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Abstract

Geochemical impacts on radium mobility in the Midwestern
Cambrian-Ordovician aquifer system

by
Madeleine Mathews
Doctor of Philosophy — Environmental Chemistry and Technology Program
University of Wisconsin — Madison

Associate Professor Matthew Ginder-Vogel

The Midwestern Cambrian-Ordovician aquifer system (MCOAS) covers a large portion
of the Midwestern United States and is a major source for public and domestic water supply.
Radium (Ra) is a contaminant frequently exceeding the EPA maximum contaminant level of 185
mBg/L (5 pCi/L) for combined ??°Ra and 2*®Ra in the MCOAS. While elevated Ra is associated
with low dissolved oxygen, old water, and elevated total dissolved solids in groundwater at the
aquifer scale, it is difficult to predict elevated Ra occurrence at individual wells. This dissertation
uses field and laboratory methods to examine the geochemical influences on Ra mobility within
the MCOAS, to gain insight into the influence of local hydrogeology on Ra partitioning to the
groundwater. Multiple factors impact Ra sources and mobility in the MCOAS at the local scale;
at discrete intervals within the aquifer system, elevated total dissolved solids are related to
elevated Ra in an unconfined aquifer, while low dissolved oxygen is related to elevated Ra in a
confined aquifer. Local geochemical conditions control Ra sorption to rock, as determined by

whole-rock parent-daughter isotope ratios and sequential extractions on representative MCOAS
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bedrock samples. Potential hydrologic flow from Ra-rich stratigraphy to stratigraphy with lower
sorptive capacity may result in increased Ra mobility within the MCOAS. The coupling of field
and laboratory work compared the contribution of Ra from aquifer solids across specific
stratigraphy. Isotopic evidence (**°Ra/**®U) demonstrates radionuclide mobility, where
geochemical influences (e.g., ORP, alkalinity) likely influence U partitioning within the system.
Additionally, Ra concentrations during a short-term pumping test are shown to be consistent with
trends on 1-year timeframe, although the analytical method for Ra is important to verify trend
precision. The larger implications of this project are that the presence of parent nuclides, as well
as local geochemical and hydrologic conditions are important to consider in terms of predicting
where elevated Ra will occur in groundwater samples. This approach provides new insight into
how water-rock interactions within specific stratigraphy contribute Ra to the aqueous system

within the MCOAS.
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Chapter 1

Introduction

1.1 Motivation

In this dissertation, we examine the impact of geochemical factors on the mobilization of
the contaminant radium (Ra) in the Midwestern Cambrian Ordovician aquifer system (MCOAS).
Groundwater is an important source of drinking water for more than 2 billion people.!= However,
anthropogenic and naturally occurring contaminants threaten the safety of drinking
groundwater.*!? The quality of water from a source dictates the quantity of water available for
drinking.'*!* Subpar water conditions can force a community to adopt expensive treatment or
find an alternative water source.>*>!3:16 Elevated Ra frequently occurs in groundwater sourced
from the MCOAS, impacting drinking water quality.!>!7"! There is a need to examine the
geochemical and hydrologic interactions between Ra and aquifer solids at the local scale under
aquifer-relevant conditions, in order to better use geochemical indicators to predict the release
of Ra from minerals to groundwater.!”-?* This dissertation couples field and laboratory techniques

to examine the geochemical influences on Ra occurrence at discrete intervals in the MCOAS.

88 ’I?/llk?cnlne Earth 92 Actinide 90 Actinide
eta
226 238 232
Radium Uranium Thorium

Figure 1.1 Elemental information about radium, uranium, and thorium.



1.2 Contaminants in groundwater

Groundwater is a major source of drinking water globally, but is threatened by
anthropogenic and naturally occurring contamination, threatening its use as a potable water
source. In 2011, almost 50% of drinking water globally was sourced from groundwater
systems.?! In the United States, groundwater is also widely used for clean drinking water; in the
Midwestern US, 631 million gallons were withdrawn per day for combined public supply and
domestic use in 2014.8?2 However, human-induced contamination such as infiltration of
fertilizers, human waste, industrial output, and more can degrade groundwater quality.*
Additionally, naturally occurring contaminants, including arsenic, uranium, and radium, may
partition from associations with aquifer solids due to hydrologic or geochemical changes.*¢ It
can be difficult to determine sources of naturally occurring contaminants, due to complex
geologic interactions, but necessary in order to maintain groundwater as a sustainable, clean

drinking water source.

1.3 General radium background

1.3.1 Elemental radium

The alpha decay of parent nuclides uranium (U) and thorium (Th) produces the naturally
occurring contaminant Ra (Figure 1.1). Four isotopes of Ra exist naturally (*>*Ra, 2**Ra, **°Ra,
and ?2®Ra), each deriving from the 233U, 23U, or 2*’Th isotope decay chains, with each decay
chain ultimately producing a stable isotope of lead. However, the environmental abundance of
each Ra isotope varies, depending both on the quantity of parent nuclide present and the length
of the Ra half-life. For example, ?>’Ra is rarely measured in environmental systems as parent

235U makes up < 1% of naturally occurring U; additionally, 2°Ra has a short half-life (11 days)



and quickly decays to 2'°Rn. The other Ra isotopes are observed at higher environmental levels
due to greater concentrations of parent nuclides 2*®U and 2*Th; however, half-life also impacts
the prevalence of these Ra isotopes, with 2?*Ra (3.6 days) found at lower levels than 22°Ra (1600
years) and ?28Ra (5.75 years) in natural systems (Figure 1.2). Once emitted to the aquifer system
via alpha decay, like all other alkaline earth metals Ra is observed in the Ra(Il) oxidation state
and does not undergo redox chemistry. In particular, Ra has similar geochemical behavior to

barium (Ba) due to similar ionic radii.?%%3

238U 234U
4.468E9 years A 2455E5 years 232Th 228Th
1 234pg 1 ~ B decay 1.40E10 years 7 19116 years
6.70 hours 228AC
234Th d 230Th * a decay l 6.15 hours l
24.10 days 7.54E4 years 228Ra 7 224Ra
l 5.75 years 3.6319 days
226R4 |
1600 years ZZORn
1 55.6 seconds
222Rp |
8235 days
3.8235 day: 216Po 212Po
l 0.145 seconds 2.99E-7 seconds
v
218PO 214PO 210PO l 21ZB| l
3.098 minutes 1.643E-4 sec 138.376 days 60.55 minutes
| 214 210gj | 212py -~ 208pp
19.9 minutes 1 5.012 days 1064 hours A7 sable
214Pb el 210Pb e 206Pb 208T|

27.06 min 22.20 years Stable 3.053 minutes

Figure 1.2 Decay chains for 238U and 2*2Th, with radium isotopes (**Ra, ***Ra, **Ra)
highlighted in red.

1.3.2 Radium health concerns

Ingestion of Ra results in health issues, such as cancer. Once in the body, Ra accumulates
in bone tissue and continues to undergo radioactive decay; this damages cell tissue, potentially
causing cancer or other disease from long-term exposure.?*28 The United States Environmental

Protection Agency (US EPA) has set a limit for radioactivity in drinking water with the



Radionuclides Rule in 2000, in order to reduce the risk of cancer due to consuming radionuclides
in drinking water.?’ The maximum contaminant level (MCL) for gross alpha radioactivity is 555
mBq/L (15 pCi/L). For Ra, the MCL is 185 mBq/L (5 pCi/L) for the combined activity of the
two major isotopes, 22°Ra and ?2®Ra. Compliance with this rule is important to maintain public
health; a New Jersey study observed 100% increase in bone cancer occurrence at study sites with
gross alpha or combined Ra levels exceeding the MCL, in comparison to sites with levels below
the MCL.*° Additionally, although ?2°Ra may occur at greater levels, ingestion exposure risk is

typically greater for 22®Ra due to its increased radioactivity.!”!

1.4 Radium as a contaminant

Elevated Ra occurs in aquifer systems across the world, impacting drinking water quality
for many. Globally, aquifers vary in dissolved Ra levels; some sites associated with oil and gas
fields are of interest for research examining elevated Ra.!®>*! While Ra quantity varies across
aquifer systems, many studies have determined that examining geochemical trends influencing
the mobilization of Ra can provide information on the quality of the drinking water source. For
example, the Ra isotope ratio (**’Ra/??®Ra) can be used to study groundwater flow path and
determine a distinct isotope composition dependent on origin and age; comparison of parent and
daughter isotopes (>*®U/??Ra) can also help designate main groundwater contributions and

42,43

mixing or separation between aquifers. Additionally, many studies examine the sorption

capacity of the aquifer stratigraphy, in order to better understand mechanism of Ra release to
groundwater.**4°

In the US, approximately 130 million people rely on groundwater as a drinking water

source.” The Midwestern Cambrian-Ordovician aquifer system (MCOAS) has the most frequent



occurrence of elevated Ra in groundwater samples in the US.'®46 Many studies examine
geochemical influences on Ra mobilization to the aqueous system within the MCOAS. Elevated
total dissolved solids (TDS), anoxic conditions, low pH, and older water are all associated with
elevated dissolved Ra in the MCOAS.!71847-49 Additionally, elevated Ra is frequently found in
groundwater pumped from below the regional confining unit covering a large portion of the
MCOAS, the Maquoketa shale.!”>° A spatial and temporal investigation of Ra levels in the
MCOAS in Wisconsin found that on average, combined levels of *?°Ra and *?Ra increased
regionally from 2000 to 2018.! Along flow lines in the MCOAS, desorption, mineral dissolution,

parent nuclide location control Ra presence in groundwater.’!->3 Studies examining Ra in the

54,55

MCOAS also use isotopic analyses to examine the release of Ra from aquifer solids.

b

t  %Th

Mineral

Figure 1.3 Conceptual figures depicting radioactive decay of uranium (a) and thorium (b) decay
chains releasing 2*°Ra isotopes within aquifer systems.

1.5 Sources of radium to aquifer systems

1.5.1 Radioactive decay and alpha recoil
Radioactive decay both contributes and removes Ra in aquifer systems. The alpha decay
of parent nuclides (**°Th and >*>Th) forms the two main Ra isotopes, >*°Ra and ?**Ra, emitting

an alpha particle and a daughter nucleus in opposite directions in a process known as alpha recoil.



Alpha recoil ejects the Ra nucleus forcibly away from the location of the parent nuclide in a
random direction, a distance of 0.02 + 0.05 mm.2%*’ Alpha recoil is a high energy process, with
the potential to eject Ra into the aqueous system even from within the mineral lattice.>>’
Additionally, the activities of parent and daughter nuclides can be compared to determine
whether secular equilibrium is occurring; this equilibrium occurs when the rate of nuclide
generation is the same as the rate of decay, and parent and daughter activities equilibrate.
Typically in environmental systems, deviation from equilibrium suggests that physical or
geochemical factors are removing the daughter nuclide from the site of parent decay.’®>° The
interactions of the parent nuclide with the aquifer system, such as concentration and mineral
associations, are important to consider for examining Ra sources. Radioactive decay also
removes Ra from the system; however, isotopes with longer half-lives (e.g., 2°Ra) will remain

in the aquifer system for longer periods of time. Longer residence time increases the probability

that geochemical factors induce Ra partitioning from aquifer solids.*°

1.5.2 Radium parent nuclide aquifer associations

The presence of U and Th isotopes in aquifer systems provides information on potential
mechanisms of Ra release to the aquifer system. Under secular equilibrium conditions, Ra
activity is equivalent to U and Th activities; if other geochemical factors mobilize Ra from the
site of decay, then secular equilibrium will not be observed locally.’ The control of Th and U
nuclides on the release of Ra to an aquifer system can be determined using the 22®Ra/**Ra ratio
in aquifer solids and groundwater.>* As most whole-rock systems operate under equilibrium
conditions, comparing the ?>*Ra/*?°Ra ratio to the 23>Th/?*U ratio provides information on Ra

interactions with the aqueous and solid systems.



Radioactive decay and redox potential influence interactions between U and the aquifer
system, impacting the location of ?>Ra production (Figure 1.3a). Uranium isotopic ratios
(3*U/?*¥U) in groundwater are related to the alpha recoil process and the rate of geochemical
removal.%! The parent isotope (>**U) emits 2*#U via alpha decay, damaging the mineral lattice in
the process and making it easier for geochemical factors to release 2**U to the aqueous system.
Overall, U is fairly soluble in groundwater, especially under oxic conditions; in particular, the
U(VI) redox state is most mobile and easily forms complexes with calcium (Ca) and carbonate
(CO3*).6%8 Sorption, to material such as Fe- and Mn-oxide minerals as well as natural organic
matter, retards the mobility of U in aquifer systems.®>-*8 Additionally, a correlation between U
and elevated nitrate (NOs3") levels in groundwater is observed, likely due to the dissolution of
U(IV) minerals by oxidative processes occurring with elevated NO5~.*” However, independent of
parent isotope location, naturally occurring U decay chains decay to produce Ra isotopes in
aquifer systems. This continual decay produces an accumulation of ?>Ra when water resides in
an aquifer for an extended period of time.*>

In comparison to U, Th is strongly sorptive; consequently, mineral interactions figure
more prominently in Ra production from Th isotopes (Figure 1.3b). Thorium, present in one
oxidation state (i.e., IV), is considered immobile in aquifer systems in natural conditions.5?> The
lower solubility results in higher Th retention within aquifer solids than U.%"%7 The interactions
of Th with the aquifer are due to geochemistry or physical processes (e.g., sedimentation) rather
than dissolution and aqueous mobilization.?®’® Geochemical changes to mineral surface coatings
may impact the mobility of Th within aquifer systems.%” Therefore, Th decay from aquifer solids
plays a major role in releasing Ra daughter isotopes, as Th isotopes present in the aqueous system

are more limited.?%:7°



1.6 Geochemical controls on Ra in aquifer systems

1.6.1 Radium sorption mechanism

After the production of Ra via parent nuclide decay, interactions between Ra and aquifer
minerals are important controls on Ra groundwater mobility (e.g., sorption). Radium associates
easily with many mineral surfaces, retarding groundwater transport.**%° While sorption is a
reversible process, the first-order rate constants for Ra adsorption (1.0 x 104 —3.5 x 107! s!) in
comparison to the desorption rate constants (9.3 x 107 — 2.0 x 10** s!) demonstrate the stronger

tendency of Ra to sorb then desorb.%%71.72

1.6.2 Radium association with aquifer minerals

The minerals present within an aquifer influence the sorption capacity present within the
groundwater system, impacting Ra partitioning to the aqueous phase. For example, shale,
bitumen slate, and phosphate rocks are observed to have the highest 2’Ra concentrations in the
Earth’s crust.?’ For shale and bitumen slate, this is likely due to Ra associations with clay-rich
organic material, while phosphate minerals are known to have high U concentrations.?
Additionally, Ra is quickly and easily adsorbed to Fe- and Mn-(hydr)oxide minerals.?047-73-77
Clay materials, in particular bentonite and illite, largely remove Ra from solution due to sorption,

although collapse of interlayers in layered clays can prevent further ion exchange.’88!

1.6.3. Geochemical influences on Ra mineral association

Aquifer geochemical conditions control Ra partitioning from aquifer solids to the
aqueous system. Cation site competition, dissolution of solids containing Ra, redox state, lower
pH, more stable inorganic complexes (e.g., chloride complexes), and dissolution of organic

complexes can all contribute to increased dissolved Ra, depending on aquifer geochemical



conditions.?” Increased dissolved cations fill sorption sites, leaving fewer open for other ions. Ion
exchange, especially between alkaline earth metals like Ra, is very common.?’ Consequently,
elevated Ra levels are associated with increased groundwater mineralization or high salt content
(Figure 1.4a).'33283 Increased Ra sorption tends to be observed as pH increases, as the point zero
charge (PZC) of mineral surfaces impacts Ra sorption.?’ Generally, when pH is less than the
PZC, anions are more easily sorbed; when pH is greater than the PZC, dissolved cations like Ra
compete for sorption sites.?

While aquifer redox chemistry will not impact Ra redox state, it may affect mineral
presence, and therefore sorption site availability (Figure 1.4b). Reducing conditions will cause
Fe- and Mn- (hydr)oxide minerals to be unstable and to form in little quantity; additionally, the
presence of dissolved Fe(II) and Mn(II) increases sorption site competition.?%47-7377 A reversible
process, Ra sorption to Fe-(hydr)oxide minerals frequently changes, depending on aquifer pH
conditions, mostly occurring above pH 8.2° Manganese oxides strongly sorb Ra; however, these
minerals are also affected as redox conditions influence the occurrence of aqueous Mn(Il) in

comparison to precipitates containing Mn(IIT) and Mn(IV).20:34

1.6.4 Radium co-precipitation

While Ra is typically present at ultra trace levels (< 185 mBq/L) in aquifer systems, and
therefore unlikely to precipitate as a pure mineral, Ra will co-precipitates with other cations.!®%
Ra strongly complexes with sulfate (SO4>); under aqueous conditions with 70 mg/L SO4*, half
of the available Ra would exist as RaS04.2° Depending on aquifer conditions, Ra co-precipitates

with barite (BaSO4).8%37 Reducing conditions decrease the amount of SO4> ions available for

precipitation, increasing the amount of dissolved Ra in the system.?’ The ratio between Ra
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isotopes and BaSOs can be used to examine mineral saturation in an aquifer system,

demonstrating control of BaSO4 precipitation on Ra mobility.!

Clay Clay
Organic material Organic material
Fe and Mn (hydr)oxides Fe and Mn (hydr)oxides

b Fe(ll)

Mn(ll)

Ra?]
Clay Clay
Organic material Organic material
Fe and Mn (hydr)oxides Fe and Mn (hydr)oxides

Figure 1.4 Conceptual model depicting geochemical factors influencing Ra partitioning from
aquifer solids to the aqueous system. Figure 4a represents the impact of elevated cations present
in an aquifer system on sorption site availability. Figure 4b describes dissolution of Fe- and Mn-
(hydr)oxide minerals due to changing redox conditions, and subsequent loss of sorption sites.

