7.2
509053 0.05 0.10 0.710985 10.2 7.3±1.2 8.2±2.7 b8.7

Northeastern Group
182655 b0.01 0.06 0.712407 6.3 0.6±0.3 b0.8 No peak 0.7
208548 0.712073
687180 0.04 0.07 0.710953 2.9 4.9±0.7 9.0±1.3 3.9±2.5

Shakopee Group
415975 0.11 0.18 0.711653 6.0 33.8±2.0 10.0±2.9 10.9±2.4
674456 0.17 0.29 0.710698 1.9 18.6±1.5 6.6±3.6 9.3±2.3

Southern Group
132254 0.709965
147951 0.06 0.36 0.709354 b0.8 112±7 92.8±4.4 84.8±18.4 b0.1
161402 0.03 0.09 0.710276 b0.8 23.3±1.8 59.7±3.8 33.5±7.3
171005 0.11 0.21 0.710026 b0.8 54.1±2.9 94.5±4.0 56.5±10.5 0.3
213638 0.06 0.37 0.709732 b0.8 69.6±3.1 61.0±3.1 86.4±15.8 0.8
216520 0.22 0.33 0.709933 b0.8 147±6 214±7 127±20
217550 0.06 0.12 0.710631 b0.8 54.7±3.8 31.1±1.9 47.4±12.3
228317 0.08 0.11 0.710465 2.3 43.5±2.5 46.2±2.6 43.8±10.0
228324 0.04 0.25 0.709802 b0.8 83.2±5.6 79.1±3.9 63.0±11.8
228331 0.05 0.13 0.710362 b0.8 40.8±2.5 48.1±3.6 46.9±9.2
433273 0.03 0.09 0.710234 b0.8 30.0±3.0 63.3±3.9 21.6±5.2
463537 0.13 0.26 0.709761 b0.8 56.4±3.8 57.4±3.8 57.7±13.8
466198 0.06 0.14 0.710836 b0.8 59.0±3.9 75.1±3.4 70.6±19.4 0.4
516045 0.06 0.25 0.710258 b0.8 88.5±3.8 64.2±2.9 108±16 0.4
541549 0.17 0.27 0.709793 1.2 77.5±3.7 64.4±3.4 74.0±12.0
541775 0.09 0.45 b0.8 34.6±2.5 140±6 47.7±13.5
559422 0.03 0.10 0.710185 3.3 38.9±2.6 22.1±4.1 26.2±7.0 1.4
601336 0.709943 1.2
642018 0.04 0.06 0.709451 3.3 17.8±1.7 4.7±1.0 16.8±5.5
697770 0.02 0.05 0.709595 b0.8 13.4±1.3 37.4±3.1 11.3±3.4
698933 0.710147 1.9
716426 0.32 0.26 0.709827 b0.8 89.7±3.9 145±7 91.8±18.9
733087 0.709113 3.7
743063 0.05 0.09 0.710660 b0.8 18.8±1.4 21.2±3.0 34.5±7.7 b0.1
spring 0.04 0.05 0.708610 10.6±0.9 3.8±0.5 8.5±4.9

Twin Cities Group
112234 0.05 0.09 0.713091 47.0±2.4 87.3±4.3 l 47.1±9.5 0.4
112235 0.22 0.14 0.712394 5.0 47.8±3.0 119±4 54.6±13.4
127259 0.12 0.14 0.711415 2.7 38.2±3.1 84.6±4.3 39.5±8.8 0.5
127263 0.18 0.14 0.711684 2.2 43.1±3.2 92.2±4.6 42.5±10.9 0.2
133389 0.27 0.23 0.711352 55.9±3.7 94.6±3.9 43.4±13.2
151561 0.15 0.13 0.712413 6.1 61.2±5.7 137±6 47.7±9.3
151590 0.04 0.10 0.711970 b0.8 6.3±1.3 30.8±2.1 11.9±2.5
165640 0.27 0.12 0.712516 5.2 61.8±8.0 233±8 60.6±21.2
171018 0.12 0.09 0.711885 b0.8 26.9±2.4 73.7±3.8 29.0±9.7
200160 0.07 0.14 0.712201 b0.8 34.7±2.1 82.3±3.8 36.8±5.3
200664 0.09 0.12 0.712034 b0.8 56.4±9.9 418±12 58.3±37.6 0.2
200665 0.10 0.18 0.710503 b0.8 23.1±2.1 86.9±5.9 39.7±9.3
200674 0.11 0.14 0.711780 32.1±2.1 61.7±3.8 39.8±7.0 0.2
203613 0.16 0.19 0.712009 2.4 78.4±5.1 156±6 82.7±9.2
204470 0.11 0.25 0.711185 b0.8 57.4±3.8 149±5 41.7±5.7 1.5
204617 0.14 0.12 0.712333 b0.8 20.5±1.7 107±4 19.4±2.9
205627 0.10 0.29 0.711360 b0.8 145±8 213±7 130±27
205789 0.04 0.10 0.712467 b0.8 20.4±0.9 49.6±2.3 16.7±3.1 b0.1
205812 0.09 0.09 0.713123 2.8 29.8±2.1 51.8±3.9 30.7±5.7
205825 0.23 0.14 0.711540 b0.8 69.5±5.7 148±6 61.8±11.4
206172 0.27 0.16 0.712159 40.6±2.1 97.6±4.1 44.1±7.6
206183 0.19 0.19 0.712253 6.1 81.7±4.1 125±5 68.6±8.9
206353 0.12 0.20 0.712093 5.8 100±6 128±5 75.9±7.4
206933 0.710852
207727 0.17 0.10 0.712664 1.6 61.2±5.7 129±6 55.4±12.4 0.5
215447 0.19 0.18 0.712199 60.4±4.9 167±5 72.4±17.4 0.2
235373 0.19 0.12 0.712393 3.7 40.2±2.8 110±5 67.3±15.7 0.5
235586 0.710743 2.9
414034 b0.01 0.28 0.711670 2.5±0.6 1.9±0.7 b2.8
420992 0.21 0.13 0.712833 35.6±2.2 63.5±3.9 37.8±9.1
433296 0.17 0.14 0.711519 1.1 46.6±2.7 117±5 56.0±14.7
453886 0.19 0.41 0.710350 71.7±4.9 21.9±1.8 51.8±11.3