1.7 Research Objectives

Other studies have examined geochemical influences on Ra interactions with aquifer
systems extensively, providing information about Ra mobilization to the aqueous system.
However, the impact of geochemical influences on Ra mineral associations has not been
examined at the local aquifer scale. While much research has focused on experimental Ra-
mineral associations or broad geochemical trends associated with elevated dissolved Ra, none
has examined the influence of geochemically and hydrologically heterogeneous aquifer

conditions on Ra release at the local scale. Better understanding of Ra partitioning at the local
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scale will provide information for situations of elevated within large and/or geologically
heterogeneous groundwater systems. This dissertation aims to fill in research gaps by 1)
examining geochemical trends associated with dissolved Ra at discrete intervals in the MCOAS,
2) the geochemical association of Ra with aquifer solids compared across different lithologies,
and 3) the impact of local geochemistry on releasing Ra from aquifer solids at depth within the
MCOAS.

In Chapter 2, we examine the geochemical influences on Ra sources to groundwater at
discrete intervals in the MCOAS. As many past studies examine geochemical factors associated
with elevated Ra using water samples collected over long sections of the aquifer system, here we
address the gap in knowledge aimed at examining Ra associated with specific stratigraphy in the
MCOAS. We accomplish this by quantifying the relationship between aquifer solids and aqueous
geochemistry in terms of Ra levels in groundwater. Additionally, we examine geologic sources
of parent isotopes to compare to elevated Ra levels. By sampling at monitoring wells screened
across discrete intervals in the MCOAS in the Madison, WI area, we examine geochemical
influences on the groundwater quality at specific stratigraphic horizons within the system. We
quantify the elemental composition of aquifer solids, examining the location of parent isotopes
U and Th. We found elevated Ra associated with anoxic conditions, or elevated total dissolved
solids, depending on stratigraphy. Parent nuclides U and Th associate with shaley intervals, but
are also present at depth in the sandstone aquifers. Identification of geochemical and
hydrogeological controls on Ra in groundwater associated with specific stratigraphic horizons
provides information for long-term management of groundwater resources that limits uptake of

water elevated in Ra.
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In Chapter 3, we examine the geochemical associations between Ra and aquifer minerals,
at discrete intervals in the MCOAS. Due to its highly sorptive nature, mineral associations
quickly remove Ra from the aqueous system of the MCOAS, but geochemical changes can also
influence release from the aquifer solids. Here, we ran a sequential extraction examining water-
soluble metals (artificial groundwater), acido-soluble metals (1 M acetic acid), the reducible
fraction (0.04 M hydroxylamine hydrochloride in 25% acetic acid), and a complete HF digestion.
Activities of both U-238 and Ra-226 were examined for all fractions. Due to ultra trace Ra
concentrations produced by the laboratory experiment, MC-ICPMS methods were used to purify
and analyze samples for Ra. Secular equilibrium was determined between 238U and *?°Ra across
all examined stratigraphic units, typical of similar whole-rock systems. While the majority of Ra
was associated with the HF digested fraction, the Ra association with minerals differend between
the stratigraphic horizons. Local geochemical conditions strongly determine the release of Ra
from the aquifer solids. Changes in subsurface geochemical conditions likely impact Ra mobility
differently across different lithologies, and potentially influencing Ra mobility between geologic
units.

In Chapter 4, we examine the impact of local geochemistry on Ra mobilization in
MCOAS stratigraphy. Secular equilibrium between parent and daughter isotopes suggests that
Ra remains close to the site of parent decay; therefore, geochemical factors may have major
influence on the release of Ra associated with minerals to the groundwater system. In Dane Co.,
WI, we examine variation in Ra production from specific stratigraphic units related to U and Th
occurrence, using geochemical and isotopic evidence. We obtained groundwater samples at
discrete intervals in the MCOAS, then ran an extraction and digestion experiment on aquifer

solids associated with the same site depths. Ra is close to equilibrium with parent isotopes of
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uranium (U), although potential Ra mobilization varies by stratigraphic unit. These results
indicate that general geochemical trends such as oxidative-reduction potential (ORP) and total
dissolved solids (TDS) are weakly correlated to Ra levels, depending on the sorption capacity of
minerals present and the site of parent decay. Correlation between aqueous 3’Sr/*°Sr and 2*Ra
indicates that aqueous interactions with specific minerals containing more radiogenic 37Sr/%¢Sr
are more likely to release Ra to groundwater. In summary, many of the broad geochemical
indicators used to predict elevated Ra occurrence need to be considered alongside local geologic
and hydrologic controls.

In Chapter 5, we use isotopic tools to examine the impact of water withdrawal from long-
stemmed municipal wells on Ra occurrence in the MCOAS. While geochemistry controls Ra
partitioning within local stratigraphy, municipal wells are constructed to open to long portions
of the aquifer system, and often multiple stratigraphic units, mixing geochemical conditions
across the borehole. Here, we use a short-term pumping test to investigate the impact of water
withdrawal from municipal wells on aqueous Ra within the MCOAS. We also employ isotopic
indicators (i.e., 8’Sr/%6Sr and 2*U/?38U) of interactions between groundwater and aquifer solids
to examine the impact of geochemical mixing more closely on Ra release within well boreholes.
Initial geochemical turbulence was observed during the first hour of the pumping test, after which
conditions stabilized to Ra levels observed in grab samples collected during typical well pumping
conditions. Differences in precision between Ra analytical methods, namely decay counting and
mass spectrometry, demonstrate that the ultra trace levels of Ra analyzed at the MCL require use
of appropriately precise analytical methods. Finally, water-rock interactions are observed via
isotopic indicators at broad geologic scales; in particular, a trend between 23*U/*%U and

combined Ra introduces a potential isotopic tool that can contribute to predictions of elevated
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Ra during well construction. Overall, the results demonstrate that development of isotopic tools
can help predict Ra occurrence in the MCOAS, including more precise analytical methods and

associations with isotopic indicators like [>*4U/?*8U].
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Chapter 2

Effect of geochemical conditions on radium mobility in discrete
intervals within the Midwestern Cambrian-Ordovician aquifer

system

2.1 Abstract

Radium (Ra) commonly occurs in groundwater obtained from the Midwestern
Cambrian-Ordovician aquifer system (MCOAS) at activities approaching and exceeding the
United States Environmental Protection Agency's Maximum Contaminant Level (MCL) of 5
pCi/L for combined ?2Ra and ?*®Ra. The occurrence of Ra(Il) in groundwater is dependent on a
number of factors, including the prevalence of parent radionuclides within hydrogeological
strata, as well as aquifer geochemical conditions. Interbedded aquifer and aquitard sequences
within the MCOAS are stratified with respect to Ra(Il) activity and geochemical conditions, and
thus the formations that serve as Ra(Il) sources to groundwater remain poorly constrained. This
study analyzes aqueous samples collected from short-screened wells at various depths within the
MCOAS near Madison, WI, USA, to determine geochemical parameters including dissolved
oxygen; pH; major and minor ions; and metals, including *?°Ra, **Ra, and parent isotopes 2*3U
and #32Th. Additionally, the elemental composition of aquifer solids is determined as a function
of depth. Within solid phases, 2*®U and 2*>Th occur in both fine-grained facies and as coatings
on sandstone minerals. Most groundwater samples contain dissolved combined Ra(II) lower than
2.5 pCi/L; however, one well completed in the unconfined and one well completed in the
confined portion of the groundwater system exceed 3.5 pCi/L. In the confined system, anoxic

Reproduced with permission from Applied Geochemistry. Mathews, M.; Gotkowitz, M. B.; Ginder-Vogel, M. 2018,
97, 238-246. Mathews and Gotkowitz completed field work; Mathews completed all data analyses; Mathews,
Gotkowitz, and Ginder-Vogel wrote the manuscript.
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conditions are associated with elevated Ra(II) concentrations, while in the upper, oxic aquifer,
elevated total dissolved solids are positively related to Ra(Il). These results demonstrate that
multiple factors impact Ra(Il) sources and mobility in the regionally unconfined portion of the

MCOAS.

2.2 Introduction

Radium (Ra) is a naturally occurring, radioactive contaminant, present in many
groundwater systems. Ingestion of Ra is a human health concern, as it accumulates in bone
tissue, where it continues to undergo radioactive decay.!”” Long-term exposure may damage cell
tissue and is related to various types of bone disease. The United States Environmental
Protection Agency (EPA) regulates Ra in drinking water at a maximum contaminant level
(MCL) for Ra in drinking water of 5 pCi/L for the combined total of isotopes ?*’Ra and 2**Ra.®

One source of radium to groundwater is the radioactive decay of parent elements uranium
(U) and thorium (Th) (Figure A-1).°!> These parent isotopes are common to fine-grained
sedimentary deposits, such as shale and siltstone, and/or transition metal (e.g., Fe and Mn)
(hydr)oxide coatings on mineral grains.!!!'®!7 Elevated concentrations of U and Th have also
been observed in Precambrian crystalline bedrock.!® Saline brines are also a possible source of
dissolved U and Ra(Il) to groundwater systems. During Pleistocene glaciation, increased pore
pressure in the Lake Michigan basin, resulting from the overlying Laurentide ice sheet, may
have driven saline groundwater West, providing a potential source of elevated Ra(Il)
concentrations in the Eastern portion of the MCOAS.!%-2!

Once in groundwater, Ra(II) mobility is largely controlled by sorption to transition metal

(e.g., Fe and Mn) (hydr)oxide minerals and/or co-precipitation with barite (BaSO4). These
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processes are affected by local aquifer geochemical conditions.!*#!%?2 For example, in the
MCOAS, elevated dissolved Ra(Il) is generally correlated with low pH, low dissolved oxygen
(DO), and high total dissolved solids (TDS).!%1723-2% Reducing conditions are often associated
with elevated dissolved Ra(Il), because these conditions do not favor the presence of transition

12,13,15.2325,30-32 Elevated ionic strength is also associated with elevated

metal (hydr)oxides.
dissolved Ra(1II), due to sorption-site competition.'*-*3> Within sulfate-rich, oxic aquifer systems,
such as a regionally unconfined portion of the MCOAS in Southeast Wisconsin, co-precipitation
with BaSO4 may limit dissolved Ra(II).!>!7
Elevated dissolved Ra(Il) is common to the MCOAS, and is commonly associated with
anoxic conditions and elevated ionic strength.!*»?> Similar trends are observed throughout
Wisconsin.!7-?334 However, these studies rely on water samples collected from municipal wells
open to hundreds of meters of aquifer, resulting in water produced from multiple

13.17.2022.25.29 This makes it difficult to attribute the geologic source of Ra

hydrostratigraphic units.
to specific strata within the groundwater system.

This study investigates sources of dissolved Ra(Il) within discrete hydrostratigraphic units
in the MCOAS near Madison, Wisconsin, where the upper and lower sandstone aquifers are
separated by a locally-confining shale aquitard.?’>> Possible sources of Ra to groundwater
include Ra-bearing aquifer solids, such as oxide rinds on silicate minerals; shales or other fine-
grained, interbedded strata enriched in parent isotopes; and deep brines.!”1%-2%-36-38 Here, water
samples collected from a network of twenty-one short-screened monitoring wells, at depths
ranging from 12 to 139 m, are analyzed to determine ?2°Ra, 2*®Ra, 238U, 2*2Th, ionic composition,

pH, specific conductance, and DO (Figure 2.1). The elemental composition of aquifer solids is

also determined. These data provide insight into the geologic sources of Ra and the geochemical



conditions that promote the mobility of Ra(Il) within discrete hydrostratigraphic intervals.
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Figure 2.1 Extent of the Cambrian-Ordovician aquifer in Wisconsin. The Maquoketa shale
underlies the Silurian-Devonian bedrock to the east, but forms the uppermost bedrock over a
narrow area west of the Silurian. The inset map shows distribution of study sites; each site hosts

multiple wells at various depths.

2.3 Materials and Methods

2.3.1 Regional hydrogeology

As discussed in Young and Siegel (1992), the MCOAS extends across much of the

Midwestern United States, including parts of Minnesota, Wisconsin, lowa, Missouri, and

Illinois. It consists of a complexly layered sequence of sedimentary aquifers, with interbedded

confining units, overlain by unconsolidated glacial drift. Crystalline Precambrian rock forms the

base of the system and is overlain by marine-deposited Paleozoic sandstones, dolostones, and

shales. These formations range from the Late Cambrian to Late Devonian age, with stratigraphic
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units increasing in thickness away from the arches and toward basins. In Wisconsin, these
layered sedimentary sequences slope from the Wisconsin Arch toward the Michigan basin in the
East, the Illinois basin in the South, and toward lowa and Minnesota to the West. The Maquoketa
Shale confines much of the MCOAS in Eastern Wisconsin, but it is absent in Central and

Western Wisconsin (Figure 2.1).3°

Depth
(meters below surface) Well19 19D 195
0 I | Drif
Glacial Drift
5
? |
34 % % ] H Tunnel City Formation
§ <CEY H] Screened Interval
o .
Wonewoc Formation
67
78 Eau Claire Aquitard
— Eau Claire Sandstone
I' 1 Cased to 79.3 m
|
8 I
3 I
s N
< Open Borehole
c 11
< I
v 11
|1
11
I Mount Simon Formation
217 —
Precambrian Crystalline Rock
Not to scale

Figure 2.2 Representative hydrostratigraphy and well construction at the municipal well
field site. Municipal wells such as Well 19 are open boreholes below the casing, while
monitoring wells like MW-19D and MW-19S are screened across short intervals within
hydrostratigraphic units. Figure not to scale.
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2.3.2 Local hydrogeology and sampling sites
This study examines Ra(Il) concentration and groundwater geochemistry in the MCOAS near
Madison, Wisconsin, which is about 250 m thick in this region.’* Relatively impermeable
Precambrian crystalline rock forms the base of the Cambrian groundwater system and is overlain by
the coarse- to medium-grained sandstone of the Mount Simon Formation. The Eau Claire Formation,
which overlies the Mount Simon, consists of an upper sandstone facies underlain by interbedded
siltstone and shale layers. These fine-grained deposits make up the locally extensive Eau Claire
aquitard, which varies from 0 to 15 m in thickness across the greater Madison region. The aquitard
restricts the exchange of water between the overlying formations and the underlying Mount Simon
sandstone (Figure 2.1). The dolomitic Eau Claire sandstone forms the base of the upper bedrock
aquifer and is overlain by the quartz sandstone of the Wonewoc Formation and the glauconitic
sandstone of the Tunnel City Formation. In upland areas, the water table lies within the upper-most
bedrock formations. In low-lying areas near the lakes and streams, the water table is relatively shallow
and lies within saturated fine-grained till and lacustrine sediment that overlie bedrock. Land use in
the study area is principally urban; however, agricultural areas surround the area. Extensive pumping
for regional water supplies has reversed pre-development conditions, resulting in downward
hydraulic gradients from the upper, unconfined aquifer to the deep, confined aquifer, over much of
the study area.*®
A network of twenty-one monitoring wells, with screen lengths ranging from 1.5 to 6.0 m,
were sampled during this study. The wells are distributed across eight field sites in the greater Madison
area, with six of these sites associated with nearby municipal wells (Figure 2.1). Each of the field sites
hosts two monitoring wells at various depths, with the exception of MW-7, which has three monitoring

wells, and the Sentry Well (Table 2.1, Figure 2.2). The Sentry Well contains a FLUTe™ multi-level
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sampling device that consists of six sampling ports at a variety of depths, isolated from each other with
hydraulic seals. The well network was installed for an unrelated study; construction details are
described in Gotkowitz et al. (2016).*° The monitoring wells target specific hydrostratigraphic units
and are completed in the Tunnel City Formation (n = 10), the Wonewoc Formation (n = 6), the Eau
Claire aquitard (n = 1), and the Mount Simon Formation (n = 4). For the purposes of this study, wells
completed above the aquitard are referred to as unconfined. Wells screened within or below the
aquitard are described as confined. Dedicated gas displacement pumps were used to purge and collect
samples from the ports of the Sentry Well. A submersible electric pump was used to sample all other

wells.

2.3.3 Groundwater characterization

During the Fall of 2016, all twenty-one monitoring wells in the study were sampled. A
subset of thirteen wells were sampled a second time, in the spring of 2017. These wells were
selected to include wells above and below the aquitard. Prior to sample collection, monitoring
wells were purged of approximately 10 well volumes, using a stainless-steel submersible pump.
Sentry well (SW) ports were purged a minimum of five times over a two-day period, prior to
sample collection.

During both sampling campaigns, pH, temperature, and specific conductance were
measured in the field following purging. DO was also measured in a flow-through cell during
the second round of sampling. Samples for Ra(Il) analysis were not filtered, in order to remain
consistent with compliance sampling methods required of municipal water supply systems, and
preserved with concentrated nitric acid to pH < 2. Samples for aqueous metals analysis were

field-filtered (0.45 pm) and acid preserved (pH < 2), while samples for inorganic ion were
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filtered. Both types of samples were stored at 4 °C until further analysis. Analysis for uranium
(3*®U) and thorium (>*2Th) was conducted on samples collected during the second round of
sampling.
226Ra and ??®Ra analyses were conducted by Eurofins Eaton Analytical, Inc., in a manner
consistent with the Georgia Tech method.*! Radium values at or below the instrumental
detection level were designated as Minimum Detectable Activity (MDA) or < MDA and have a
value of 0 pCi/L on figures; the MDA is the concentration that can be measured with = 100%
certainty at the 95% confidence level. Analysis of 2**U and 2*’Th was conducted, using a
ThermoScientific ELEMENT?2 High Resolution inductively coupled plasma mass spectrometer
(Table A—1). A Dionex ICS-2100 ion chromatography system was used to determine the
concentration of nitrate (NOs"), sulfate (SO4*), and chloride (CI°) in water samples (Table A—1).
A PerkinElmer Optima 4300 DV inductively-coupled plasma optical emission spectrometer was
used to quantify dissolved barium (Ba?"), calcium (Ca*"), iron (Fe**), magnesium (Mg?"),
manganese (Mn?"), and sodium (Na®) in aqueous samples (Table A-1). Tritium (*H)
concentrations were compiled from previous studies conducted at these wells by the Wisconsin
Geological and Natural History Survey (WGNHS) (Table A-2).42
A quality control sample was collected during each sampling round to evaluate the
potential contribution of Ra(Il) from field equipment. Control samples were collected by flushing
the submersible pump and tubing with 40 L of ultrapure water, followed by collection of 4 L of
ultrapure water for analysis. Sample MW-PL1 was collected through the entire length of the

tubing in 2016, while MW-PL2 was collected through a short length (5 m) of tubing.
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2.3.4 Solid-phase characterization

Aquifer solids were selected from well cuttings archived at the WGNHS. Cuttings
collected during the construction of municipal well 19 in 1969 were available at 1.5 m intervals
from the surficial glacial drift to the Precambrian crystalline bedrock at 219 m below ground
surface (Figure 2.2). Cuttings were prepared by placing in a medical grade polyethylene sample
container, with a piece of 4.0 um polypropylene thin film secured across the vial top by a rubber
band. Elemental composition was determined using a Thermo Fisher Niton XL3t GOLDD+
hand-held X-ray fluorescence (XRF) analyzer. The vial was turned to allow cuttings to rest on

the film across the XRF stage.*344

XRF analysis was conducted in “Test All Geo” mode, using the 8 mm aperture opening
and a 50 kV beam, following established procedures.** A 105-s total filter duration time (main
filter 30 s, light filter 30 s, low filter 30 s, and high filter 15 s) was applied to each sample. XRF
analysis was monitored using standards from the United States Geological Survey (USGS) for
shale, carbonate, and quartz sandstone. Minimum detection limits for Ra parent isotopes were
1.24 mg/L for thorium and 2 mg/L for uranium.* Geologic and geophysical logs available from
the WGNHS were compared with the XRF results to identify the depth and thickness of
hydrostratigraphic intervals.

Table 2.2 Redox category designation.?>46

Redox Process DO (mg/L) Mn(II) (mg/L) Number of Wells
Oxic >0.5 <0.05 18
Suboxic <0.5 <0.05 1
Anoxic <05 >0.05 2
2.4 Results

The pH of the samples ranged from 6.3 to 7.7, while the specific conductance values
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ranged from 510 to 3030 uS/cm (Table 2.1). Tritium, an indicator of groundwater age, ranged

from < 0.8 to 11 £2 TU in the unconfined aquifer and from < 0.8 to 5.3 £ 0.6 TU in the confined

system (Figure A-2, Table A-2).

(o] ©
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Combined Radium Concentration (pCi/L)

Figure 2.3 The relationship between combined radium concentration (**°Ra + 22Ra) and DO from
spring 2017 sampling, distinguished by hydrostratigraphic unit and aquifer designation. Error
estimates are shown for combined Ra(Il) concentrations above minimum detectable activity at the

95 % confidence level (MDA 95); values at or below MDA 95 are represented as 0 pCi/L.

Overall, concentrations of parent isotopes 2**U and *>Th were low in groundwater.

Aqueous 238U concentrations ranged from 0.0004 = 0.00001 to 5.3 + 0.1 pg/L, while 23>Th ranged

from non-detectable to 0.005 + 0.002 pg/L (Figure 2.4). The sample with the highest 23U
concentration, 5.3 £ 0.1 pg/L, was collected from the Mount Simon, just below the Eau Claire.

The DO concentration in groundwater varied between the upper aquifer and the underlying
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confined aquifer (Table 2.2). Based upon these measurements, 18 wells were oxic (DO > 0.5
mg/L, Mn(II) < 0.05 mg/L), 1 well suboxic (DO < 0.5 mg/L, Mn(II) < 0.05 mg/L), and 2 wells
anoxic (DO < 0.5 mg/L, Mn(IT) > 0.05 mg/L). In the confined aquifer, DO ranged from 0.04 to
5.46 mg/L, and Ra(Il) ranged from < MDA 95 to 4.6 pCi/L. In the unconfined aquifer, DO
concentrations ranged from 2.13 to 10.64 mg/L, and Ra(Il) ranged from < MDA 95 to 5.2 pCi/L.

Ra generally increased with increasing DO (Figure 2.3).

¢ yH
¢
by
#
50+ $ + 0232Th
238U
S A S
E’ ¢ * Approx. Eau Claire aquitard
g 2 Fod
O e 4
100
¢ ¢
¢ ¢
0 2 4

Concentration (ug/L)

Figure 2.4 Aqueous concentrations of Ra parent isotopes, 2**U and 2*2Th, as a function of depth
below ground surface.

In this study, combined Ra(II) concentrations less than 1.1 + 0.5 pCi/L were considered
below the limit of quantification, due to the presence of combined Ra(Il) at this concentration in

control sample MW-PL1. The combined Ra(Il) concentration in most groundwater samples
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ranged from non-detectable to 2.2 pCi/L, with two wells, MW-19D and SW — port 6, exceeding
this range (Figure 2.4). Wells with Ra(Il) exceeding detection levels in Spring 2017 were at
concentrations within the error bounds reported from the Fall 2016 samples, and other samples
exhibited little variation. Both samples collected from well MW-19D, screened in the Wonewoc
sandstone, contained 5.2 pCi/L Ra (II); all other samples completed in the unconfined aquifer
had Ra(II) concentrations less than the MCL. Dissolved Ra(Il) in well SW — port 3, the only
well associated with the Eau Claire aquitard, was below the MDA. Among samples from the
Mount Simon sandstone, the highest combined Ra(Il) concentration, 4.6 = 0.7 pCi/L, was

collected from the deepest well, SW—port 6, at 139 m at depth.
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Total Radium (pCi/L)
Figure 2.5 Combined radium concentration (>*’Ra+??Ra) by well depth from both sampling
periods. Results from wells sampled twice to examine replicability are shown with the same
color. Dissolved Ra(II) values at or below minimum detectable activity at the 95 % confidence
interval (MDA 95) are plotted at 0 pCi/L.
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Figure 2.6 Concentration of major ions versus depth from surface, from monitoring wells
in Madison, WI from 2016 samples.

Specific conductance, used here as an indicator of total dissolved solids, varied widely in
groundwater, from 510 to 3030 pS/cm. The highest concentrations of Ca?* (max. 220 mg/L at 12-
m depth), CI" (max. 660 mg/L at 12-m depth), Mg?* (max. 120 mg/L at 29-m depth), Na* (max.
240 mg/L at 29-m depth), and SO4* (max. 79 mg/L at 12-m depth) were observed in wells
completed in the unconfined aquifer. Major ion concentrations decreased with depth, as did
specific conductance, which ranged from 570 to 860 nuS/cm in wells completed in the confined

system (Figures 2.6 and 2.7).

In general, there was a weak correlation between Ra(Il) concentration and specific

conductance in the Wonewoc sandstone (r> = 0.54) and the Tunnel City stratigraphic unit (1> =
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0.25; Figure 2.7). Estimated Ba>" activities, calculated according to the method described in

Brezonik and Arnold (2011), did not vary significantly (p-value = 0.34) as a function of aquifer

formation (Table A—1).#” The calculated barite saturation index (SI) did not exceed a value of 1

for any of the samples collected in this study (Calculation A-4, Figure A-3). While Ba?*

concentration increased as sulfate concentration increased within the Wonewoc, this trend was

not observed in groundwater from the Tunnel City unit (Figure A-3).

Specific Conductance (uS/cm)

Figure 2.7 The relationship between combined radium (*°*Ra + 22%Ra) and specific
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conductance from fall 2016 sampling, distinguished by hydrostratigraphic units and aquifer

designation. Ra(Il) concentrations at or below the minimum detectable activity at the 95 %

confidence interval (MDA 95) are represented as 0 pCi/L.
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XRF analyses of aquifer solids from municipal Well 19 demonstrated the heterogeneity
of elemental composition within discrete stratigraphic horizons (Figure 2.8). Primary elements
at the study site included Si (median 30, ranging 8—45% by weight), Ca (median 4, ranging 0—
20% by weight), and Mg (median 1, ranging 0—17% by weight). Samples with elevated K and
Al indicated clay mineralogy (e.g., 67—78 m below the surface) and corresponded to the depth
of the Eau Claire aquitard at well 19. Elevated Fe concentrations appear in the Wonewoc
Formation (median 0.2, ranging 0-3.7% by weight), the Eau Claire Formation (median 1.1,
ranging 0.2-2.7% by weight), and the Mount Simon Formation (median 0.1, ranging 0—6.3% by
weight). Manganese concentrations in aquifer solids were more consistent, with a median of
0.02% by weight over the groundwater system, ranging 0-0.15% by weight. Solid-phase
concentrations of U (median 8, ranging 0-10 mg/ kg) and Th (median 5, ranging 0-8 mg/kg)
were notable in the Eau Claire aquitard (Figure 2.8). Elevated concentrations of U and Th were
also observed at several depths in both the Wonewoc (U median 0, ranging 0-14 mg/kg; Th
median 0, ranging 0—15 mg/kg) and Mount Simon sandstones (U median 0, ranging 0-30 mg/kg;

Th median 0, ranging 0-28 mg/kg; Figure 2.8).

2.5 Discussion
This study focuses on determining dissolved Ra(Il) concentrations in discrete
hydrostratigraphic intervals, within a locally-confined region of the MCOAS, in order to build
upon studies that rely on data from wells with long open intervals.!3!7-2022.25.29 Tp this study, a
majority of monitored depths have dissolved Ra(Il) concentrations below background levels,
but differences in geochemical conditions appear to result in locally elevated Ra(II).

Low DO, low pH, and/or high specific conductance in groundwater systems are often
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correlated with Ra(Il) concentrations above the MCL, both in general and within the
MCOAS.!013:17.23-29 Groundwater in the study area is relatively neutral in pH (e.g., 6.3 to 7.7),
and Ra(IT) mobilization due to acidic conditions is unlikely (Table 2.1). The two wells with
elevated dissolved Ra(Il) are dissimilar (Figure 2.5, Table 2.1). MW-19D, completed in the
unconfined aquifer, is oxic with elevated specific conductance; SW — port 6 is completed in the
confined aquifer, and is anoxic with low dissolved solids. This suggests that multiple factors
contribute to elevated Ra(Il) in this setting.

Radium parent radionuclides (>*®U and 2*?Th) are found in association with fine-grained
sedimentary layers, including shale aquitards, or oxide coatings on mineral grains,!7-20-3637:48
Aqueous and solid-phase parent radionuclide concentrations are relatively low throughout most
of the stratigraphic section in the study area (Figures 2.5 and 2.8). The solid-phase composition
varies with depth; higher concentrations of U and Th occur in the Eau Claire aquitard, and the
Wonewoc and Mount Simon Formations contain elevated U and Th (Figure 2.8). Since U and
Th are present in the unconfined and confined aquifers and in the Eau Claire aquitard, production
of Ra(Il) via radioactive decay from U and Th can occur in any of these hydrostratigraphic units.
However, shale layers, although enriched in parent nuclides, tend to have relatively low
dissolved Ra(II), due to their high sorption capacity.'®!3!¢ This is consistent with the less than
detectable level of combined dissolved Ra(Il) from SW —port 3, completed within the Eau Claire
aquitard (Figure 2.5).

The 3H content of water is a general indicator of groundwater age. Eight wells produced
water with low tritium (< 0.8 TU), suggesting that these wells produce old (pre-1950) water
(Table A-2). Thirteen wells produced water with tritium > 4 TU, indicating more recent

recharge, since 1950.%° The two wells with dissolved Ra(Il) above 3 pCi/L differ with respect to
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tritium. Trittum at MW-19D, 10 + 2 TU, indicates recently recharged groundwater, whereas
tritium levels are below detection in SW — port 6.

Radium partitioning to Fe and/or Mn (hydr)oxides can decrease aqueous Ra(Il)
concentrations.!>!* However, anoxic conditions contribute to Ra(IT) mobility and an increase in
concentrations, due to the absence or dissolution of these minerals.!!!* In groundwater samples
from the confined system, elevated Ra(Il) is associated with low DO (Figure 2.3). In several
samples obtained from the unconfined system, the DO content ranges from 2.1 to 7.3 mg/L,
while Ra(Il) remains undetectable. However, in five samples from the unconfined system with
DO > 8.9 mg/L, dissolved Ra(Il) ranges from non-detectable to 5.2 pCi/L (Figure 2.3). Due to
the oxic nature of the unconfined aquifer, the occurrence of elevated dissolved Ra(Il) in the
unconfined aquifer is not likely due to the absence of Fe and Mn (hydr)oxides.!? Additionally,
there is no evidence of elevated 2*®U or 2*?Th in the unconfined aquifer (Table A—1). This
suggests that elevated dissolved Ra(Il) in the unconfined aquifer is likely due to other
geochemical conditions, discussed below.

Elevated dissolved Ra(II) is commonly correlated with elevated ionic strength.26-32:4930 In
this study, concentrations of Ca®*, Cl;, Mg?*, Na*, and SO4*>~ are elevated in groundwater in the
Tunnel City and Wonewoc hydrostratigraphic units (Figure 2.6). Increased specific conductance
is also observed with elevated combined Ra(II) concentration in the unconfined aquifer (Figure
2.7). Despite the large range in TDS, water in all wells remains undersaturated with respect to
BaSO4 (Figure A-3). This indicates that BaSO4 formation is likely not an important factor in

controlling Ra(Il) concentration in this setting.!3!7-2

Geochemistry in the well pair, MW-19S and MW-19D, differ from each other. These

wells, installed within 10 m of each other, are completed in the unconfined aquifer at depths of
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16 and 42 m, respectively. Water from the deeper well, MW-19D, contains 5.2 pCi/L combined
Ra (II), the highest concentration amongst the study wells, while Ra(Il) is below the detection
limit at MW-19S (Table 2.1). Consistent with greater Ra(Il) mobility associated with elevated
ionic strength, MW-19D had higher CI", and TDS, than MW-19S. This, in addition to higher
tritium at MW-19D, suggests good connectivity from the water table to MW-19D.#>>! Elevated
TDS and relatively young groundwater age at the deeper of the paired wells suggest the presence
of a preferential flow pathway, such as a fracture, connecting MW-19D to the surface. Such
fractures in the Tunnel City and Wonewoc Formations are well documented in the study area.>*->!
These results indicate that groundwater quality in the upper aquifer is affected by chloride-rich
urban storm water impacted by sanitary sewers and/or road salt. Although the direct contribution
of dissolved Ra(Il) from infiltration of storm water cannot be ruled out, the elevated TDS
correlated with greater dissolved Ra(II) in the unconfined aquifer supports increased Ra mobility

due to sorption site competition. In contrast, absence of redox-sensitive transition metal

(hydr)oxides likely contributes to mobility of dissolved Ra(Il) in the confined aquifer.

2.6 Conclusions
This study utilizes short-screened monitoring wells to characterize variability in the
distribution of Ra(Il) and identify potential Ra sources and sinks within specific
hydrostratigraphic strata within the MCOAS Overall, 2¥U and ?*’Th concentrations were
relatively low in both the aqueous and solid-phase samples analyzed as part of this study.
Background concentrations of dissolved Ra(Il) in this region of the MCOAS ranged from non-
detectable to 2.4 pCi/L; however, elevated Ra(Il) was observed at discrete depths in both the

upper, unconfined surface aquifer and the underlying confined aquifer. Anoxic conditions in the
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confined system likely result in the absence of Fe and Mn (hydr)oxides, resulting in limited
Ra(II) sorption sites.!*!%-22 In wells in the unconfined aquifer that reflect the impact of surface
processes (e.g., elevated specific conductance), elevated dissolved Ra(Il) is attributed to sorption
site competition.

Multiple mechanisms, including absence or dissolution of Fe and Mn (hydr)oxide coatings
and elevated dissolved ion content, result in elevated Ra(Il) within these discrete aquifer
intervals. This study expands knowledge of the contribution of dissolved Ra(Il) from distinct
hydrostratigraphic units within the MCOAS. While low levels of Ra are observed throughout
the system, local changes in hydrostratigraphic geochemistry can result in elevated Ra(II) in the

groundwater.
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Chapter 3
Association of radionuclide isotopes with aquifer solids in the

Midwestern Cambrian-Ordovician aquifer system
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3.1 Abstract

Groundwater, an important source of drinking water globally, is susceptible to
contamination by naturally occurring metals and radionuclides. Regional trends in groundwater
quality are useful to predict contaminant occurrence but are difficult to translate to local scales
due to complex contaminant-solid phase associations. Here, we use multi-collector inductively
coupled plasma mass spectrometry techniques to quantify ultra-trace radium (Ra) levels in the
aqueous phase of sequential extractions of aquifer solids. Results demonstrate that local-scale

geochemistry drives Ra partitioning to groundwater in the U.S. Midwestern Cambrian-

Reproduced with permission from ACS Earth and Space Chemistry. Mathews, M.; Scott, S. R.; Gotkowitz, M. B.;
Ginder-Vogel, M. 2021. Mathews completed all laboratory experiments and data analyses; Mathews, Scott,
Gotkowitz, and Ginder-Vogel wrote the manuscript.
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Ordovician aquifer system. Whole-rock, parent and daughter isotope activity ratios indicate that
Ra remains close to the site of 238U decay in some stratigraphic units where the 23¥U/??Ra ratio
is similar to the equilibrium value; however, other stratigraphic units display isotope ratios
indicative of Ra leaching. Additionally, Ra varies in prevalence across examined stratigraphy, in
both whole-rock and extraction fraction values; average whole-rock ?Ra activity is 70 + 10
mBg/cm? in the Maquoketa shale in comparison to 6 + 1 mBg/cm? average whole-rock 2*Ra in
the St Peter sandstone. This suggests that Ra mobilization depends on both the reactive solid-
phases present in the stratigraphy and on the influence of local geochemical conditions on solid-
phase-contaminant interactions. Variation in conditions, such as redox or competitive ion
exchange, will impact Ra partitioning to groundwater differently across stratigraphy, depending

on solid-phase associations.