(continued on next page)
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Table 3 (continued)

Unique ID Ba (mg L−1) Sr (mg L−1) 87Sr/86Sr Tritium (TU) 224Ra (mBq L−1) 226Ra (mBq L−1) 228Ra (mBq L−1) U (μg L−1)

463527 0.23 0.11 0.712545 b0.8 58.1±4.8 250±7 69.7±9.2
468118 0.712977
519954 0.10 0.12 0.711983 1.6 52.1±3.8 298±7 48.8±13.7 0.2
583308 0.15 0.26 0.711204 b0.8 55.4±4.8 83.4±3.5 40.5±13.3
603079 0.29 0.17 0.711923 3.8 36.2±2.6 113±5 37.3±9.2 0.1
626784 0.15 0.11 0.712135 b0.8 45.9±3.4 105±5 37.2±6.6
677176 0.06 0.40 0.710786 b0.8 85.1±3.4 30.4±2.1 47.4±7.0
705735 0.11 0.12 0.712582 1.6 102±6 136±5 79.7±9.9 0.5
725107 0.10 0.26 0.711361 b0.8 72.6±4.4 116±5 70.5±15.4 0.9
747666 0.10 0.25 0.711160 b0.8 129±6 188±7 127±26
753663 0.06 0.09 0.713466 2.7 41.8±3.6 63.5±2.7 31.5±9.2 6.3
759809 0.09 0.23 0.711239 b0.8 83.8±5.9 211±7 84.4±20.0 1.3
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activities are lower (224Ramedian47 mBq L−1, range0.6–147 mBq L−1;
228Ra median 47 mBq L−1, range below detection to 130 mBq L−1).
Elevated activities of 226Ra occur in a broad region that occupies the
center of the Twin Cities Group and a narrow north–south belt south
of the Minneapolis-St. Paul metropolitan area (Fig. 1). 228Ra/226Ra
activity ratios are significantly below 1 (median 0.5; Fig. 4), and these
ratios are lowest in the waters highest in Ra (Fig. 5). There is a signifi-
cant correlation between 226Ra activity and 228Ra activity (ρ=0.70).
Activities of 224Ra and its great-grandparent 228Ra are generally similar,
yielding 224Ra/228Ra averaging approximately unity (median 1.0). In re-
lationship to US Environmental Protection Agency drinking water stan-
dards, 27% of the wells sampled nonrandomly in the Jordan aquifer for
this study exceed the Ra standard of 185 mBq L−1 (5 pCi L−1) com-
bined 226Ra+228Ra activity. In contrast to radium activities, uranium
concentrations (median 0.4 μg L−1, rangeb0.1–6.3 μg L−1) are signifi-
cantly below the levels of concern throughout the primarily anoxic wa-
ters analyzed for U (Table 3).

Concentrations of barium (Ba), a chemical analogue for Ra, exhibit
large variations within the study area, approximately two orders of
magnitude (median 0.10 mg L−1, rangeb0.01–0.32 mg L−1; Table 3).
Barium concentration is generally lowest in the subcrop areas of the
aquifer (e.g. well 182655), the western area (e.g. well 414034), and
the more deep, confined portions of the aquifer (e.g. well 217550),
and is generally higher in the Twin Cities metropolitan area (Table 3).
Barium concentration is not well correlated with the other alkaline
Fig. 2. Cross-section along an east–west line (Fig. 1) indicating hydrogeologic setting, open int
(black numbers), and 226Ra activity in mBq L−1 (red numbers). Heavy green line represents la
tation of the references to color in this figure legend, the reader is referred to the web version
earth metals Mg (ρ=0.33), Ca (ρ=0.38), or Sr (ρ=0.38), but is better
correlated with its chemical analogue 226Ra (ρ=0.59).

3.3.2. Aquifer solids
Based on gamma spectrometric analysis of bulk rock samples, 226Ra

and 238U activities of aquifer solids vary within approximately one
order of magnitude (226Ra 1.6–15.2 Bq kg−1; 238U 4.1–15.2 Bq kg−1;
Table 4). Solid-phase 228Ra activities are consistently low throughout
the samples analyzed (median 3.0 Bq kg−1), yielding 228Ra/226Rab1
(median 0.6; Fig. 6a; Table 4). Moreover, the whole-rock 226Ra/238U
activity ratio is ~1 within counting error (Fig. 6b), which provides a
rationale for using Th/U ratios to approximate 228Ra/226Ra because of
the apparent solid-phase secular equilibrium between 238U and 226Ra.
Equivalent isotope activities calculated from whole-rock ICP-MS analy-
sis of U and Th are broadly consistent with gamma spectrometric analy-
sis, also indicating Th/Ub1 (Fig. 6c). Modestly lower levels of U and Th
were extracted with 1 N HCl from the solids than whole-rock radionu-
clide activities, typically about one-half of the whole-rock values
(Table 4). Limited Sr analysis of 1 N HCl extracts indicates a large
range of Sr concentrations (0.7–25.7 mg kg−1) and 87Sr/86Sr ratios
(0.70920–0.71279; Table 4). Whole-rock Ra isotope activities were
also compared with groundwater Ra isotope activities. Although there
is considerable vertical and geographic variability in whole-rock 226Ra
activity, the three highest average values of whole-rock 226Ra are gener-
ally associated with the highest groundwater 226Ra in wells for which
ervals (box lengths), tritium activities (in tritium units, indicated by box colors), 87Sr/86Sr
nd surface elevation. See Table 1 for hydrostratigraphic unit abbreviations. (For interpre-
of the article.)