3.2 Introduction

Groundwater is a major source of drinking water worldwide, with an estimated 2.5 billion
people relying solely on groundwater for daily water needs.! Contaminant presence impacts the
quantity of groundwater available for drinking, as degraded water quality dictates overall water
availability.>* Regulatory and research efforts often focus on prevention and/or remediation of
anthropogenic contaminants in groundwater; however, naturally occurring contaminants (e.g.,
Ra, As) are already present within many aquifer systems and can be mobilized by changes in
geochemical conditions.*!! In extreme cases, water quality may be degraded by naturally
occurring constituents, increasing water stress within a community and thus requiring expensive
water treatment or alternate water sources.'>!® Local-scale spatial variability (e.g., within a
municipality) in well water quality, combined with annual and decadal temporal variation, also

complicate management of municipal well fields.!* A better understanding of processes
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controlling naturally occurring contaminant speciation and partitioning within aquifer systems
may contribute to maintaining groundwater as a potable water resource.!>:1¢

Determining the processes controlling the distribution of naturally occurring contaminants
within a heterogeneous aquifer is challenging, in part because complex flow paths within regional
aquifer systems, and local flow paths impacted by groundwater pumping, affect subsequent
contaminant partitioning into the groundwater. /n situ contaminant-solid mineral associations are
also difficult to ascertain, as many studies examine water samples from municipal wells, which
are screened over long intervals across heterogeneous groundwater systems. Naturally occurring
contaminants in aquifers and aquitards are often associated with reactive solid-phase surfaces and
when released degrade water quality.!”!'® For some radiogenic contaminants, alpha decay can
eject daughter nuclides from the mineral lattice into the aqueous phase (e.g., ?*Ra from the 38U
decay chain).!” Geochemical factors, including changes in redox conditions and/or total dissolved
solids (TDS), influence contaminant partitioning to aquifer solids through processes including
precipitation/dissolution and sorption/desorption.*”-2-27 Competition for sorption sites at high
ionic strength results in a decrease in surface sorption capacity for specific, naturally occurring
contaminants, resulting in contaminant partitioning into the aqueous phase.!”2%3! Additionally,
the dissolution and/or absence of iron (Fe) and manganese (Mn) oxides due to anoxic aquifer
conditions can cause elevated levels of associated contaminants,*7-19-21.23.32

Radium (Ra) is one example of a naturally occurring contaminant that degrades
groundwater quality upon partitioning to the aqueous phase. Radium is a naturally occurring
radionuclide found at elevated levels in regionally important groundwater systems, including the

Midwestern Cambrian-Ordovician (MCOAS) and the North Atlantic Coastal Plain aquifer

systems.*’ Since long-term ingestion of water containing elevated Ra can result in osteosarcoma
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and other bone disease, the US Environmental Protection Agency regulates Ra in drinking water
with a maximum contaminant level (MCL) of 185 mBgq/L (5 pCi/L) for the combination of the
two major isotopes, 22°Ra and ?*Ra. Guidelines from the World Health Organization recommend
an individual dose criterion of 0.1 mSv for total radionuclides in drinking water consumption for
one year, where mSv is a unit of radiation dose measuring the health impact of ionizing radiation
on the human body.!6-33-37

Geochemical interactions between Ra and aquifer solids in groundwater systems affect Ra
partitioning to the aqueous system.*® In the laboratory, Ra sorption to solid-phases such as clay
and transition metal oxides (e.g., Fe, Mn) has been verified.*** At the laboratory scale,
contaminant-solid interactions can be examined via sequential extraction of rock core obtained
from aquifer systems to determine contaminant distribution between various solid-phases. Due to
the low concentrations of concern, counting methods used to analyze Ra often require large
sample volumes (often > 500 mL) and/or generate relatively high analytical detection limits,
which limits applicability in situations where sample volume is limited.***” Analytical techniques
such as multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS) can measure
isotopes of contaminants at ultra-trace levels in the small sample volumes produced by laboratory
experiments, -3

Analysis of leachate from sequential extractions produces information about the
association of 226Ra and 2**U with aquifer solids, and about the mobility of daughter isotopes from
the site of parent decay.’'? Here, we use MC-ICPMS to quantify 2*Ra associated with various
fractions of aquifer solids from sequential extraction experiments examining multiple

stratigraphic units from the MCOAS. The sensitivity of the MC-ICPMS technology provides

quantitative results to examine partitioning from ultra-trace Ra levels in MCOAS solids. This



50

work enables examination of Ra availability across different types of bedrock, in order to better

understand the influence of geochemical factors on local-scale Ra release to groundwater.

3.3 Materials and Methods

3.3.1 Midwestern Cambrian-Ordovician aquifer system

The MCOAS underlies a large portion of the Midwestern United States, including parts
of Minnesota, lowa, Missouri, Illinois, Indiana, and Wisconsin. More than 630 million gallons
per day of groundwater is withdrawn for public and domestic water supply.>® The Cambrian and
Ordovician sedimentary bedrock is largely composed of permeable marine sandstones and
carbonate rock; the clastic rocks are typically cemented by calcite (CaCOs) and dolomite
((Ca,Mg)CO:s3). In some locations, these permeable and prolific aquifers are separated by locally
or regionally confining shale aquitards. Crystalline Precambrian basement rock underlies this
groundwater system. A large portion of the Cambrian and Ordovician formations are regionally
confined by the Maquoketa shale, particularly in eastern Wisconsin, and throughout the
formation’s extent in lowa, Illinois, Indiana, and Missouri. Groundwater below the Maquoketa
shale is typically anoxic, with an estimated groundwater age ranging from 6,000 to 40,000 years
before present.>*> Elevated Ra commonly occurs in groundwater obtained from this confined
system.3? Broad geochemical trends associated with elevated Ra include low dissolved oxygen
and elevated TDS.*7-23-256 Sampling at discrete intervals within the MCOAS suggests similar

geochemical trends related to elevated Ra in the groundwater.

3.3.2 Sample selection and preparation
This study examined a core collected in 1961 from a regionally confined portion of the

MCOAS in Sheboygan County, Wisconsin. Subsamples examined include the lower Maquoketa
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shale, the Galena dolostone, the St Peter sandstone, and sandstone of the Tunnel City Group
(Figure 3.1). At this location, the subsample of the Maquoketa shale was taken from the Scales
Member, which consists primarily of gray dolomitic shale with 0.1% total organic carbon and
some fine disseminated iron sulfides. It is underlain by the Galena Formation, a massive dolostone
with occasional vugs and chert nodules. The fine- to medium-grained, clean quartz sandstone of
the St Peter Formation is poorly cemented where sampled. The 132 m thickness of Tunnel City
Group has heterogeneous lithology, consisting primarily of sandstone and glauconitic sandstone,
with minor amounts of quartzite and interbedded dolomite; a glauconitic sandstone interval was
sampled for this experiment (Figure 3.1).

Subsamples of each stratigraphic unit were selected from the core and prepared for the
experiment. Although the ~150 mm diameter core was stored under atmospheric conditions,
visual inspection for Fe oxidation rinds revealed the extent of oxidation was limited to < 3 mm
on the core’s outer edge. To obtain samples representative of the regionally confined aquifer
system, we cut into the middle of each core length and removed the oxidized edges. After
preparation, samples were kept in an anoxic environment where each was pulverized, then finely
ground by agate mortar and pestle. Samples were then sieved through a 1-mm mesh into 500-mL
centrifuge tubes. Each depth was subsampled in triplicate to account for heterogeneity within

individual samples.
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m Maquoketa shale

Geologic time Stratigraphic unit (depth below surface)*
Midwestern Cambrian-Ordovician aquifer system Pleistocene Glacial drift (0 - 40 m)
Silurian Niagara dolostone (40 - 226 m)

Magquoketa shale (226 - 296 m)
Subsampled depth: 294 m

Galena dolostone (296 - 332 m)
Subsampled depth: 307 m

Decorah dolostone (332 - 340 m)

Ordovician

Platteville dolostone (340 - 360 m)

St Peter sandstone (360 - 417 m)
Subsampled depth: 379 m
Tunnel City sandstone (417 - 549 m)
. Subsampled depth: 423 m
Cambrian
t Mt. Simon sandstone (549 - 570 m)

- Oj
e s % Precambrian Crystalline bedrock

0 100 Kilometers.
S I

*Table not to scale
Figure 3.1 Midwestern Cambrian-Ordovician aquifer system extent in Wisconsin (grey), and the
portion confined by the Maquoketa shale (diagonal lines). The inset shows the location of the

borehole in Sheboygan Co., and the representative stratigraphy at the drill site. Stratigraphy in
bold are the units examined in this study, with specified subsampled depth.

3.3.3 Sequential extraction

Sequential extractions were conducted at room temperature in an anoxic chamber (Table
3.1). The first extraction targeted water-soluble metals, using synthetic groundwater comprised
of a saturated solution of trace metal grade calcium carbonate (CaCOs3) in ultrapure water, purged
with nitrogen gas until anoxic, then the solution was brought to ~pH 8 with trace metal grade
hydrochloric acid (HCl). A rock to extractant mass ratio of 1:10 was initially utilized: 200 mL of
each extracting reagent was added to 20 g of the prepared bedrock sample. The solution was then
shaken for less than a minute, and then sat for 16 hours. Each sample was then centrifuged at
4000 rpm for 30 minutes and supernatant filtered with a 0.45-um PTFE membrane filter. The
filtrate was then preserved with trace metal grade nitric acid (HNO3) to pH < 2. The second

extraction used 1 M trace metal grade acetic acid added to the solid from the previous step and
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targeted sorbed metals and metals associated with carbonate minerals; however, it is possible that
some Fe and Mn (hydr) oxides may dissolve in this step.>’ This suspension was also shaken, then
sat for 16 hours before centrifuging and filtering, as previously described. The third extracting
reagent was 0.04 M hydroxylamine hydrochloride in 25% v/v acetic acid and targeted remaining
Mn oxide and some Fe oxides with hydroxylamine hydrochloride as the reducing agent.>”%> After
addition of 200 mL of the extracting reagent to the remaining solid, samples were shaken and
then sat for 16 hours at room temperature, after which each was centrifuged and filtered as in
previous steps.53-%° Note that barite is not a targeted mineral in these extractions, since the low
dissolved sulfate content of the system indicates that it is undersaturated. X-ray diffraction
analysis of aquifer solids subsamples from before and after the extraction was conducted to further
examine changes in crystalline mineral phases (Figures B-2 — B-9).

Table 3.1 Sequential extraction and digestion methods. RT = room temperature.

Fraction Targeted Reagent Temperature, Time
Associations
Water-soluble Water-soluble ions Calcium carbonate RT, 16 hours
(saturated)
Acido-soluble Sorbed metals, 1 M acetic acid RT, 16 hours

carbonate minerals®

Reducible Mn and Fe oxides 0.04 M hydroxylamine RT, 16 hours
hydrochloride in 25% v/v
acetic acid

HF digested Residual metals; Conc. HF, HNOs, HCI 100-110 °C, 24 hours
mineral lattice

3.3.4 Rock digestion
The remaining solids were dried and then completely digested at the conclusion of the
sequential extraction. Each sample was baked at 50 °C until dry. Next, 0.5 g dry weight of each

was placed into a clean Teflon bottle, to which 2 mL concentrated trace metal grade HNO3 and 1
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mL concentrated trace metal grade hydrochloric acid (HCI) were added, then heated at ~100 °C
in a block heater overnight. After initial heating, 1 mL concentrated trace metal grade hydrofluoric
acid (HF) and 3 mL of ultrapure water were added to all samples; all samples were then heated at
100-110 °C for an additional 24 hours.%* Containers were cooled to room temperature, then 1 mL
HCl and 1 mL ultrapure water were added to the digestion liquid; samples were heated uncapped
from 105 to 85 °C. An addition of 4 mL concentrated HNO; was added to each sample, and heated
uncapped from 105 to 95 °C; this step was repeated until few or no solids were observed in the
samples. Hydrofluoric acid was added to any samples with visible silicate minerals and samples
were heated; then the series of evaporations was repeated. Finally, the samples were diluted with

50 mL ultrapure water, and 50 mL saturated boric acid solution.*6¢

3.3.5 General chemical analysis

Alkalinity and pH were determined for the water-soluble samples. A PerkinElmer Optima
4300 DV inductively coupled plasma optical emission spectrometer was used to analyze for bulk
metals (e.g., Ca, Mg, Na, Mn, Fe, Ba, Sr) in all samples. Isotopic analysis for Ra parent isotopes
238U and #2Th was conducted using a ThermoScientific ELEMENT? high resolution inductively
coupled plasma mass spectrometer at the Wisconsin State Laboratory of Hygiene Trace Elements

Clean Laboratory.

3.3.6 Preparation for Ra isotopic analysis

Each aqueous sample from the sequential extractions was purified through a series of
columns prior to Ra isotopic analysis.®” Column volume (CV) is contingent on sample volume,
specified for each column purification step below. The resins were stored in dilute acid; to fill a

column, the resin was shaken to suspend, and the slurry was added to the column to the
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appropriate volume via pipette. Initially, each sample was evaporated to dryness, dissolved in one
CV of conc. HNOs3 and taken to dryness again, then the dried sample was dissolved in one CV of
conc. HNOs and one CV of ultrapure water (e.g., ~7 M HNO3) and heated at ~110 °C under
reflux.

The first column isolated the cations from the rest of the sample. Here, typical CVs were
2 mL of AG1-X8 (100 - 200 mesh) anion exchange resin. The addition of the sample load (e.g.,
sample dissolved in 2 CV ~7 HNOs3) and subsequent 1.5 CV of ~7M HNO3 washes containing
Ra were collected and taken to dryness. One CV conc. HCI was added, then taken to dryness prior
to purification on the second column.

The second column separated the Ra + barium (Ba) fraction from the majority of the
matrix elements from the isolated cation fraction from the first column; here, typical CVs were 2
mL of AG50W-X8 (200 — 400 mesh) cation exchange resin. Each dried sample collected from
the first column was dissolved in one CV of 1 M HCI for loading onto the column, and heated at
~110 °C under reflux. Five progressively stronger washes of HCl were passed through the
column, until the Ra fraction was collected in 4.5 CV of 6 M HCI, followed by 2 CV of 8 M HCI;
the Ra fraction was determined via elution chemistry. The Ra + Ba fraction was taken to dryness,
and one CV of conc. HNO3 was added; then the sample was taken to dryness again for the third
column.

The third and fourth columns removed Ba remaining in the sample after the second
column purification. To separate the Ra and Ba, a 0.5 mL Eichrom SrSpec resin settled over 0.2
mL of Eichrom Prefilter inert resin beads was used. The sample was dissolved in 0.5 CV of 3 M
HNO3 for loading onto the column. Once loaded, one CV of 3 M HNOs3 was passed through, then

the Ra fraction was eluted with five CV of 3 M HNOs and collected. The collected samples were
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then evaporated. The column was then cleaned with 2 alternating washes of ultrapure water and
3 M HNO:s, then the SrSpec column procedure was repeated for complete Ba removal.

The final column removed *?*Th produced via decay during the sample purification
process. It was similar to the first column, but with one CV equal to 1 mL of AG1-X8 resin. After
the fifth column, the samples were evaporated; then 100 uL of 16M HNO3 was added and heated
at 145 °C to decompose organic residue from the resin. After evaporation, 25 pL of 16M HNO3
was added, and samples were briefly (< 5 min) heated at 130 °C; 0.5 mL ultrapure water was then

added to each sample in preparation for isotopic composition measurements.

3.3.7 Radium isotopic analyses

Mean beam intensities of 22’Ra were measured using the Neptune Plus MC-ICPMS at the
Wisconsin State Laboratory of Hygiene. Isotope ratios were measured using a single SEM/RPQ
detector in dynamic mode. Total yields were determined using a calibration curve created from
dilutions of the NIST4967A 226Ra solution standard. Ra standard yields and isotope ratios were
used to calculate the activities of 2*°Ra in the samples; these were converted to number of atoms,
from which Ra activities were calculated. The detector was calibrated before each analytical
session using a dilute tuning solution containing 23%U. A rock standard (USGS SBC-1) was
digested in the same manner as the other HF digested rocks and run through the purification
columns and analyzed on the MC-ICPMS. Final 2*Ra activities were corrected using a factor of
0.59 based on an average of yields determined from the NIST4967A and SBC-1 standards
processed by column purification alongside samples. Uncertainty in 22°Ra activities is calculated

from the standard deviation of the measured beam intensity.
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3.4 Results

3.4.1 Whole-rock *2Ra and 33U
Although not the primary objective of this work, the whole-rock 2*¥U/*?Ra ratio is an
essential measurement to understanding how the total amount of Ra varies across different
stratigraphic units (Table 3.2). Note that here we define activity (4) as the radioactive decay of a
nuclide:
A=N=x2 3.1)
where N is the number of atoms, and A is the radioactive decay constant; the number of
atoms per g rock is first converted to dpm then to mBq per cm? aquifer, using bulk rock properties
for porosity and dry bulk density (Table S1). The activity ratio is defined as the ratio of whole-
rock daughter and parent nuclide activities (e.g., 22°Ra and 23%U); whole-rock activities are the
sum of the radionuclide from each experimental fraction. The Maquoketa shale has the highest
content of radionuclides; whole-rock 238U activities average 99 + 5 mBg/cm?® from three samples,
with average whole-rock ?2°Ra activity of 70 + 10 mBq/cm?, where the uncertainty represents
standard deviation (results from individual samples provided in Table 2). The St Peter sandstone
samples have the lowest amount measured, with 9.3 + 0.9 mBg/cm? average whole-rock 2*3U
activities, and 6 + 1 mBqg/cm? average whole-rock ?*Ra activities. Whole-rock radionuclide
content in the Galena dolostone and Tunnel City are between that of the Maquoketa shale and St
Peter sandstone. Radionuclide levels in the Galena dolostone are closer to the Maquoketa shale
than the St Peter sandstone, with average whole-rock 23U activity of 71 + 4 mBg/cm?, and whole-
rock 2?6Ra activity of 59 +3 mBg/cm?. The Tunnel City sandstone is similar to the St Peter

sandstone, with 19 = 1 mBqg/cm? average whole-rock 2*8U activity and 19 + 4 mBg/cm?® average
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whole-rock 2*Ra activity. Overall, stratigraphy with greater whole-rock 23U activity also
contains greater whole-rock 2?°Ra activity.
Table 3.2 Measured whole-rock radionuclide activities per sample, as a sum of all fractions.

Uncertainty represents instrumental error. Units are mBqg/cm? aquifer unless otherwise specified.
SRM = Standard reference material

Stratigraphic Unit Depth (m) %0 22Ra
Magquoketa shale — 1 294 94 +1 88+ 1
Magquoketa shale — 2 294 98+ 1 75+4
Magquoketa shale — 3 294 104 + 1 59+£2
Galena dolostone — 1 307 74.6 £0.7 58.98 +0.09
Galena dolostone — 2 307 66.7+0.5 61+1
Galena dolostone — 3 307 72.8+0.8 56+1

St Peter sandstone — 1 379 10.2+0.2 5+1

St Peter sandstone — 2 379 8.5+0.2 7.7£0.3

St Peter sandstone — 3 379 92+0.2 6.5+0.3
Tunnel City sandstone — 1 423 18.6+0.2 15+1
Tunnel City sandstone — 2 423 18.0+0.1 22+1
Tunnel City sandstone — 3 423 20.4+0.3 18.6 £ 0.4
SBC-1 SRM 64.8 + 0.7 mBg/grock 65+ 1 mBqg/g rock

The whole-rock 2*8U/??°Ra activity ratio for each stratigraphic unit is compared to an
equilibrium value determined from the 28U/??°Ra ratio for the standard reference material (SRM)
SBC-1, a value of 0.94. Student’s t-test was conducted on each sample group to compare
differences between the whole-rock 23¥U/??6Ra ratio and the equilibrium value.®® The 23%U/?*Ra
ratio increases as either 238U is added or 2?°Ra is removed from the system; therefore, the Student’s
t-test was also conducted for the value 1.88, which is twice the equilibrium value. Samples from
the Galena dolostone have an average whole-rock 23U/??6Ra activity ratio of 1.2 + 0.1, where
uncertainty represents the standard deviation (Figure 3.2). The whole-rock 2*3U/??Ra ratio for
samples in the Maquoketa shale and St Peter sandstone varies (averaging 1.4 + 0.4 and 1.5+ 0.5,
respectively). The Tunnel City sandstone samples have an average whole-rock 28U/?*6Ra ratio of
0.84 + 0.04. There is no significant difference between the whole-rock 238U/?*6Ra ratio for each

sample group, and the equilibrium value of 0.94 (p > 0.05 for all groups). The whole-rock
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238U/?2°Ra ratios for the Maquoketa shale and St Peter sandstone are also not significantly
different than twice the equilibrium value 1.88 (p > 0.05), while the whole-rock 2*3U/*2°Ra ratios

for the Tunnel City and Galena are significantly different than 1.88 (p < 0.05).
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Figure 3.2 Total 28U and 2*°Ra activities per volume of aquifer sampled in each
bedrock unit. The black line represents a 1:1 activity ratio. Error bars represent
instrumental uncertainty.

3.4.2 Activity of 226Ra in targeted extractions

The amount of 2?°Ra in the final, HF digested fraction is similar for all stratigraphic units;
however, the amount of ?*Ra in the less recalcitrant fractions (e.g., water-soluble, acido-soluble,
reducible fractions) varies by stratigraphic unit (Figure 3.3a and b). For all samples, the majority

of 2?°Ra is in the HF digested fraction: 99% for Galena dolostone (58 + 2 mBg/cm?), 98% for
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Maquoketa shale (70 + 10 mBq/ cm?), 92% for St Peter sandstone (6 + 1 mBq/ cm?), and 94% for
Tunnel City sandstone (17 + 4 mBg/ cm?). In the Maquoketa shale, the 2*’Ra removed prior to
HF digestion distributes between the water-soluble (0.2%), acido-soluble (63%) and reducible
(37%) fractions (0.004 + 0.001 mBq/ cm?®, 1.01 + 0.08 mBg/ c¢cm? 0.6 = 0.1 mBqg/ cm?,
respectively). For the non-HF digested fraction, the Galena dolostone and St Peter sandstone are
more similar in terms of ?>Ra content in the reducible fraction at 60% and 59%, respectively
(Table S2). However, for the non-HF digested portion, >?°Ra in the Galena dolostone is largely
found in the acido-soluble fraction (63%), compared to the St Peter sandstone where most of the
226Ra is found in the reducible fraction (77%,). Most of the non-HF digested 22°Ra in the Tunnel
City sandstone unit is in the reducible fraction (94%, or 1.1 + 0.3 mBg/ cm?®), with the water-
soluble and acido-soluble fractions containing much less (0.4% and 6%, or 0.0047 + 0.0005 mBq/
cm?® and 0.06 + 0.03 mBg/ cm?, respectively). Although > 85% of 238U is associated with the HF

digested fraction, 2**U distribution across fractions also varies by stratigraphic unit (Figure C-1).

3.4.3 Geochemistry of water-soluble fraction

The leachate from the water-soluble fraction follows a similar chemistry for the examined
stratigraphic units, although trace metal concentrations vary (Figure 3.4, Table C-3). Dissolved
magnesium (Mg?") in the water-soluble fraction leachate varies in concentration across the
Maquoketa shale, Galena dolostone, St Peter sandstone, and Tunnel City sandstone (22 + 2
pg/em?, 9.5+ 0.7 pg/cm?, 0.4 + 0.1 ug/cm?, and 4 + 1 pg/cm? respectively). Dissolved potassium
(K*) is similar, with the greatest concentration in the Maquoketa shale (13 + 1 pg/cm?), similar
concentrations for the Galena dolostone and Tunnel City sandstone (2.9 + 0.2 pg/cm?, 2.5 £ 0.5
ng/cm?®), and a much smaller concentration in the St Peter sandstone (0.5 + 0.1 pg/cm?). Dissolved

iron (Fe(I)) ranges from 0.007 £+ 0.004 pug/cm? to 0.027 + 0.004 pg/cm?®. More variability is
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observed in dissolved manganese (Mn(IT)) concentrations, ranging from 0.24 + 0.06 pg/cm?® in

the Tunnel City sandstone to 0.0031 + 0.0003 pg/cm? in the St Peter Sandstone.

3.5 Discussion

3.5.1 Sources of 22°Ra to groundwater

Possible sources of Ra to groundwater include ejection from alpha recoil, as well as
desorption from or dissolution of Ra bearing solid-phases; geochemical factors influencing these
processes vary greatly in their relative time scales (Figure 3.5). While Ra is present across the
stratigraphic units examined in this study, the large majority is retained within the aquifer solids.
This suggests the low aqueous Ra activities typically observed in MCOAS groundwater result
from immobilization within, or association with, aquifer solid-phases, rather than absence of Ra
from the system (Figure 3.3a). As the overall aquifer system is close to secular equilibrium, alpha
recoil by parent isotopes does not appear to partition 2>Ra into the aqueous system at elevated
levels, although some indication of 22°Ra leaching may be indicated by disequilibrium observed
in some stratigraphic units. Some possible explanations for equilibrium observed in the overall
aquifer system are that >Ra may eject out of the mineral lattice to associate with aquifer solids
or eject into solution but rapidly repartition to the solid-phase surface. The location of the parent
isotope within the mineral lattice is also important, as it is estimated that *Ra is only ejected a
distance of 0.02 + 0.05 mm by alpha recoil, which suggests that it could remain within the original
solid depending on grain size (Figure 3.5).!%% The solids digested in the HF fraction are not easily
modified or dissolved under typical aquifer conditions, so geochemical changes in the aquifer
system will not impact release of 2?Ra from this portion of the aquifer material. Therefore, 2°Ra
present in groundwater is likely due to the impact of local geochemical conditions on 22°Ra found

in the water-soluble, acido-soluble, and reducible fractions.
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While sequential extractions provide information about the association of 22°Ra with
portions of the aquifer solids, it is challenging to examine Ra in groundwater at the field or
experimental scale, due to ultra-trace analyte concentrations present amidst complex geochemical
and hydrologic interactions. MC-ICPMS is beneficial for analyzing aqueous Ra at
environmentally relevant concentrations and volumes.**->° For aqueous analysis, the large sample
volume and wide range of detection limits makes many EPA-approved methods (e.g., gamma
spectrometry, ICP-MS, liquid scintillation counting) difficult to use for smaller-scale
experiments.***’ Many of these methods use decay counting methods to analyze for aqueous
226Ra and require at least a sample size of 1 L with detection limits for these methods ranging

from 0.37 — 37 mBg/L (0.01 — 1.0 pCi/L)."”°

3.5.2 Potential 2*Ra leaching

The stratigraphic units examined in this study formed during the Ordovician and
Cambrian geologic eras, more than 443 million years ago; therefore, secular equilibrium is
expected in the whole-rock samples.!?!"7!-74 Comparison of parent and daughter nuclide activities
(e.g., mBg/cm?® 28U and mBg/cm? 2?6Ra) provides information about potential 2*’Ra leaching
from the site of parent decay in the aquifer system (Figure 3.2). Secular equilibrium, where parent
and daughter nuclides reach equivalent activities, occurs in parent-daughter systems that have not
been impacted by transport (e.g., removal of the daughter isotope) for a time period that is
significantly longer than the daughter isotope half-life. As the half-life of the parent isotope 233U
(4.5 x 10° years) is much longer than the half-life of its daughter isotope, >*’Ra (1.6 x 10° years),
after ~2 million years and in the absence of transport processes, 238U and ?*°Ra isotope activities

should be equivalent.”
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Figure 3.3 Average 22°Ra per aquifer volume, separated into sequential extraction and digestion
fractions for each stratigraphic unit. (a) shows distribution across all fractions including the
digestion. Percentage values indicate the proportion of the specified fraction in comparison to
the total 22Ra for the stratigraphic unit. (b) shows the distribution within each stratigraphic unit
for the non-HF digested fractions. Percentage values indicate the proportion of the specified
fraction in comparison to the total non-HF digested 2*°Ra for the stratigraphic unit. In both, error
bars represent sample variability. Note different y-axis ranges.
226Ra leaching potential varies by stratigraphic unit, where some units are more likely to
support 22°Ra transport.2%-242327.76 Ag there is not a significant difference between the whole-rock
238U/22°Ra equilibrium value of 0.94 and the average ratios determined for the four stratigraphic
units examined in this study (p > 0.05 for all sample groups), the overall aquifer system is close
to secular equilibrium (Figure 3.2). However, for the Maquoketa shale and the St Peter sandstone
sample groups, the whole-rock 2**U/?2°Ra ratios are not significantly different than twice the
equilibrium value (i.e., 1.88), which suggests disequilibrium and therefore potential Ra leaching.
The observed disequilibrium in these units is likely due to Ra removal mechanisms that promote

the partitioning of 22°Ra to the aqueous system, such as damage of the mineral lattice due to alpha

recoil, or changes in available sorption sites.
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Figure 3.4 Geochemical indicators determined in the water-soluble fraction for each stratigraphic
unit. Note different y-axis ranges. Uncertainty represents standard deviation of individual
samples. G = Galena dolostone, M = Maquoketa shale, S = St Peter sandstone, T = Tunnel City
sandstone

3.5.3 Association of 26Ra with aquifer solids

In all stratigraphic units, most *’Ra and 2*®U is in the HF digested fraction (> 90% for
226Ra, > 85% for 238U); indicating that the majority of these radionuclides are encased within the
solid (Figures 3.3, B-1),”” and will not readily partition to the aqueous system due to geochemical
changes (Figure 3.3a). The absolute quantity of >?°Ra varies across stratigraphic units; ranging
from an average of 70 = 10 mBqg/cm? aquifer in the Maquoketa shale, to an average of 6 + 1
mBg/cm? aquifer in the St Peter sandstone (Table 3.2). Elevated Ra concentrations in shale layers
are frequently observed; this may be in part due to the enriched presence of clay minerals and/or

increased parent isotope levels.!*783! It is important to consider potential hydrologic interactions
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between stratigraphic units with elevated Ra (e.g., Maquoketa shale) and units containing lower
amounts of Ra (e.g., St Peter sandstone), as introduced changes in water chemistry (e.g., elevated
TDS, anoxic conditions) due to intra-stratigraphy flow patterns may influence conditions
promoting Ra leaching.

Table 3.3 Mass balance for total exchangeable 22°Ra associated with each stratigraphic unit.
Partition coefficient is estimated at the maximum contaminant level (185 mBg/L ?*Ra). ?2°Ra in

water is in relation to total exchangeable 2*Ra. Uncertainty represents standard deviation of
individual samples.

Total Total
Stratigraphic  Est. exchangeable Partition *°Ra in
. . exchangeable
Unit porosity o6 5 2*Ra coefficient water (%)
Ra (mBg/cm”)
(mBg/L)
ﬁz;le“"keta 0.08 1.6+0.2 2.0e4+2e3  0.009+0.001 0.9+0.1
Galena 0.05 0.46 + 0.04 94e3+8¢2  0.020+0.002 2.0+0.2
dolostone
St Peter 0.12 0.540.1 4e3+1e3  0.045£0.009 45+0.9
sandstone
Tunnel City 1.1£0.3 7e3 £ 2¢3 0.03+£0.01 31
sandstone

3.5.4 Geochemical influences on 22°Ra leaching

Geochemical processes like dissolution, desorption, or ion exchange within the aquifer
system can result in the release of Ra associated with the non-HF digested fractions (e.g., the
water-soluble, acido-soluble, and reducible fractions). Some solid-phases associated with the
various fractions suggest that the dissolution of key minerals release 2?°Ra, including Mn- and
Fe-(hydr)oxides associated with the reducible fraction.>® The large proportion of 22°Ra present in
the Tunnel City sandstone reducible fraction ?>’Ra (94 %) indicates that Mn- and Fe-(hydr)oxide
are likely an important control on ??Ra partitioning in this unit. Additionally, a large portion of
the 2?Ra (63 %) is released in the acido-soluble fraction in the Maquoketa shale. This suggests

that Ra may be present as easily desorbed surface complexes or with carbonate minerals, since
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these are the phases targeted by this extraction.®! The Galena dolostone and St Peter sandstone
have similar volume-normalized quantities of 2?°Ra in the acido-soluble fraction (0.10 + 0.2
mBg/L and 0.17 + 0.07 mBq/L, respectively) and the reducible fraction, (0.36 = 0.06 mBq/L and
0.32 £ 0.07 mBq/L, respectively). The slightly larger acido-soluble fraction in the St Peter may
contribute to the increased leachability of 2>Ra observed in the greater 2**U/*?°Ra ratio for the St
Peter samples, suggesting a greater amount of weakly sorbed Ra in the St Peter sandstone than in
the Galena dolostone.

Evaluation of leachate chemistry from the water-soluble fraction of the sequential
extractions provides further information about the critical factors controlling Ra partitioning from
solid to aqueous phase (e.g., redox state). The St Peter sandstone has the smallest amounts of
Mg?*, Mn(II) and K*, but the largest amounts of Fe(Il) in comparison to the other stratigraphic
units. The cycling of trace metals like Fe(II) through geochemical factors like precipitation and
redox changes may control Ra partitioning in the St Peter sandstone (Figure 3.4). Similarly, the
Tunnel City sandstone has larger amounts of Fe(II) and Mn(II); this supports sequential extraction
data in that transition metal oxides are likely major controls for Ra partitioning in this unit.
Additionally, the presence of cations like Mg?"and K* in water leachate, such as in the Maquoketa
shale or Galena dolostone, suggests that sorption site competition between these cations and Ra
is likely occurring in these units. Notably, the Maquoketa shale water leachate has a similar
amount of Fe(Il) as the Tunnel City sandstone water leachate. If transition metal oxides are
present in the Maquoketa shale, Mg?* and K likely take up some of the sorption sites present in
those minerals in this unit.

Geochemical conditions such as elevated TDS and reducing conditions impact available

sorption sites within aquifer solids; these conditions have been observed to increase dissolved Ra
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activity in the MCOAS.#7:19-20.23.38 The variation in *’Ra-solid association in the non-HF digested
fractions across stratigraphic units implies that geochemical conditions (e.g., redox conditions,
TDS level, pH) within each formation have different effects on 22Ra partitioning into the aqueous
system, particularly impacting sorption (Figure 3b). While sorption is a reversible process, first-

order rate constants for Ra adsorption, 1.0 x 10* — 3.5 x 10! s°!

, are much larger than for
desorption, 9.3 x 107 — 2.0 x 10* s°! (Figure 3.5).7682 Both of these rate constants are also orders
of magnitude smaller than the half-life of ?°Ra (5.05 x 10'° s); 2?6Ra will experience sorption and
desorption many times before undergoing radioactive decay. However, this depends on
geochemical conditions which might enhance either sorption or desorption. Phases affected by
reducing redox conditions may dissolve and/or be absent depending on redox conditions, causing
fewer sorption sites to be present.*43 Elevated TDS in groundwater results in increased sorption
site competition, and fewer available sites for Ra sorption.?®?° For example, the impact of high
TDS in the Maquoketa shale is more likely to result in elevated Ra in the groundwater in
comparison to high TDS in the St Peter sandstone, due to higher levels of 2*Ra and greater
association of 22°Ra with the water-soluble and acido-soluble fractions in the Maquoketa shale
(Figure 3.3b). Additionally, **°Ra is emitted via alpha recoil 0.02 + 0.05 mm from the site of
parent decay.®® Not only will geochemical reactions like sorption impact ?2°Ra presence in
groundwater, but the proximity of parent nuclides to Ra sorption sites is also important to
consider. This suggests that the impact of specific geochemical conditions varies in importance
across stratigraphy.