Fig. 3. 87Sr/86Sr ratios: (a) Comparison of 87Sr/86Sr between tritium-bearing and tritium-free waters. (b) Relationship between 87Sr/86Sr and inverse Sr concentration. (c) Relation-
ship between 87Sr/86Sr and Ca/Sr ratios in groundwater and 0.1 N HCl extracts (large diamonds). Panels b and c show hypothetical two-component mixing fractions of the radio-
genic Sr source for waters of the Twin Cities Group. Dashed line represents 87Sr/86Sr of late Cambrian marine carbonates (McArthur et al., 2001).
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both groundwater and solids were analyzed (Fig. 6d). Also, the 228Ra/
226Ra activity ratios of water samples are generally close to whole-rock
228Ra/226Ra ratios from the same six wells (Fig. 6e).

4. Discussion

4.1. Major element composition of groundwaters: relationship to
water–rock interaction and groundwater flow

The essentially carbonate-controlled nature of the major element
chemistry of waters is indicated by the (Ca+Mg)/HCO3

− molar ratio
consistently~0.5 (median 0.51, mean 0.51) and the overall dominance
Fig. 4. Map showing 228Ra/226Ra activity ratios of Jordan aquifer gro
of dissolved solids concentrations by Ca,Mg, and HCO3
−. Concentrations

of Ca and Mg are highly correlated (ρ=0.88), and the Ca/Mg ratio ex-
hibits minor variations. Waters of the generally deeper Southern
Group exhibit the highest values of Ca/Mg (median 1.87), whereas
lower values were observed in the generally shallower Twin Cities
Group and the three outlying groups (median 1.65). This apparent in-
crease of Ca/Mg ratios as the Jordan aquifer becomes deeper and of lon-
ger groundwater residence time is of unknown significance. Overall,
this range of Ca/Mg ratios is consistent with freshwaters in other Paleo-
zoic carbonate aquifers in the region and shows the effects of incongru-
ent dissolution of carbonate minerals (McIntosh and Walter, 2006).
Variations of Ca/Mg are smaller in the Jordan aquifer than in other
undwater. Data sources are as described in the caption to Fig. 1.



Fig. 5. Radium-226 and radium-228 activities. Lines marked “MCL” indicate the EPA maximum contaminant level of 185 mBq L−1 226Ra+228Ra (5 pCi L−1). Error bars are ±2σ.
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carbonate aquifer systems exhibiting the progressive effects of incon-
gruent dissolution yielding Mg-enriched groundwater (e.g. Dogramaci
and Herczeg, 2002). Given that uncharacterized carbonate phases of
calcite and dolomite composition control the major element composi-
tion chemistry of groundwater in the Jordan sandstone, amore detailed
examination of groundwater residence time and water–rock interac-
tion mechanisms may provide additional constraints on the sources of
carbonate-derived material to groundwater and its potential relation-
ship to radium activity.
4.2. Groundwater residence time: relationship to Sr and Ra
isotope signatures

Residence time of Jordan aquifer groundwater was evaluated
using tritium activities, defined at a threshold of 0.8 TU because of
the decay of tritium since the mid-twentieth century (Clark and
Fritz, 1997). Therefore, the tritium activities obtained in this study
provide qualitative evidence of inputs of younger waters. Tritium de-
tections were more widespread in the shallow, outlying Hastings,
Shakopee, and Northeastern groups (present in all six wells analyzed)
than in the Twin Cities Group (present in 42%) or the generally
deeper Southern Group (present in 35%). The locations of younger
waters are consistent with the hydrogeologic setting (Fig. 2). Poten-
tial hypotheses for evaluating Sr and Ra isotopes include (1) as finger-
prints of mixing of distinct waters, or (2) progressive water–rock
interaction effects that become more pronounced over time, either
of which could be associated with tritium activity. Therefore, patterns
of tritium activity were examined for any associations with 87Sr/86Sr,
Ra activity, and 228Ra/226Ra.

Although 87Sr/86Sr ratios overlap among the geographic groups
in the aquifer, mean 87Sr/86Sr within the Twin Cities Group is signifi-
cantly higher in tritium-bearing waters as determined by Student's
t-test (pb0.05), which implies that inputs of radiogenic Sr are some-
what associated with more recent recharge and/or that interaction
with confining units supplies less radiogenic Sr to the aquifer
(Fig. 3a). Inputs of shallow waters may contribute distinctive ions
that are otherwise found in low concentrations in Jordan aquifer
groundwater, evidenced by the chloride and nitrate concentrations
in the Northeastern, Hastings, and Shakopee groups. Consistent with
evidence from tritium activities, there is a moderate positive correla-
tion within the Twin Cities Group between 87Sr/86Sr and chloride con-
centration (ρ=0.48) that wasweaker in the overall data set (ρ=0.38).
Yet,where downward inputs are believed to bemost significant (North-
eastern, Hastings, and Shakopee Groups), these shallow, surface-
connected waters do not exhibit distinctively high or low values of
87Sr/86Sr (Fig. 3b-c). Overall, the data indicate that external waters
could influence 87Sr/86Sr, but that variations in groundwater residence
time do not exhibit a consistent relationship with 87Sr/86Sr.
Examination of radium in relationship to tritium activities suggests
that, although the lowest radium activities were observed in subcrop
areas with tritium-bearing waters (e.g. Northeastern, Shakopee, and
Hastings groups; Fig. 1; Fig. 7a), there is not a clear relationship
between radium activity and groundwater residence time. This is in
part because the oldest 3H-free waters, under the Decorah confining
unit (thousands of years; Campion, 1997; 2002; Berg and Bradt,
2003), also exhibit relatively low radium. Furthermore, unlike Sr iso-
topes that exhibit some associations with groundwater residence time
and chloride concentrations, indicating a possible role of inputs from
shallow groundwater to the Jordan aquifer, ln 226Ra and ln 228Ra/
226Ra (Ra activities and isotope ratios tend to be lognormally distribut-
ed; King et al., 1982) exhibit no systematic difference inmeans between
tritium-free and tritium-bearingwaters (Fig. 7a-b). Elevated radium oc-
curs in some, but not all (Fig. 2), waters of intermediate or mixed
groundwater residence time,which implies that radiumdoes not signif-
icantly accumulate in groundwater and is thus unrelated to groundwa-
ter residence time. Overall, the distribution and relationship of Sr and Ra
isotope signatures to inferred residence time is not identical; whereas
Sr isotopes exhibit a limited relationship to near-surface inputs, Ra iso-
topes are apparently insensitive to groundwater residence time. This is
consistent with previous studies showing that Ra in fresh, near-neutral
groundwater is typically derived from local water–rock interaction and
rapidly reaches a steady-state activity (Section 1). Therefore, detailed
examination of water–rock interaction is required to understand the
controls on 87Sr/86Sr and to address the cause of the observed 226Ra ac-
tivities and 228Ra/226Ra ratios.