Comparison of the exchangeable ?*Ra in the examined stratigraphic units with the

maximum contaminant level (MCL) of 185 mBg/L for total aqueous ?*’Ra and *?®*Ra activities

further develops how hydrologic and geochemical conditions will influence 2?°Ra mobilization
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across different bedrock units. Specifically, we calculated a mass balance designed to examine
what percentage of 2*Ra would be in the water in comparison to the exchangeable ?°Ra
associated with the aquifer solids for each stratigraphic unit (Table 3.3). 2?°Ra activities were
converted from mBg/cm? to mBq/L, with the addition of 185 mBq/L of aqueous *Ra to compare

the MCL to the overall exchangeable 2*Ra content, via Equation 3.2:

3
(226Raex) . (1e$nc3m )

n * 1000L3
m

?2°Ragraq = MCL + (3.2)

Where ?*°Ra,, 4, is the total exchangeable 2Ra estimated for an aqueous system, in

mBq/L; MCL is the Ra maximum contaminant level at 185 mBq/L of 22Ra; *°Ra,, is the total
exchangeable 2?°Ra, in mBg/cm?; and 7 is porosity. The partition coefficient, D, is calculated by

Equation 3.3:

MCL

D=—
226
Ra,y aq

(3.3)

These calculations determine variation between each stratigraphic unit and the percent
226Ra estimated to be in the aqueous fraction at the MCL. The St Peter sandstone has the greatest
amount of 22°Ra estimated to be in the aqueous system, while the Maquoketa shale has the least
amount (5 = 1 % and 0.9 = 0.1 %, respectively). Stratigraphic units like the Maquoketa shale
likely have greater sorption capacity, resulting in a smaller D value and less **°Ra in the aqueous
phase in comparison to overall solid-phase associations. Sandstone units like the St Peter have a
larger percentage of 2°Ra in the aqueous phase in relation to the total 22°Ra; this suggests that if
Ra is present within the St Peter sandstone, it is more likely that it will be in the aqueous phase
than in the Maquoketa shale. The range of partition coefficients among these four stratigraphic

units further confirms that the geochemical associations available within a stratigraphic unit are
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major controls for 22°Ra mobilization, and that this control varies across different types of
bedrock.

Our study demonstrates an innovative approach, combining sequential extraction
experiments on aquifer solids with sensitive analytical techniques (e.g., MC-ICPMS) to examine
contaminant interactions in groundwater. For radioactive contaminants, examining isotopic
processes such as secular equilibrium can reveal further information about transport within an
aquifer system. Secular equilibrium between ??°Ra and 2*%U in the examined stratigraphic units
suggests that 2?°Ra leaching depends on available solid-phase associations, and varies with
different stratigraphic units (Figure 3.2). While geochemical associations between Ra and solid-
phases are therefore important controls on contaminant mobility, this association varies across
stratigraphy as demonstrated by the assorted distribution of Ra across non-HF digested fractions
(Figure 3.3b). Local-scale geochemical variation within stratigraphic units can result in Ra
partitioning from the aquifer solids to the aqueous system, through processes such as desorption
and mineral dissolution or absence.

Some limitations of this study include use of geochemical leachate rather than
groundwater samples, and assumptions about reactive solid-phase associations assumed based on
the sequential extractions. While extraction experiments provide valuable information as to
analyte-rock interactions, they are limited via experimental controls in comparison to the complex
interactions occurring in aquifer systems. It is recognized that the identification of direct Ra-
mineral associations is more specific to examining Ra interactions with particular minerals
present within bedrock. Nonetheless, the quantification of Ra-solid interaction via sequential
extractions targets the fractions of aquifer materials expected to have the largest impact on Ra

partitioning to the aqueous phase in this portion of the MCOAS.
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Figure 3.5 Conceptual diagram depicting the time scales of geochemical processes influencing
Ra associations with aquifer solids in the MCOAS. Estimates of alpha recoil distance,’® 22°Ra
decay constant,®? average groundwater transport,®® and first-order rate constants for Ra
adsorption-desorption in natural fresh to brackish groundwater®? are included.

3.6 Environmental Implications

Local geochemistry controls the partitioning of Ra and other contaminants to the aqueous
system. Some bedrock formations have elevated levels of contaminants that partition more easily
to groundwater (e.g., Ra in the Maquoketa shale); changing geochemical conditions at an
individual well can influence the partitioning of contaminants at that site. Physical well features
may also affect the quality of water pumped across bedrock formation, such as casing depth, total
well depth, and relative transmissivity of sedimentary layers. Additionally, changes in well
pumping rates can change hydraulic gradients, and as a result can alter groundwater flow paths

and impact metal mobility by introducing new geochemical conditions.?* Examples of this include
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drawing groundwater containing elevated dissolved solids to a different part of the aquifer system,
or inducing flow of oxygenated, recently recharged water across Ra-enriched shale aquitards.
Such changes may affect solid-phase presence, releasing sorbed contaminants into the aqueous
system.®3

Understanding the impact of local geochemistry and changes in groundwater flow systems
on Ra partitioning can inform well construction and ultimately reduce the uptake of naturally
occurring contaminant by wells. While geochemical trends that affect contaminant partitioning
are apparent at the regional scale (e.g., Ra in the MCOAS), prediction of local-scale contaminant
concentrations is complicated by the influence of local geochemistry, lithologic heterogeneity,
and by wells open to multiple stratigraphic units. Use of sensitive methods that identify ultra-
trace level Ra concentrations demonstrates that local geochemistry is a major control on Ra
release to the aqueous system. These data will support development of geochemical and
hydrologic models to assess the influence of groundwater withdrawal on the partitioning of
contaminants to groundwater in systems such as the MCOAS, where interbedded shale, sandstone

and carbonates affect contaminant mobility within heavily used aquifer systems.
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Chapter 4
Isotopic analysis of radium association with aquifer solids at
discrete intervals in the Midwestern Cambrian-Ordovician

aquifer system

4.1 Abstract

Radium (Ra) is a naturally occurring contaminant that frequently occurs at elevated levels
in the Midwestern Cambrian-Ordovician aquifer system (MCOAS). Geochemical indicators (e.g.,
dissolved oxygen or total dissolved solids) are useful tools for broadly characterizing elevated
contaminant levels, but do not consistently correlate to elevated Ra within specific stratigraphic
horizons. We present a coupled geochemical and isotopic study of groundwater and aquifer solids
for major and trace elements, Ra, and uranium (U) at discrete intervals in the MCOAS. Through
groundwater as well as extracted and digested solid samples, we find that Ra is close to
equilibrium with parent isotopes of uranium (U); however, the potential for Ra mobilization varies
by stratigraphic unit. Overall, the examined geochemical characteristics (e.g., ORP, TDS) do not
fully describe Ra interactions within the system, suggesting alternative factors, like solid-phase
associations, may be more important in the system. Minerals elevated in ¥’Sr, such as feldspars
and clays, may be more likely to also release 2*Ra to the aqueous system. Overall, the release of
U and Ra due to water-rock interactions varies with discrete stratigraphy, depending on aqueous
geochemistry and available mineral associations. Sources and sinks of Ra at depth within the
MCOAS vary across stratigraphy, and are difficult to predict based on water samples taken from

broad ranges of the aquifer system. Aqueous geochemistry (e.g., ORP, TDS) within aquifer
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stratigraphy must be considered alongside both parent nuclide and Ra solid-phase associations in

the aquifer system in order to fully describe Ra-solids interactions.

4.2 Introduction

The quality of a drinking water source dictates in part the quantity of potable water
available, and is dependent on the infiltration and mobilization of contaminants.'? Groundwater
serves as a source of drinking water for more than 2 billion people globally, with potential threats
to water quality coming from both above and below the surface.’* Anthropogenic contaminants
are introduced by humans to groundwater, while geogenic contaminants are naturally occurring
and may mobilize to the aqueous system via subsurface geochemistry and hydrology.>® Geogenic
contaminants frequently occur at ultra trace levels in groundwater (e.g., radium); however, these
concentrations are often still of concern to human health in drinking water.”8 Aqueous
geochemistry influences water-rock interactions, like sorption site availability and/or mineral
presence, can further impact the mobilization of contaminants into the aqueous system and
increase contaminant levels.

Ingesting radium (Ra), a naturally occurring contaminant, can result in elevated risk for
osteosarcoma and bone disease.”!! In aquifer systems, Ra is generated from the decay chains of
uranium (?*%U, 23U) and thorium (>*2Th) via alpha decay. In some cases, high recoil energy ejects
Ra from the mineral lattice to the aqueous system. The US EPA has set a maximum contaminant
level (MCL) of 185 mBq/L (5 pCi/L) for combined Ra (***Ra + ?28Ra) in drinking water.” In the
US, frequent occurrences of combined Ra above the MCL occur in the Midwestern Cambrian-
Ordovician aquifer system (MCOAS).!? Examination of combined Ra from nearly two decades
of municipal well compliance data suggests increasing levels over time in the MCOAS in

Wisconsin.!3
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It is necessary to increase understanding of geochemical controls (e.g., sorption, mineral
dissolution) on the release of geogenic contaminants from the aquifer solids to the aqueous system
in order to maintain aquifer systems for sustainable and clean drinking water.>!'* Geochemical
influences such as redox state and total dissolved solids (TDS) release naturally occurring
contaminants (e.g., As, Cr, Ra, U) via water-rock interactions in subsurface environments. While
changes in aquifer redox chemistry directly impact the mobility of a few geogenic contaminants
(e.g., As, Cr, U), partitioning of all contaminants from aquifer solids is influenced by the presence
or absence of redox-sensitive minerals.!>23 Additionally, elevated TDS in groundwater can cause
ion competition for sorption sites, leaving fewer available sites and more ions in the aqueous
system, 122324
After Ra production via parent nuclide decay, geochemical factors influence Ra
partitioning between groundwater and aquifer solids. Elevated Ra in groundwater is associated
with anoxic conditions, elevated TDS, and/or older water.!??*2> Minerals like iron (Fe(III)) or
manganese (Mn(III/IV)) (hydr)oxide minerals are more likely to dissolve or be absent from
anoxic aquifer systems, reducing the number of overall sorption sites present.*3° Elevated TDS
and older, more mineralized water have increased dissolved ions in the water available to compete
for sorption sites, leaving fewer sites available for Ra(Il) ions.>!"* Ra is more likely to co-
precipitate in concert with other minerals (e.g., barite) than form Ra minerals due to ultra trace
Ra levels in aquifer systems.’**> Geochemical controls (e.g., anoxic conditions, elevated TDS)
are associated with elevated Ra in groundwater withdrawn from deep municipal wells across the
MCOAS, as well as with groundwater sampled from discrete hydrostratigraphic

intervals.!2-2425:3638 Fyrther investigation into the mobilization of Ra at discrete intervals due to
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geochemical influences on radionuclide-solids interactions is necessary to better predict elevated
Ra in the MCOAS.

Here, we examine the influence of geochemical conditions (e.g., alkalinity, ORP, TDS)
on U and Ra partitioning from aquifer solids at discrete intervals within the MCOAS.
Groundwater samples from a multi-level monitoring well completed in the MCOAS near the
Village of Cottage Grove, Wisconsin were analyzed for 233U, total dissolved solids (TDS), pH,
ORP, and ionic composition (Figure 4.1). Additionally, rock samples from each interval were
extracted and digested to examine Ra associations with aquifer solids. Sensitive analysis by multi-
collector inductively coupled plasma mass spectrometry (MC-ICPMS) was used to examine ultra
trace concentrations of *?°Ra in aqueous and rock samples, as well as 2**U/>*¥U and *7Sr/*Sr.
Overall, this study expands knowledge of U and Ra partitioning within stratigraphy in the
MCOAS, investigating aqueous geochemistry and solid-phase associations via isotopic tools
(e.g., 2?°Ra/**8U, ¥7Sr/%6Sr) to examine the contribution of Ra from discrete intervals within the

aquifer system.

4.3 Methods

4.3.1 Study site

The MCOAS is composed of Paleozoic sandstone and dolostone aquifers with scattered
siltstone and shale, overlying relatively impermeable Precambrian crystalline basement rock. At
the study site, the coarse- to medium-grained sandstone of the Mt Simon formation forms the
deepest aquifer (Figure 4.1). Fine-grained and silty sandstone of the Eau Claire formation overlies
the Mt Simon and acts as a local confining unit at the study site. Sandstone of the Wonewoc
Formation overlies the Eau Claire and forms a prolific regional aquifer. The glauconitic sandstone

of the Tunnel City Group overlies the Wonewoc; while the Tunnel City produces less water than
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the Wonewoc, it is another important local water source. The St Lawrence formation, a silty
dolostone or dolomitic siltstone with trace glauconite and relatively low hydraulic conductivity,
lies above the Tunnel City Group. The Readstown member, formed of interbedded sandstone,
clay and dolostone fragments, overlies the St Lawrence formation. The Tonti member, a fine- to

medium-grained sandstone, is the uppermost stratigraphic unit at this location.*
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Figure 4.1 The extent of the Midwestern Cambrian-Ordovician aquifer system in Wisconsin, in
grey. The inset shows the location of the multi-level monitoring well and representative
stratigraphy for the study site. Blue rectangles demonstrate approximate location of port
openings.

The multi-level well, MP16, used in this study is located near the Village of Cottage
Grove, Wisconsin. Drilled in 2007, MP16 was selected for this study because it is outside of the
influence of a nearby contaminant plume. MP16 is a Westbay MP® multi-level well with packer
seals separating 46 discrete port intervals within the groundwater system; heads are monitored at

each depth, or ‘port’, and a groundwater sample can be collected from each port. Drilling of MP16

included collection. A log of the core described lithology and other geologic traits at 5 cm scale.
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For this study, 8 of the 46 ports were selected based on spectral gamma logs indicating solid-
phase U and Th at depth. Further details about well construction and geophysical characterization

at depth in the study site are available in Meyer et al., 2008 and Meyer et al., 2016.404!

4.3.2 Groundwater sampling procedure

Groundwater samples were collected from eight ports at MP16 (Figure 4.1). Prior to
sample collection, air was evacuated from four sample containers (1 L combined volume) using
a peristaltic pump. The sample containers were attached to a sampler probe and lowered down
the borehole on a wireline which was controlled by a data acquisition box at the surface. The
sampler probe was landed at the approximate depth of the port of interest, and positioned at the
port opening, using hydraulic head to verify location. The sampling valve was opened, and
groundwater flowed within the packer interval into the sampling containers. Field parameters
such as oxidation-reduction potential (ORP), pH, temperature, and TDS were measured using a
Myron Ultra Meter 11 at the surface (Table 4.1). Samples for aqueous metals analysis were filtered
(0.45 um) and acid preserved with trace metal grade nitric acid (HNO3) to pH < 2, while samples
for general inorganic analysis were only filtered. All samples were stored at 4 °C prior to analysis.
A sampling blank was collected by running ultrapure water through the sampling equipment.
Measured ORP was used to estimate redox potential (pe) values, by adding the Er for Ag/AgCl

reference electrodes (199 mV) to the field ORP reading.*>*

4.3.3 Aquifer solids extraction experiment

An extraction experiment was conducted on eight sections of core, corresponding to depth
discrete intervals associated with the sampled MP16 ports (Table 4.1). The experiment was
conducted at room temperature, under oxic conditions for five of the depths (Ports 19, 24, 27, 30,

40), and in anoxic conditions for three depths (Ports 4, 10, 12) as determined by aquifer redox
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potential. Each subsample was pulverized to a fine powder via a shatterbox. Two of the depths
were subsampled in triplicate (R-35 and MS-132), to account for possible sample heterogeneity.
All extraction chemicals were trace metal grade. Acido-soluble (carbonates) and easily reduced
phases (e.g., Fe- and Mn-(hydr)oxides) were dissolved by adding 400 mL of 0.04 M
hydroxylamine hydrochloride in 25% trace metal grade acetic acid to 40 g of each rock sample,
at a 1:10 rock to extractant ratio. After the addition of the extractant, the solution was shaken for
a few seconds several times a day as equilibrium was reached. Metal concentrations (e.g., Ca, Fe)
were monitored over time until there was < 10% change. Once equilibrium was reached, samples
were centrifuged at 4000 rpm for 30 minutes; the decanted solution was filtered (0.45 pm) and

stored at 4 °C until analysis.

4.3.4 Aquifer solids digestion

After extraction, subsamples of the aquifer solids were baked at 50 °C until dry, then
digested. Digestion chemicals were trace metal grade unless otherwise stated. To 0.1 g of each
sample, 1 mL ultrapure water, 3.5 mL concentrated HNO3, 1.5 mL concentrated hydrochloric
acid (HCI), and 1 mL concentrated hydrofluoric acid (HF) was added, in that order. Each sample
was then sealed in a microwave vial with a screw cap and cover, and placed into the shields on a
MAXI 44 Rotor, then set inside the cavity of a Milestone ETHOS Easy Microwave Digestion
System. The digestion method ramped up to 100 °C for fifteen minutes, held at 100 °C for 10
minutes, then increased up to 185 °C over forty minutes, holding there for 35 minutes; this was
followed by a ventilation and cooling period of 30 minutes. After HF-digestion, samples were
dried on a hot plate at ~130 °C, then 10 mL 3 M Optima grade HCI was added and the solution

was diluted to ~50 g total. For quality assurance, three digestion blanks were distributed
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throughout the samples; USGS standard reference materials AGV-2, BCR-2, and TML were also

digested (Table D-2 for ’Sr/*Sr literature values).**47

4.3.5 General chemical analysis

Chemical analysis was conducted on groundwater, extraction, and HF-digested solution
samples for relevant inorganic ions and metals. Alkalinity and inorganic ions were determined in
groundwater samples within 48 hours of sampling. Alkalinity was analyzed using a Mettler
Toledo G20 autotitrator while inorganic anions were analyzed by a Dionex ICS-2100 ion
chromatography system to determine the concentrations of sulfate (SO4>), and chloride (CI). For
the water and extraction fractions, an Agilent 5110 inductively-coupled plasma optical emission
spectrometer was used for bulk metal analysis (e.g., Ca, Mg, Na, K, Al). Trace metal analysis
(e.g., 28U, Fe, Mn, Sr, Ba) was conducted using a ThermoScientific ELEMENT2 high resolution
inductively-coupled plasma mass spectrometer at the Wisconsin State Laboratory of Hygiene

Trace Elements Clean Laboratory.

4.3.6 Isotopic analysis
Radium (??*°Ra), uranium (>*U’?*8U), and strontium (}Sr/%¢Sr) isotopes were analyzed
using a MC-ICPMS at the Wisconsin State Laboratory of Hygiene Trace Elements Laboratory.