4.3. Strontium isotope constraints on the carbonate phase

In the Jordan aquifer, the 87Sr/86Sr ratio in groundwater and solids
(up to 0.71347; Fig. 3b) is significantly more radiogenic than latest
Cambrian (~490 Ma) seawater (~0.7090; McArthur et al., 2001),
which indicates that either some or all of the Sr contributing to the
present-day groundwater system may be from diagenetically modi-
fied carbonate containing radiogenic 87Sr/86Sr, rather than primary
marine carbonate. Overall, the multiple trends of Sr concentrations
and isotope ratios imply that more than two Sr sources affect ground-
water composition (Fig. 3b). In the Twin Cities Group, the area of
greatest interest for elevated Ra activities, a systematic relationship
was observed between the inverse Sr concentration and 87Sr/86Sr
(Fig. 3b), which suggests two or more principal Sr sources including
a low-Sr source with more radiogenic 87Sr/86Sr and a high-Sr source
with low 87Sr/86Sr. The 87Sr/86Sr ratio is associated with the Ca/Sr
ratio (Fig. 3c), which could be consistent with carbonate dissolution
or mixing of distinct waters (Dogramaci and Herczeg, 2002).

Given, however that 87Sr/86Sr is not simply explained by systematic
mixing ofwater sources (Section 4.2), a simple mixing model is used to
evaluate combinations of strontium sources derived from carbonate



Table 4
Results of analysis of solids from Jordan aquifer wells. Locations of these wells (sites S1–S6) are shown on Fig. 1.

Unique
ID

Depth
(m)

1 N-HCl extractable Equivalent activities
(Bq kg−1)

Whole-rock
ICP-MS
(mg kg−1)

Equivalent activities
(Bq kg−1)

Whole-rock gamma analysis (Bq kg−1)
Errors are±2σ

(g kg−1) (mg kg−1) (mg kg−1)

Mg Ca Sr 87Sr/86Sr U Th 238U 232Th 232Th/
238U

U Th 238U 232Th 232Th/
238U

226Ra 228Ra 228Ra/
226Ra

238U K

151582
S2

87–96 28.2 51.6 18.7 0.709330 0.6 0.5 7.1 2.1 0.3 1.1 0.7 13.4 2.7 0.2 15.2±0.8 3.7±1.4 0.2±0.1 15.2±3.3 350
96–106 2.3 11.1 18.0 0.709490 0.7 0.5 8.1 2.1 0.3 0.9 0.9 11.6 3.5 0.3 6.2±1.0 3.2±1.8 0.5±0.3
106–115 5.3 0.2 0.2 2.6 0.9 0.3 0.4 0.4 4.7 1.5 0.3 5.3±0.5 2.1±1.0 0.4±0.2 8.1±2.5
115–119 7.8 0.2 0.9 2.8 3.6 1.3 0.5 1.1 6.8 4.4 0.6 6.7±0.7 3.8±1.3 0.6±0.2 4.3±3.5

161435
S1
(a)

70–78 3.7 0.3 0.6 4.2 2.6 0.6 4.5±1.1 3.3±2.0 0.7±0.5 920
78–83 0.7 0.1 0.2 1.2 0.8 0.6 2.4±0.7 2.8±1.4 1.2±0.7
83–92 0.9 0.1 0.2 1.1 0.7 0.7 3.1±1.0 4.2±1.6 1.4±0.7
92–98 10.2 0.2 0.7 2.2 3.0 1.4 1.9±1.1 3.5±2.0 1.8±1.5

133389
S3

81–90 1.6±0.7 1.9±1.4 1.2±1.1 430
92–96 3.8 0.1 0.2 1.7 0.9 0.5 3.2±0.9 1.9±1.8 b0.6
107–112 4.3 0.4 0.4 4.7 1.7 0.4 0.9 0.8 11.1 3.2 0.3 8.1±0.8 4.5±1.5 0.5±0.2

151561
S4

138–141 2.6 0.4 0.7 4.5 2.7 0.6 0.8 1.1 10.1 4.3 0.4 12.4±0.5 4.1±0.9 0.3±0.1 9.0±1.9 760
144–147 10.3 18.6 6.1 0.712794 0.4 0.6 4.4 2.6 0.6 0.9 1.4 10.9 5.8 0.5 9.7±0.6 6.8±1.3 0.7±0.1 11.9±2.6

753663
S5

116–118 10.9 0.3 0.4 3.9 1.6 0.4 5.9±0.6 2.1±1.1 0.4±0.2 5.6±1.8 680
118–119 5.7 0.1 0.3 1.6 1.1 0.7 2.8±0.6 2.1±1.1 0.8±0.4 4.1±2.5
131–133 2.9 0.3 0.2 3.2 0.6 0.2 3.6±0.6 1.4±1.1 0.4±0.3 6.6±2.2
145–147 5.2 0.3 0.5 3.1 2.1 0.7 6.1±0.5 3.5±1.0 0.6±0.2 7.2±2.0