4.3.6.1 Radium isotope analysis

For Ra analysis preparation, each sample was spiked with 100 pL of a Ra solution purified
from a Th solution (initial 2?°Ra/**®Ra: 0.8197). Each sample was then run through five
purification columns prior to MC-ICPMS analysis.*®*° All reagents used in column purification
were Optima grade. The first column used ~7 M HNO;j to separate the cation matrix, through
AG1-X8 (100 - 200 mesh) anion exchange resin. The second column isolated the Ra + Ba fraction

from the rest of the cation matrix, using progressively stronger HCl washes through AG50W-X8
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(200 — 400 mesh) cation exchange resin. Using Eichrom SrSpec, Ra was isolated from Ba with 3
M HNO:;; this column method was repeated to ensure separation. Finally, a fifth column, similar
to the first column with a smaller column volume (CV), was run to separate Ra from 22Th formed
via decay during the column process. Further details are available in Mathews et al., 2021.%°

Radium isotope ratios were measured using mean beam intensities on the Neptune Plus
MC-ICPMS using a single SEM/RPQ detector in dynamic mode. The 2*®Ra isotope spike was
calibrated to the average literature 2*Ra/*?®Ra for the rock standards (S1).** The measured
226Ra/*?%Ra ratio was used to calculate the 22°Ra for each sample, converted from fg/g solution Ra
activities to mBqg/L of water or mBq/g of rock, after which aquifer system physical properties
were used to calculate mBg/cm?® aquifer (Table D-3). The ion counter detector was calibrated
prior to each analysis with a dilute tuning solution containing 2**U. A natural uranium solution
was used to correct 22°Ra/?>?®Ra for mass bias by analyzing for 23U/?*U.

4.3.6.2 Uranium isotope ratio

The uranium activity ratio 2**U?®U was analyzed by MC-ICPMS after sample
purification. The U fraction was collected using 1 M HCI and 1 M hydrobromic acid (HBr) after
the Ra fraction eluted off the first purification column previously discussed in sect. 4.3.6.1. Each
sample was dried, then dissolved in 1 CV of ~11 M HCI + H20». For the second U purification
column, AG1-X8 (100 - 200 mesh) anion exchange resin was conditioned with 8 M HCl and ~11
M HCI + 30% H>Ox, then the sample is loaded onto the column. Two CV of ultrapure water and
3 CV of 1 M HBr are collected for the sample U fraction. Each sample was dried down, then 2
mL of 2% HNOs was added; the solution was covered and heated at 110 °C for ~ 30 min to
dissolve. Samples were analyzed for 38U, 2*5U, and 2**U on the MC-ICPMS, bracketing samples

between natural U standards in order to correct for the background. 2*3U and 2*>U were measured
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on Faraday cups, while 2**U was measured on the SEM/RPQ. The cup configuration was set by
using a natural U solution to align the H1 and H3 Faraday cups to the center SEM.

4.3.6.4 Strontium isotopes

The 37Sr/%®Sr isotope ratio was analyzed by MC-ICPMS after sample purification. The Sr
fraction was collected prior to the Ra fraction from the second purification column (See section
2.6.1). Samples were dried and redissolved in 0.5 mL 3 M HNOs. After washing 1 CV of SrSpec
resin with ultrapure water and 6 M HCI, the resin was conditioned with 3 mL of 3 M HNOs. The
sample was loaded, followed by 3 washes of 0.5 mL 3 M HNOs, collecting the sample with 4 mL
of ultra pure water. The Sr fraction was dried down, and redissolved in 2 mL 2% HNO; + 0.01%
HF for analysis. Samples were bracketed between measurements of NIST standard NBS987. To
internally correct for mass fractionation, measured values of ¥’Sr/*®Sr were normalized by a value
of 1.000061, calculated from the change from the literature value for NIST standard NBS987
(0.71024). Sr ratio values for the rock standards AGV-2, BCR-2, and TML varied by <0.1% from

literature averages.*’

4.3.7 Quality assurance

Average ?Ra yield after column purification was calculated from literature values of
standard reference materials (SRM) AGV-2, BCR-2, and TML, resulting in a correction factor of
2.83% (D1).#” Recovery for the digestion experiment was 89 + 7%, determined from the quantity
of 28U measured for the SRMs and a correction factor of 1.12 was applied to all digestion
concentrations (Table D-1). Further Quality Assurance details can be found in the Supplementary

Information (D-2).
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Table 4.1 Field parameters and inorganic ions for water samples from well MP16. <LOQ = Less
than the limit of instrumental quantitation. DBS = depth below ground surface; R = Readstown
member, TC = Tunnel City group, W = Wonewoc formation, EC = Eau Claire formation, MS =
Mount Simon formation

Sample  Port Ground- Open Core pH TDS ORP  Alkalinity Chloride  Sulfate

water port depth (mg/L) (mV) (mg (mg/L) (mg/L)

Sampling interval (DBS, CaCOs/L)

Date (DBS, m)

m)

R35 40 11/16/19 35-36 35 701 283 217 226 4.06 521
TC-59 30 11/16/19 58-60 59 795 322 172 260 7.41 381
TC-67 27 1116/19 67—68 67 7220 375 155 328 <LOQ  3.65
TC75 24 111519 74-76 75 800 394 143 348 0.73 231
W-85 19 11/15/19 85-87 85 704 383 103 349 <LO0Q 171
EC-109 12 11/15/19 }8;‘ 109 751 453 -16 376 <L0Q 382
EC-114 10 11/14/19 Hg T 114 78 437 9 392 175 4.00
MS-132 4 11/14/19 g; T 132 709 473 43 388 <LOQ 549

4.4 Results

4.4.1 Uranium and radium activity ratios

Parent and daughter (i.e., [>**U/**%U]) nuclide ratios vary with stratigraphy at the study
site. Activity (A) is defined as the decay of a radionuclide (Eq. 4.1), where the activity ratio is the
ratio of parent and daughter nuclide activities represented by the fraction of the two isotopes, with
activity designated by brackets.

A=N=x A (4.1)

Here, N represents the number of atoms of a radionuclide, while A is the radioactive decay
constant. Aqueous [>**U/?*8U] varies across stratigraphy, ranging from 4.707(2) to 11.107(6)
(Figure 4.2a, Table 4.2). Values of aqueous [***U/>38U] above 6 are observed in R-35, TC-59, and

TC-75, peaking at 11.107(6) (R-35). All other samples contain aqueous [***U/>3%U] below 6,
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averaging 4.9(2). Note that the associated uncertainty for each measurement is represented in

parentheses.
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Figure 4.2 Radionuclide ratios from well MP16 water and rock samples. a) Aqueous [***U/>38U]
with the inverse of aqueous 23%U activity. b) Aqueous *?°Ra activity per volume of aquifer
compared to the whole rock ratio of 2?°Ra and 2*U activities. Gray-shaded area represents
secular equilibrium, ranging from 0.88 to 1.12.

Parent and daughter (i.e., [*°Ra/?*¥U]) nuclide activity ratios vary with stratigraphy and
aqueous *?°Ra at the study site. The whole-rock (i.e., sum of the radionuclide from each
experimental fraction) [*2°Ra/>3%U] is compared to an equilibrium range of 0.9 to 1.1 determined
from several HF-digested standard reference materials (SRM). Sample whole rock [?2°Ra/>%U]
range from 0.72 to 1.32 for samples at depth (Figure 4.2b), with [>2°Ra/?**U] in five ports (i.e., 4,
10, 12, 19, 40) outside the equilibrium range. Whole-rock [*2°Ra/>*%U] for TC-75, TC-67, and
TC-59 lies within the SRM equilibrium range. Overall, aqueous 2*’Ra ranges from 0.000073(2)
to 0.0036(1) mBg/cm? aquifer. W-85 contains the greatest aqueous *>Ra activity and lowest
[2?6Ra/**8U]. The three samples within the [>?°Ra/***U] equilibrium range contain the lowest

aqueous 22°Ra activities.
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Figure 4.3 Geochemical factors associated with aqueous 2**U from well MP16. a) Oxidative-reduction
potential (ORP) association with aqueous 2**U. b) Alkalinity relationship with aqueous 23¥U. Error bars
represent instrumental uncertainty. Pearson statistical analysis p-value (p) and correlation coefficient
(r) distinguish strength of trend.

4.4.2 Association of geochemical factors with aqueous 28U and 22°Ra

Aqueous 28U is associated with geochemical factors (e.g., ORP, alkalinity) across
sampled stratigraphy (Figure 4.3a,b). Generally, ORP values decrease with increasing aqueous
238U (p-value = 0.031, pearson coefficient = -0.75). In the oxic system (R-35, TC-59, TC-67, TC-
75, and W-85), as ORP decreases from 217 mV to 103 mV, aqueous 23U increases (p-value =
0.028, pearson coefficient = -0.92). In the anoxic system (EC-109, EC-114, and MS-132), ORP
ranges from -9 mV to -43 mV. Alkalinity increases with depth, along with aqueous >**U (p-value
= 0.019, pearson coefficient = 0.79). Alkalinity values range from 226 mg CaCOs/L (R-35) to
392 mg CaCOs/L (EC-114). EC-114 and EC-109, the two samples with greatest aqueous 2*3U
(0.00523(3) and 0.0034(1) mBqg/cm? aquifer, respectively), both draw water from the Eau Claire,

a shaley sandstone unit.
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Aqueous *?°Ra is examined in relationship to geochemical factors (e.g., ORP, TDS) across
sampled stratigraphy in Figure 4.4. Aqueous 2*Ra generally increases with depth from surface.
A wide range of aqueous ??°Ra is observed in the oxic system (0.00066(2) mBqg/cm3 aquifer to
0.0036(1) mBg/cm3 aquifer). A smaller range of 2?°Ra is observed in the anoxic system
(0.00114(3) mBg/cm?® aquifer to 0.00288(8) mBg/cm? aquifer). TDS increases with depth from
surface, ranging from 283 mg/L to 473 mg/L. In general, higher aqueous ?*Ra levels occur at

greater TDS levels, although this is not consistent across all samples.
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Figure 4.4 Geochemical factors associated with aqueous 2*’Ra from well MP16. a) Oxidation-
reduction potential (ORP) associated with 22°Ra. b) Total dissolved solids (TDS) associated with
aqueous 22°Ra. Error bars represent instrumental uncertainty.

4.4.3 Strontium isotope ratios

Strontium isotope ratios (¥’Sr/%6Sr) vary in samples across experimental fractions (Figure
4.5a). In the aqueous fraction, ¥’Sr/%6Sr generally increases at depth from surface, ranging from
0.709653(8) to 0.712519(8). In the extracted fraction 8’Sr/%¢Sr is similar to the aqueous fraction
for R-35, TC-75, and EC-114 (respectively, 0.71028(1), 0.710512(8), and 0.712531(6)).

However, extracted 37Sr/%¢Sr for TC-59, TC-67, W-85, EC-109, and MS-132 differs from aqueous
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87Sr/%Sr (ranging from 0.711770(7) to 0.723803(7)). In the HF-digested fraction, 8’Sr/*Sr for R-
35 and MS-132 is similar to the aqueous samples (respectively, 0.70954(1) and 0.7124(4)). HF-
digested ¥’Sr/%¢Sr for all other ports vary widely from their aqueous counterparts, ranging from
0.721595(7) to 0.743646(9). Results from TC-67 were removed from analysis of the HF-digested
fraction as an outlier, due to highly elevated 37Sr/*¢Sr.

Aqueous ¥Sr/%Sr is associated with aqueous ?>°Ra, and related to the geologic period of
the stratigraphy (Figure 4.5b). For all samples, aqueous 2*Ra and the 8’Sr/*Sr ratio correlate at
the sampling site (p-value = 0.046, pearson coefficient = 0.74). While all other ports source water
from Cambrian stratigraphy, R-35 is open to the Readstown member, an Ordovician stratigraphic
unit. When only ports open to Cambrian stratigraphy are included, the correlation between

aqueous 87Sr/%6Sr ratio and *?°Ra is stronger (p-value = 0.0028, pearson coefficient = 0.96; Figure

D-3).
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Figure 4.5 Relationship between strontium isotope ratio and aquifer parameters. a) 8’Sr/%6Sr ratio
for each experimental fraction at depth from surface. TC-67 was exempted from this dataset as
an outlier. b) Association between aqueous 2*Ra activity and ¥’Sr/*°Sr from MP16. Error bars
represent instrumental error. Pearson statistical test p-value (p) and correlation coefficient (r)
represent fit of trend line.
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4.5 Discussion

4.5.1 Uranium and radium equilibrium

Comparing the activities of parent and daughter nuclides provides information about
radionuclide mobilization in aquifer systems. In systems undisturbed for time periods much
longer than the daughter isotope half-life, secular equilibrium (i.e., equivalent activities of parent
and daughter nuclides) is expected. However, if the daughter isotope is removed from the site of
parent decay, the ratio will not be in unity.>! In the MCOAS, the 238U/??°Ra ratio varies across
different types of bedrock units; equilibrium dominates in many stratigraphic units, although
226Ra leaching is observed in sandstone and shale units.’° The quantity of Ra available to partition
from rock to water also differs across available solid-phase associations. For example, glauconitic
sandstone contains more Ra associated with reducible minerals (e.g., Fe oxides) compared to
shale, in which more Ra is more associated with the acido-soluble fraction (e.g., carbonate
minerals).>

As alpha recoil ejects 2**U from the decay of 233U, [?3*U’?*%U] typically represents
groundwater-rock interactions, with preferential flow paths etched by alpha recoil damage.>>* A
correlation between reciprocal 28U and [>**U’?*%U] indicates a two-component mixture solution.’*
In this study, there is not a significant association between 1/[>*3U] and aqueous [**U?*U] (p-
value = 0.058) indicating that there are many U sources in the subsurface at the study site (Figure
4.2a). However, the higher levels of [?**U?3%U] for R-35, TC-59, and TC-75 (respectively,
11.107(6), 6.500(2), and 6.855(2)) compared to deeper samples suggests that water-rock
interactions influencing U mobility vary across stratigraphy. Larger [>34U’?38U] values, like those
found in these ports, is likely due to increased rock dissolution and weathering at these

stratigraphic units.
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Non-equilibrium [*?°Ra/>*¥U] also indicates transport of aqueous radionuclides (Figure
4.2b). In this study, five ports (e.g., MS-132, EC-109, W-85, TC-75, and R-35) have whole rock
[2*6Ra/**8U] outside the equilibrium range, indicating ?*Ra and/or 28U leaching. Aqueous
[2?6Ra/**8U] varies across ports, indicating that leaching extent also varies depending on available
solid-phases, similar to relationships observed for [2*U/?*3U] with aqueous 2**U. Three samples
are below the equilibrium range, namely EC-109, W-85, and R-35. W-85 contains the largest
[2*6Ra/**%U] and the greatest amount of aqueous *?’Ra (0.0036(1) mBg/cm? aquifer). Three
samples within the [*2°Ra/?*¥U] equilibrium range are from the Tunnel City sandstone unit (TC-
75, TC-67, TC-59). Finally, the two deepest ports contain [>2°Ra/?**U] above the equilibrium
value (MS-132, EC-114). The variation in [**Ra/>*¥U] across differing stratigraphic units
suggests that solid-phase associations are important controls for radionuclide partitioning.

Groundwater samples collected from adjacent depths in the aquifer have similar ratios of
[2?6Ra/**8U] (Figure 4.2b). For example, the two deepest samples contain similar 22°Ra levels and
similar [*2°Ra/?>*U]; the three ports completed in the Tunnel City sandstone have similar ratios
and all fall within the equilibrium range. W-85 and EC-109 contain the greatest 2>Ra levels and
the lowest [?2°Ra/>*8U]. These similarities across stratigraphy could be due to alpha recoil and/or
mineral lattice damage from 2*8U decay within similar rock units; it could also be due to the 22°Ra
partitioning with the solid-phase at the site of 2*U decay, and subsequent mobility or retardation.
While groundwater quality reflects the chemistry of nearby aquifer solids, this is a difficult trend
to use for predicting elevated aqueous Ra at discrete intervals in the MCOAS due to its overall
geologic heterogeneity. However, the trend may provide insight into radionuclide associations in

municipal wells completed in more homogeneous hydrogeologic settings. Comparison of aqueous
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28U and 2*Ra demonstrates variability in radionuclide mobilization across stratigraphy at

discrete intervals.

4.5.2 Geochemical influence on aqueous radionuclide levels

Geochemical factors (e.g., redox, alkalinity) influence 23U solubility in groundwater.
After release of U from uranium-bearing minerals (e.g., desorption, dissolution), U forms soluble
uranyl carbonate complexes (UO2(CO3)2*, UO2(CO3)3*), which can travel along groundwater

52,55-58 Alkalinity correlates with aqueous 238U at the study site (Figure 4.3b; pearson

flow paths.
correlation coefficient r = 0.79), indicating potential carbonate or calcium carbonate complex
formation (CaxUQO2(COs)3, CaUO2(CO3)3*).55-57 Downward gradients caused by pumping can
even pull shallow, oxic water potentially elevated in U to deeper aquifers.>® In the anoxic part of
this system, decreasing aqueous >*%U is observed at depth which may be explained by the
overlapping redox potentials of U(IV/VI) and Fe(II/IIT) typically resulting in low aqueous U
levels in Fe-reducing systems, likely due to the reduction of U(VI) to insoluble U(IV) (Figure
4.3a).%6! Trends between aqueous U and geochemical indicators (e.g., alkalinity, ORP) across
the variety of stratigraphic units at the study site show that formation of U mobile complexes may
have more influence on U mobility than solid-phase interactions in the MCOAS.

While geochemical factors (e.g., redox state, TDS) influence 2?Ra partitioning from
aquifer solids in the MCOAS, their effect is difficult to observe at the discrete scale at depth in
the aquifer system (Figure 4.4a,b). Aqueous ??°Ra is not significantly associated with TDS or
ORP at the discrete intervals examined in this study. The presence of Fe oxide minerals in each
examined stratigraphic unit demonstrates that despite major geologic differences between

stratigraphic units, ORP will impact presence/absence of oxide minerals (Figure C-1); the lack of

correlation between Ra and ORP suggests that other geochemical factors have more control on
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Ra partitioning (e.g., available solid-phase associations). The correlation between TDS and 22°Ra
is stronger when TDS ranges 3000 to 10000 mg/L, rather than the lower TDS values measured in
this study.5? However, the limited impact of TDS and ORP on aqueous Ra in the subsurface at
the study site demonstrates that specific geochemical influences are effective in releasing Ra to
the aqueous system only if corresponding solid-phase associations are present. Geochemical
associations broadly describe factors that can mobilize Ra in groundwater, but do not fully
describe the heterogeneity typically found within this region of the MCOAS.!22425:3638 For
example, anoxic conditions may promote dissolution or absence of Fe oxide minerals, reducing
the number of sorption sites. However, if these conditions occur in an aquifer such as the Mt
Simon, where quartz sandstone generally dominates over Fe oxides, the dissolution or absence of
Fe oxide minerals may not be a major control on Ra release. The heterogeneous distribution of
parent nuclides U and Th, found in clay-rich formations dominated by shale, granite, and in some
sandstone, also affects Ra generation.%® If ORP affects Fe oxides in anoxic portions of the Mt
Simon, but there are few clay-rich minerals and minimal U concentration, then aqueous Ra will

remain low despite fewer available sorption sites.