200664
S6

116–125 38.0 68.6 25.7 0.709196 0.6 0.4 5.8 1.3 0.2 1.0 0.5 12.4 2.1 0.2 9.1±0.9 2.5±1.5 0.3±0.2 150
125–135 2.6 0.5 0.2 6.1 1.0 0.2 0.8 0.7 10.0 2.6 0.3 7.1±1.0 2.1±1.7 0.3±0.2
135–142 2.0 0.3 0.2 4.1 0.8 0.2 0.6 0.4 7.1 1.5 0.2 3.8±0.9 b1.5 b0.4

a Well 161435 is adjacent to Jordan aquifer well 677176 sampled for water.
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Fig. 6. Plots showing Ra and U isotope activities in aquifer solids (a–c; dashed lines represent ratios of 1) and relationship between radium in groundwater and solids (d–e).
(a) Relationship between 226Ra and 228Ra of aquifer solids by gamma spectrometry. (b) Relationship between whole-rock 226Ra and 238U by gamma spectrometry. (c) Relationship
between whole-rock U and Th of aquifer solids by ICP-MS. Note the similar trends in 228Ra/226Ra and 232Th/238U ratios. (d) Relationship between whole-rock 226Ra and groundwater
226Ra activity. (e) Relationship between 228Ra/226Ra activity ratio of solids and 228Ra/226Ra activity ratio of groundwater. Error bars are ±2σ.

290 D.S. Vinson et al. / Chemical Geology 334 (2012) 280–294
components of the aquifer solids. The Ca, Mg, and Sr concentrations of
waters in the Twin Cities Group can be explained by hypothetical
two-component mixing between end members (1) containing approx-
imately 0.001 mM Sr, 1.8 mM Ca, and 87Sr/87Sr of 0.7135; and
(2) containing approximately 0.025 mM Sr, 2 mM Ca, and 87Sr/87Sr of
0.710 (Fig. 3b-c). It should be noted that these hypothetical end mem-
bers exhibit 25-fold variation in Sr content but only 10% variation in
Ca content. A potential mechanism for interactions with multiple
carbonate-hosted Sr sources (Cander, 1995) is indicated by the impor-
tance of both intergranular and secondary porosity features for Jordan
aquifer groundwater flow (Runkel et al., 2006). A different pattern
was observed in the southern portion of the study area, where the rela-
tionship between 87Sr/86Sr and 1/[Sr] and Ca/Sr (Fig. 3b-c) diverges into
two trends. One trend parallels the trend observed in the Twin Cities
Group, although offset toward lower values of 87Sr/86Sr and/or lower
Sr concentration. The significance of this apparent offset is unknown.
A second, divergent trend suggests an unidentified end-member with
low-Sr, high-Ca/Sr, waters and low 87Sr/86Sr~0.709 (Fig. 3b–c).
Fig. 7. Relationship between 226Ra and 228Ra/226Ra and tritium activity (a, b— note log scale)
represents late Cambrian marine carbonates (McArthur et al., 2001).
Possible geologic sources of radiogenic Sr of to the secondary car-
bonate phase include: (1) near-surface radiogenic Sr related to the Pre-
cambrian crystalline source rock content of Quaternary glacial deposits
(Franklyn et al., 1991; Vinson et al., 2010); (2) Sr derived fromclaymin-
erals interacting with the aquifer, which could exhibit significantly dif-
ferent 87Sr/86Sr than carbonates (Section 1); (3) radiogenic Sr from
diagenetic dolomite (e.g. Michigan Basin; Winter et al., 1995); and/or
(4) Sr derived from weathering of K-feldspar that is locally present in
the Jordan sandstone (Odom, 1975; Thomas, 1991; Runkel, 1994),
which with its high Rb/Sr ratio and Precambrian age of crystallization
could contribute radiogenic Sr. Multiple Sr sources may be regionally
significant, indicated by the multiple trends of 87Sr/86Sr and Sr concen-
tration (Fig. 3b).

As was described for groundwater sampling, limited Sr analysis of
1 N HCl extracts of aquifer solids is consistent with a mixture of
sources of low Sr concentration but high 87Sr/86Sr with high Sr con-
centration but low 87Sr/86Sr (Table 4). Although Sr extracted from
Twin Cities Group aquifer solids exhibits a large range of 87Sr/86Sr
; and between 228Ra/226Ra and 87Sr/86Sr (c) in Jordan aquifer groundwater. Dashed line
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(0.70920–0.71279), the extracts do not match the exact range of 87Sr/
86Sr in waters of the Twin Cities Group (0.71035–0.71347). As an ad-
ditional discrepancy between groundwater and extracted Sr, two of
the four extracts exhibit Ca/Sr vs. 87Sr/86Sr ratios that differ from
groundwater of the Twin Cities Group (Fig. 3c). The Ca/Mg ratios of
three of four 0.1 N HCl extracts are ~1.1, lower than groundwater
ratio values (Section 4.1). Therefore, the 0.1 N HCl extractions did
not simply dissolve the carbonate phases influencing groundwater,
but may have incorporated less soluble phases. For example, ~1 N
HCl can extract Sr from clays (Winter et al., 1995; Bullen et al.,
1996; Katz and Bullen, 1996) or dissolve Fe and Mn oxides (Roden
and Edmonds, 1997) in addition to dissolving calcite and dolomite.
As a check on the specificity of 1 N HCl extraction, the 87Rb/86Sr
ratio was monitored during TIMS analysis to be below 0.08, implying
minimal contamination from clay-derived Sr (Winter et al., 1995).
Overall, the data suggest that multiple Sr sources of varying 87Sr/86Sr
ratios contribute to the aquifer rather than simple mixing between a
radiogenic and a less radiogenic end member. Even within the more
straightforward mixing trend observed in the Twin Cities Group, the
carbonate-like signature of Sr contributions might contain localized
radiogenic inputs derived fromwaters that have interactedwith over-
lying aquifers.

4.4. Radium sources to groundwater

4.4.1. The significance of 228Ra/226Ra
The ratio between 228Ra and 226Ra is primarily considered to indi-

cate Ra sources rather than Ra-mobilizingmechanisms, and thus should
be close to the 232Th/238U activity ratio of the aquifer rocks (Dickson,
1990; Szabo et al., 1997). In sandstone aquifers, the 228Ra/226Ra activity
ratio is typically≥1 (Dickson et al., 1987; Szabo et al., 1997, 2005, 2012;
Vengosh et al., 2009) due to the tendency of 238U and 232Th to co-occur
at similar activities in major silicate minerals. In contrast, carbonate
aquifers are characterized by 228Ra/226Rab1 (Moise et al., 2000;
Sturchio et al., 2001; Szabo et al., 2012) due to the greater affinity
for U than Th in carbonate minerals. In the Jordan aquifer, whole-rock
228Ra/226Ra ratios (Fig. 6a) and groundwater 228Ra/226Ra ratios
(Fig. 5) exhibit a continuum between low Ra activity with 228Ra/
226Ra≈1 and high Ra activity with 228Ra/226Rab1. Similarity of 228Ra/
226Ra ratios in solids and coexisting groundwater (Fig. 6e), and to
some degree an association between whole-rock 226Ra and groundwa-
ter 226Ra (Fig. 6d), imply that the U and Th content of the aquifer solids
controls the distribution of Ra in the groundwater. The low,
carbonate-like 228Ra/226Ra ratios in both groundwater and aquifer
solids (Fig. 6e) are consistent with an additional U-series radionuclide
source to the aquifer beyond the quartz sandstone matrix alone and
imply that a carbonate-precipitating diagenetic event could have con-
tributed uranium to the aquifer solids. Moreover, the apparent
whole-rock 226Ra/238U activity ratio, generally within error of 1
(Fig. 6b), implies secular equilibrium between 226Ra and 238U, which
suggests that the solids have been closed to additional U inputs for at
least 350,000 yr (5 half-lives of 230Th; Ivanovich et al., 1992). The 1 N
HCl-extractable U and Th concentrations indicate that approximately
one-half of the radionuclide content of the entire rock was easily
extractable using a method intended for calcite, dolomite, and other
HCl-soluble minerals (Table 4). Although 1 N HCl-extractable U and
Th cannot be specifically attributed to calcite or dolomite and may rep-
resent other soluble phases (Section 4.3), it is noteworthy that such a
significant proportion of whole-rock radioactivity was dissolved in
1 N HCl, further implying that radionuclides of low 228Ra/226Ra ratio
are not retained in silicates.

To the extent that 87Sr/86Sr records the nature of water–rock in-
teraction with the carbonate portion of the aquifer solids, it may be
informative to correlate 87Sr/86Sr with the sources and mechanisms
of water–rock interaction affecting radium. The lowest values
of 228Ra/226Ra and the most radiogenic values of 87Sr/86Sr are seen
in the Twin Cities Group (Fig. 7c). Although some negative correlation
was observed between 87Sr/86Sr and 228Ra/226Ra in the overall data
set (ρ=−0.52), this correlation was insignificant in the Twin Cities
Group, where the highest Ra activities occur (ρ=−0.16). The results
do not specifically indicate a single shared mechanism for radiogenic
87Sr/86Sr and high radium activities to occur, and in particular, the
most radiogenic values of 87Sr/86Sr (>0.713) are not associated
with especially high Ra activity or low 228Ra/226Ra. Nonetheless,
both the Sr and Ra isotope systems exhibit carbonate-like isotope sig-
natures suggesting that these elements are derived from the carbon-
ate solids present in the sandstone aquifer.

4.4.2. Water–rock interaction vs. mixing as Ra sources
Although the relationships between solid-phase and groundwater

226Ra levels and 228Ra/226Ra ratios suggest that the Jordan aquifer
solid phase is the main source of Ra in groundwater through water–
rock interaction, low, carbonate-like 228Ra/226Ra ratios have also been
documented in groundwater sampling of single-aquifer wells in overly-
ing Cambrian–Ordovician carbonate aquifers in Minnesota (Table 1).
Sufficient inputs of shallow waters to the Jordan aquifer could contrib-
ute elevated Ra (primarily as 226Ra given the carbonate-dominated na-
ture of the overlying Prairie du ChienGroup) or could perhaps dilute the
Ra activity of Jordan aquifer groundwater. In contrast to the upper
Cambrian–Ordovician carbonate aquifers exhibiting 228Ra/226Ra≤1,
groundwater in the underlying Cambrian and Proterozoic sandstone
aquifers generally exhibits 228Ra/226Ra>1 (Table 1; Gilkeson et al.
1983; Lively et al. 1992). These data, compiled from sampling of
single-aquifer wells, suggest that Ra sources are distinct between the
upper and lower portions of the Cambrian–Ordovician groundwater
system. Although the Ordovician carbonate aquifers yield carbonate-
like 228Ra/226Ra ratios, exceedingly high 226Ra has not been document-
edwhich, when hypothetically diluted into the Jordan aquifer, would be
sufficient to yield high Ra in Jordan aquifer groundwater. Furthermore,
although the 224Ra/228Ra ratio does not directly constrain inputs
of 226Ra, activities of short-lived 224Ra activity are generally close to
its longer-lived great-grandparent 228Ra (Section 3.3.1), suggesting
local water–rock interaction as the Ra source.

The potential role of overlying carbonate bedrock units can be
evaluated by comparing Jordan aquifer waters in areas where a
downward flow component is known to be significant against areas
in which the only bedrock unit overlying the aquifer is another sand-
stone. The first case can be seen in the peripheral Shakopee and Has-
tings groups, where the Jordan aquifer is overlain by the subcropping
Prairie du Chien Group and truncated laterally by Quaternary erosion-
al valleys that separate it from the main body of the Jordan aquifer.
Significant nitrate concentrations (Table 2) and detectable tritium
(Table 3) in the wells of these two groups imply the presence of
downward inputs, likely in part through overlying carbonates. Yet
these groups exhibit low radium activities (Fig. 1; Table 3). The sec-
ond case is addressed near the northwestern edge of the Twin Cities
Group (Fig. 1) where the carbonate Prairie du Chien Group thinned
out prior to deposition of the overlying St. Peter Sandstone (Olsen
and Bloomgren, 1989). In this area, the Jordan aquifer is directly over-
lain by the St. Peter, the Prairie du Chien Group is absent, and high
levels of 226Ra (188–213 mBq L−1) and 228Ra/226Ra ratios of 0.4–0.7
were measured in three Jordan aquifer wells (wells 205627,
747666, and 759809; Table 2). Therefore, high Ra or 228Ra/226Rab1
do not require the presence of overlying carbonate units. However,
the lowest radium activities in the study were observed in subcrop
areas (e.g. Northeastern Group; Fig. 1; Table 3). The presence of low
Ra in some subcrop wells may be consistent with shallow waters lo-
cally diluting radium in Jordan aquifer groundwater, although the
tracers utilized in this study do not specifically test the possibility of
dilution. Finally, it should be noted that downward flow from overly-
ing aquifers may introduce dissolved oxygen (Ayotte et al., 2011),
which would promote Ra adsorption onto redox-sensitive Mn and



Fig. 8. Relationship between barite saturation index and 226Ra activity in Jordan aquifer
groundwater (dashed line represents saturation). At top, histogram of barium satura-
tion index values in the Twin Cities Group, where the highest Ra activities occur.
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Fe oxides, rather than these inputs serving as an external source of ra-
dium to the aquifer or mobilizing Ra from aquifer solids.

Overall, the geochemical and isotopic tracers in this study cannot
completely rule out inter-aquifer flows as an influence on radium
levels in the Jordan aquifer because waters in the carbonate-
cemented Jordan aquifer and the overlying carbonate units exhibit
similar, carbonate-like major ion chemistry and radium isotopic sig-
natures (Table 1). It is simpler to infer that solids in the Jordan aquifer
are the primary source of radium to waters in the aquifer even if in-
puts of shallow waters are locally present. Indeed, the similar,
carbonate-like signatures between carbonate and sandstone units
(Table 1) are consistent with a regional diagenetic carbonate source
that affects multiple aquifers in similar ways.

4.5. Radium removal mechanisms

In fresh, near-neutral waters, where the effects of salinity and
acidity in promoting high levels of radium in groundwater are negli-
gible, the primary mechanisms removing Ra from groundwater to
balance alpha recoil inputs from the aquifer solids are adsorption
and coprecipitation in barium sulfate (barite).

4.5.1. Adsorption and redox conditions
The most effective adsorption sites for radium include Mn oxides.

Therefore,Mnoxide-reducing conditions could increase observed levels
of radium in groundwater (Szabo and Zapecza, 1987; Vinson et al.,
2009; Szabo et al., 2012). Severalwells exhibitmeasurable dissolved ox-
ygen, and all of these exhibit low radium. However, the largemajority of
wells in this study are essentially anoxic (Table 2) and encompass a
large range of radium activities. Overall, the anoxic, Fe- and Mn-oxide
reducing conditions in the Jordan aquifer make radium adsorption
less efficient than oxic conditions. It should be emphasized that large
differences in Ra activities occur among anoxic waters with high Fe
and Mn concentrations. Therefore, anoxic conditions alone do not en-
sure elevated Ra in groundwater, but rather a combination of source ac-
tivities and inefficient removal is responsible.

4.5.2. Coprecipitation with barite
Precipitation of barite (BaSO4) in groundwater systemsmay be a sig-

nificant radium removal mechanism (Martin and Akber, 1999; Grundl
and Cape, 2006; Szabo et al., 2012) unless prevented by sulfate-
reducing conditions (Martin et al., 2003). Specifically, coprecipitation
has been suggested as a control on radium in the Cambrian–Ordovician
aquifer system in Wisconsin (Grundl and Cape, 2006) and has been di-
rectly observed subsequent tomixing of distinctwaters inmulti-aquifer
wells in Illinois (Gilkeson et al., 1983), whereas Sturchio et al. (2001)
argued that barite saturation alone was not evidence of a significant
Ra removal mechanism in Midwestern carbonate aquifers. In this
study, saturation index values calculated using the PHREEQC geochem-
ical code (Parkhurst andAppelo, 1999) indicate that groundwater in the
Jordan aquifer is near saturation with respect to barite (median satura-
tion index −0.06, range -2.7 to 0.8; Fig. 8). Despite calculated satura-
tion, barite has not been observed directly in the studied aquifer; it
has also been suggested that slow barite precipitationmay allow persis-
tent calculated supersaturation (Nordstrom and Ball, 1989). Also,
sulfate reduction is not widespread in the studied aquifer to inhibit
barite precipitation; the high iron concentrations in many anoxic
waters (Table 2) imply that sulfate reduction is ineffective due to
the strong affinity of Fe2+ for sulfide. In addition to calculated satura-
tion index values, correlation between Ra and Ba concentrations
(Section 3.3.1) implies that they may experience similar sources or
removalmechanisms, in contrast to Ra being controlled solely by radio-
active decay and Ba by chemical mechanisms. As with radium, geo-
graphic variation in barium and radium concentrations occurs, but
geographic patterns of radium (Fig. 1) and barium (Section 3.3.1) do
not exactly coincide. Overall, given the lack of direct evidence of barite
precipitation, this is a potential but unquantified Ra removal mecha-
nism that, as with adsorption tometal oxides, would result in lower ra-
dium in groundwater where it occurs.

4.6. Relationship to alpha recoil model of Ra isotopes in groundwater

Models of Ra mobility in groundwater depict a balance between Ra
sources (Section 4.4) and removal mechanisms (Section 4.5) for indi-
vidual Ra isotopes of different half-lives (e.g. Krishnaswami et al.,
1982). As used to develop retardation and distribution coefficients,
the alpha recoil model uses the relationship between the Ra supply
rate to first-order Ra removal kinetics to depict the effects of
hydrochemical conditions on Ra mobility (Krishnaswami et al., 1982;
Copenhaver et al., 1993; Sturchio et al., 2001). In the low-Ra areas of
the aquifer, low solid-phase 226Ra and 228Ra activities and 228Ra/
226Ra≈1 (e.g. well 161435; Table 3) are consistent with quartz sands
that exhibit low U and Th concentrations and inferred 232Th/238U activ-
ity ratios≈1 (Murray and Adams, 1958; Rogers and Richardson, 1964).
In the high-Ra samples, lower values of 228Ra/226Ra (Fig. 5) imply that
precursors of 226Ra are related to a secondary enrichment (e.g. diage-
netic carbonate) and not the quartz sandstone.

Radionuclide analyses of aquifer solids and groundwater from the
same wells allow calculation of the dimensionless Ra distribution coef-
ficient K for either the whole rock or the carbonate cement as the Ra
source, which is an expression of the removal effectiveness of radium
relative to its supply rate. Petrographic analysis of Jordan sandstone
samples (Thomas, 1991) indicates that, on average, 69% of the rock is
primary or secondary quartz, 21% is open porosity (φ), and 10% is occu-
pied by carbonate cement (χcement). K is described (Krishnaswami et al.,
1982) by the expression:

K ¼ Cd

C
ρs 1−φð Þ

φ

� �
ð1Þ

in which Cd is the radionuclide activity of the solids (activity/mass), C is
the radionuclide activity of groundwater (activity/volume), ρs is the
density of the solid (2.5 g cm−3), and φ is porosity (0.21; Thomas,
1991). Here, Cdwas obtained by averaging the 226Ra activity of available
rock samples from each well. Using Eq. 1 and the data for the Jordan
aquifer in the six wells where both solids and groundwater were ana-
lyzed, K exhibits a median value of 550 (range 150–920) if the whole
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rock is treated as the source of radioactivity (Table 4). This is consistent
with some anoxic aquifers (e.g. Copenhaver et al., 1993) but lower than
oxic aquifers by up to one order of magnitude (e.g. Krishnaswami et al.,
1982), possibly reflecting the relative inefficiency of Ra adsorption
under reducing conditions. If the carbonate cement is treated as
the sole radioactivity source and the quartz sand is treated as inert
(here φcement=φ/(φ+χcement)=0.68), and recalculating Cd based on
the radionuclides being concentrated in only 10% of the rock (χcement),
median K would increase to 2200 (range 1200–4300), still consistent
with estimated K values for fresh, anoxic carbonate aquifers in themid-
westernUSA (Sturchio et al., 2001). Although this second interpretation
could require potentially unrealistic carbonate-phaseU andRa activities
(up to 150 Bq kg−1), these calculations illustrate that the inferred loca-
tion and nature of the radionuclide sourcewithin the aquifer solidsmay
affect estimated K values by about a factor of 5; however, both models
produce reasonable estimates of Ra removal behavior for an anoxic
aquifer in which the primary Ra source to the groundwater is the aqui-
fer solids, not inputs from adjacent formations.

5. Conclusions

Radium levels in Jordan aquifer groundwater reflect a balance be-
tween geographically-variable Ra source and removal mechanisms.
The results of this study demonstrate that the primary depositional
minerals of the quartz sandstone matrix are not necessarily the
main source of Ra in groundwater. Instead, carbonate-like geochemi-
cal and isotopic signatures in water samples and aquifer solids sug-
gest that the carbonate cement phase can be a significant source of
radium precursors. Moreover, evaluation of inter-aquifer flow sug-
gests that this mechanism is probably not a regionally significant ra-
dium source to the Jordan aquifer. Although the data do not allow
external inputs of high-226Ra waters from other carbonate aquifers
to be ruled out completely, the documented levels of radioactivity
in Jordan aquifer solids and estimated distribution coefficients are
consistent with Ra being derived from local water–rock interaction.
In the anoxic conditions of the Jordan aquifer, redox-sensitive Ra ad-
sorption may be somewhat inefficient, facilitating high levels of
groundwater radium relative to comparable oxic groundwater sys-
tems. Barite precipitation is an unquantified but potentially signifi-
cant influence to mitigate groundwater Ra activities where waters
reach barite saturation. The similarity of 228Ra/226Ra ratios between
solids and water samples, some relationship between solid-phase
and groundwater 226Ra activities, and 224Ra/228Ra of water samples
averaging near unity imply that the solid-phase radionuclides near
each well are the source of radium. No specific depositional or diage-
netic control was identified to explain the vertical or geographic var-
iation in radionuclide levels within the study area, except that any
addition of U to the aquifer solids occurred >350,000 years ago as in-
dicated by apparent 238U–226Ra secular equilibrium. Although Sr in
aquifer solids is not directly associated with Ra and the specific
solid-phase sources of both elements were not identified, the
carbonate-like Sr and Ra isotope signatures imply that Sr and the pre-
cursors of Ra are retained in carbonate phase(s) that interact with
groundwater. This study provides an example of how Ra and Sr iso-
topes can provide complementary insights on water–rock interaction
and Ra sources in a sandstone aquifer influenced by carbonate disso-
lution and geographic variations in solid-phase radionuclide content.
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