4.5.3 Association of aqueous ¥’Sr/%Sr and 2°Ra

Isotopic data (aqueous 37Sr/%¢Sr) provides information about rock-water interactions.
Aqueous ¥’Sr/%Sr is related to the weatherable Sr present in the subsurface; this ratio is not
fractionated by chemical or mechanical subsurface interactions, but is released from specific rock

6468 Aqueous 7Sr/%6Sr for Cambrian and Ordovician units usually range from 0.709 —

phases.
0.713.3%8 In general, elevated 3"Sr/%¢Sr is more likely to be correlated with rock of late Cambrian

era, than Ordovician.®® As ¥Sr is produced from the decay of 'Rb (ti» = 49 Ga), minerals that

have greater Rb/Sr ratios will contain greater 37Sr/%6Sr.68
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87Sr/36Sr varies by experimental fraction, indicating that mineral associations releasing Sr
to the aqueous system vary from the overall Sr pool (Figure 4.5a). In the aqueous fraction,
87Sr/%Sr ranges from 0.709653(8) to 0.712519(8), overall increasing at depth but peaking at W-
85 (85 — 87 m), indicating this interval contains the highest abundance of high Rb/Sr minerals
leaching into groundwater. In the extraction fraction, 8’Sr/*Sr is also greatest at W-85, increasing
from the surface to 85 — 87 m, then decreasing with depth past W-85. In the HF-digested fraction,
the ®7Sr/%Sr follows a similar pattern to the extracted fraction, ranging from 0.709526(8) to
0.743646(9), other than an outlier sample from TC-67 (0.97297(1)) which is likely due to
selective digestion of aquifer solids highly enriched in ®’Sr. The 37Sr/%¢Sr ratio range is consistent
with previous observations of the MCOAS, where Cambrian sandstone usually has more 3’Sr than
Ordovician carbonate; R-35, open to the Ordovician system, has the lowest 8’St/%6Sr of the
samples (~0.709), but similar amounts of aqueous 2*’Ra to Cambrian ports with greater 87Sr/%6Sr
levels (~0.712).%8 Because the range of 3’Sr/%Sr is much smaller in the aqueous fraction than the
ranges in the extracted and digested fractions, it is likely that associations between Sr and specific
minerals (e.g., feldspar, dolomite, clays) are the main contributors of Sr to the aqueous system,
while Sr entrapped within the mineral lattice is less likely to be mobilized.

Aqueous ?2°Ra and ¥'Sr/%Sr correlate to stratigraphy, suggesting water-leachable solid-
phase associated with elevated 8’Sr are more likely to leach ?2°Ra as well (Figure 4.5b). While a
trend is observed between aqueous 2*Ra and ¥’Sr/%Sr for all samples, it is stronger when only
including the Cambrian samples (pearson correlation coefficient r = 0.74 and r = 0.96,
respectively). The increase in aqueous 8’Sr/%¢Sr with increasing depth from the surface could be
related to more mineralized groundwater, the anoxic and TDS conditions associated with greater

depths, or the solid-phase associations present within the stratigraphy. As ¥’Sr/*®Sr is an indicator
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of mineral release of metals, via desorption or dissolution, to the aqueous system, the correlation
between ¥'Sr/%°Sr and 2*Ra suggests that the minerals associated with radiogenic Sr (e.g.,
feldspar, dolomite, clays) may also be important factors in Ra partitioning.?®7%-7? Specifically,
minerals associated with elevated radiogenic Sr may also be associated with elevated ?2°Ra in this
system at greater depths within this system. Additionally, there is no significant trend between
the 37Sr/%Sr ratio and aqueous total Sr, demonstrating different mechanisms releasing 22°Ra and
total Sr to groundwater (Figure C-2). This isotopic data supports the preferential leaching of Ra-
solid phase associations to the aqueous system, as demonstrated by relationship to specific

87Sr/80Sr values and weaker correlation with total Sr.

4.6 Conclusions

This study demonstrates the use of isotopic signatures (¥’Sr/36Sr, 224U/>38U) to examine U
and Ra partitioning between aquifer solids and groundwater at discrete intervals in the MCOAS.
At some intervals, there is evidence for Ra leaching with mobilization of Ra from the site of U
decay. However, most of the system is close to secular equilibrium, suggesting that the quantity
of U controls the amount of Ra available to partition to the aqueous system. Once emitted by
parent nuclides, local geochemical factors (e.g., ORP, TDS) within the stratigraphic unit and
available solid-phase interactions control Ra mobility (e.g., sorption sites). Due to geologic and
geochemical heterogeneity within the aquifer system, contact time between the groundwater and
aquifer solids and the leachability of Ra-solids associations within respective stratigraphy are
important factors affecting aqueous Ra levels. Overall, this study examines the effect of parent
nuclide U within stratigraphic intervals on Ra water-rock partitioning, and the complexity
resulting from solid-phase associations and aqueous geochemistry (ORP, TDS) at discrete

intervals in the MCOAS.
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This work concludes a series of investigations in the solubility of Ra at discrete intervals
in the MCOAS.?>° Although solid-phase sources of Ra are observed in the MCOAS across a
range of hydrostratigraphic intervals, geochemical factors (e.g., TDS) and absence of available
sorption sites remain the primary drivers of Ra partitioning from aquifer solids to the aqueous
system. However, while general trends (TDS, redox state) used to predict the state of Ra
association with aquifer solids can broadly examine aqueous Ra levels, they do not transfer to
predicting Ra levels at specific well locations in the MCOAS. As this work concludes, the
mobilization of Ra is difficult to predict at specific well locations due to complex Ra-solid-phase
interactions and a heterogeneous aquifer system. Therefore, if water utilities are dealing with
borderline or elevated Ra concentrations, installation of treatment facilities, rather than detailed
geochemical and hydrologic examination for targeted well construction, is the practical and more

efficient method to maintain EPA compliance.
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Chapter 5
Impact of a short-term pumping test on radium levels in the

Midwestern Cambrian-Ordovician aquifer system

5.1 Abstract

Radium (Ra) is a geogenic contaminant which frequently occurs at high levels in the
Midwestern Cambrian-Ordovician aquifer system (MCOAS), requiring water utilities to resort to
expensive treatment methods or alternative water sources in order to maintain quality drinking
water. Geochemical conditions, such as anoxic conditions or elevated dissolved solids, impact Ra
partitioning from solids to the aqueous system. While these trends have been examined at broad
geographic scales and within specific geologic units or minerals, it is unclear how water
withdrawal conditions in municipal wells open to long depths of the aquifer impact Ra mobility.
Here we show that Ra concentrations with a single municipal well in Wisconsin are consistent
despite varied pumping conditions. However, analytical methods used to measure Ra vary in
precision, with uncertainty values varying by an order of magnitude, at the relevant ultra trace
concentrations. Specifically, mass spectrometry measured more precise Ra concentrations than
decay counting methods at the levels observed in this study (< 185 mBg/L). Our results
demonstrate that continued development of better tools, like precise analytical methods and
isotopic indicators of Ra occurrence, can provide information that will help predict Ra occurrence
in aquifer systems like the MCOAS. It may be beneficial for water utilities concerned with
determining precise temporal Ra trends in their wells to compare Ra analysis between decay
counting and mass spectrometry methods, in order to increase confidence that water treatment

decisions are based on precise and accurate data.
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5.2 Introduction

Radium (Ra), a geogenic contaminant formed via the radioactive decay of its parent
nuclides uranium (U) and thorium (Th), can occur at elevated levels in groundwater. Ingestion of
Ra, typically through drinking water sourced from aquifer systems, is associated with
osteosarcoma and other bone diseases.!** Because of this, the United States Environmental
Protection Agency (EPA) has set a maximum contaminant level (MCL) of 185 mBq/L (5 pCi/L)
for the combined activity of two major isotopes, 2?°Ra and 2*Ra.>® In the US, groundwater in the
Midwestern Cambrian-Ordovician aquifer system (MCOAS) has the most frequent occurrence of
elevated Ra.”® This makes it necessary for many water utilities sourcing water from the MCOAS
to find treatment methods or alternative sources of drinking water to remain in compliance.

Elevated Ra in wells pumping water from the MCOAS frequently occurs in the
Midwestern United States. In Wisconsin, 116 wells exceeded the Ra MCL at least once from
2019-2020. At a broad geographic scale, combined Ra ([*2°Ra + ??°Ra]) levels in the MCOAS in
Wisconsin appear to be increasing in recent years, although local variation may also play a role.’
Some municipalities, like the City of Waukesha, Wisconsin, have been forced to seek new sources
of drinking water. For Waukesha, though new sources are expensive and difficult to obtain, they
are necessary due to elevated levels of Ra and other impacts of heightened drawdown in the local
aquifer system.!0-12

Local geochemistry near geologic units elevated in U and Th in the MCOAS impacts Ra
partitioning to aquifer solids, and can mobilize Ra to the groundwater system.®!* Elevated Ra
concentrations are associated with low dissolved oxygen (DO) or high total dissolved solids
(TDS) due to increased ion competition and/or loss of sorption sites; these conditions are

frequently found in confined aquifer systems which contain older, more mineralized water.”3:!4-
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22 Increased aqueous Ra (> 185 mBq/L) is correlated with anoxic conditions, in particular due to
the dissolution of iron and manganese (hydro)oxide minerals and therefore presence of fewer Ra
sorption sites.?*?* Elevated TDS indicates greater ion content in groundwater, which can take up
sorption sites, increasing the likelihood of aqueous Ra.?>?%As geochemical influences can impact
Ra partitioning within aquifer systems, the mixing of chemically distinct groundwater across
stratigraphy can promote Ra desorption and overall mobility, which can be caused by well water
withdrawal 32! Wells open to multiple stratigraphic units may foster solution mixing across well
boreholes, potentially causing uptake of groundwater elevated in Ra.

This study examines trends in Ra levels at a single municipal well in in the MCOAS in
Wisconsin, investigating the influence of pumping conditions on aqueous geochemistry. While
geochemical trends associated with elevated Ra in the MCOAS have been examined from a broad
geographic scale to discrete stratigraphy, interactions within boreholes have yet to be studied as
potential contributors to elevated Ra uptake by wells in the MCOAS 313202729 Additionally, we
compare two methods of Ra analysis to compare precision at the relevant ultra trace
concentrations of Ra. Overall, this study provides new insight on examining Ra trends in
municipal wells due to the effects of water withdrawal on geochemical interactions within the

well borehole.

5.3 Methods

5.3.1 Short-term pumping test

Madison Well 19 was drilled in 1970, and is open to the MCOAS in Dane County,
Wisconsin. Overall, the MCOAS is mainly composed of marine sandstones and carbonate rock,
cemented with calcite and dolomite; local or regional shale confining layers are present at

intervals across the aquifer system.’*3! At Madison Well 19, glacial drift (~5 m) overlies the
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Tunnel City unit (30 m), which is composed of sandstone with calcite-dolomite cement and trace
glauconite. Below the Tunnel City is 34 m of the Wonewoc unit, a sandstone with some dolomite
or calcite-dolomite cement and more abundant silica cement, overlying the shale and sandstone
of the Eau Claire unit (11 m). Below the Eau Claire lies the Mt Simon unit (139 m), a sandstone
with dolomitic cement and occasional interbedded green shale. Madison Well 19 is screened open
to the Mt Simon sandstone (137 m). The base of the well borehole strikes the Precambrian
crystalline bedrock (~2 m).

Madison Well 19 was selected as the site for the short-term pumping test due to elevated
combined Ra levels recently observed under normal operating conditions. A construction project
aimed at treating dissolved iron, manganese, and Ra levels is planned to begin in 2023.3233
Madison Well 19 pumped 318 million gallons/year in 2019 to the surrounding area, with a five-
year average of 363 million gallons/year.** On average from 2011 to 2019, the well withdrew
5x10% + 2x10® gallons/year of water. For this study, the well was left stagnant (i.e., not pumped)
from 12am on Nov. 27, 2019 until 9am on Dec. 7, 2019. At this point, the well was pumped
continuously at ~2300 gal/min for 48 hours; water samples were taken throughout pumping with
samples taken every five minutes during the initial half hour as pumping resumed, after which
samples were collected at ~12-24 hour intervals (Table 5.1). Based on borehole volume and
pumping speed, the initial 2-3 minutes of pumping withdraw water contained within the cased
region of the well, which has not been in contact with the aquifer while the well was left stagnant.
Over the next thirty minutes, the well withdrew a mix of water from the open borehole and the
aquifer, until enough borehole volumes have been removed to be confident that the pumped water
is withdrawn from the aquifer system, and is assumed to be representative of current aquifer

conditions.
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5.3.2 Groundwater characterization

For the pumping test, we examined variation in geochemical parameters over time. At
each time point, field parameters such as pH, conductivity, dissolved oxygen (DO), and
temperature were obtained (Table 5.1). DO was measured in a flow-through cell. Field samples
consisting of 4 L for Ra isotope analysis via decay counting and 1 L for geochemical
characterization were taken at each time point. Samples for Ra analysis via decay counting were
not filtered, but were preserved with acid (pH < 2). Due to sampling error, sample PT 8 measured
by decay counting was not initially acidified but was preserved ten days after sampling; as it was
acidified prior to analysis, we assume that Ra dissolved into the solution and analysis was accurate
within analytical uncertainty. Samples for general geochemical analysis were filtered (0.45 pm),
and kept at 4 °C; from these, subsamples were further preserved with acid (pH < 2) for dissolved
metal analysis and Ra analysis by multi-collector inductively coupled plasma mass spectrometry
(MC-ICPMS). Additionally, two grab samples, collected before and after the pumping test during
normal pumping conditions, are included in this dataset; these samples were preserved with acid,

but were not filtered.

5.3.3 Radium isotope analysis

Decay counting analysis for Ra isotopes ([*2°Ra] and [**®Ra], where radioactive activity
is designated by brackets) was conducted by Eurofins Eaton Analytical, Inc. in a manner
consistent with EPA methods “7500-Ra B”, which uses co-precipitation and alpha counting to
measure radioactive decay of 22°Ra, and “7500-Ra D”, which uses precipitation and beta counting
to measure radioactive decay of 2?Ra and daughter isotopes.* In this study, we will refer to this
type of analysis as ‘decay counting’. All 10 pumping test samples well samples were analyzed

via decay counting.
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Mass spectrometry analysis for Ra isotopes ([**Ra] and [***Ra]) was conducted at the
Wisconsin State Laboratory of Hygiene Trace Elements Clean Laboratory, using isotope dilution
and column purification to analyze samples for 2?’Ra and *?®Ra using a Neptune Plus MC-ICPMS
using a single SEM/RPQ detector in dynamic mode.*¢*” Each sample was spiked with 100 pL of
a 22%Ra standard solution prior to purification; further information about the purification technique
and spike calibration can be found in Mathews et al., 2021.3” Two samples of each time period
were analyzed on the MC-ICPMS, using the initial measured *?°Ra/?*®Ra to calculated
concentrations for both 2?°Ra and 2*®Ra. Prior to each analysis, the MC-ICPMS ion counter
detector was calibrated with a dilute tuning solution, and a natural uranium solution was used to
correct 22°Ra/?*®Ra for mass bias. The MC-ICPMS method was used for 5 pumping test samples.
Table 5.1 Field parameters for each sampling time point during the short-term pumping test. PT

= Pumping Test, GS = Grab Sample. Well discharge is defined as a mixture of water sitting in
the open borehole and aquifer water.

) Temperature Conductivity Dissolved
Sample Date Time Well Status pH C g/ oxygen
(°O) (uS/cm) (mg/L)
Water sitting
in the cased
PTI 12/07/19 9:03am  region ofthe 7.4 11.1 570 0.18
well for 10
days
PT2 12/07/19  9:06am Well 7.4 109 560 0.14
discharge
Well
PT3 12/07/19  9:12am . 7.4 10.8 560 0.21
discharge
Well
PT4 12/07/19  9:17am . 7.4 109 560 0.06
discharge
Well
PT5 12/07/19  9:23am . 7.3 10.8 550 0.00
discharge
Well
PT6 12/07/19  9:28am . 7.3 109 550 0.09
discharge
Representative
PT7 12/07/19 10:00am of the aquifer 7.3 10.9 560 0.05

system
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Representative 7.4 11.2 550 0.08
PTS 12/07/19  9:00pm  of the aquifer
system
Representative
PT9 12/08/19 9:00am  of the aquifer 7.3 11.2 550 0.08
system
Representative
PT10 12/09/19 9:00am  of the aquifer 7.4 11.1 550 0.03
system
GSl1 1/25/19  --- Grab Sample — --- --- - -
GS2 3/02/20  --- Grab Sample - --- - -

5.4 Results

5.4.1 Aqueous geochemistry during pumping test

Radium is a contaminant of concern at Madison Well 19 (Figure D-1). Recent samples
from this well are elevated, with compliance samples from Mar. 2019 to Feb. 2020 averaging 150
+ 30 mBg/L (4.1 + 0.8 pCi/L) combined Ra (Figure E-1). It is difficult to distinguish trends from
this long-term dataset, due to the increased frequency of samples in recent years. However,
compliance samples measured range from 72 mBq/L to 220 mBg/L combined Ra, averaging 130
+ 30 mBq/L from 2010 to 2020. During this time period, 2*’Ra averaged 60 + 20 mBgq/L, while
228Ra averaged 60 + 30 mBq/L. Municipal Ra compliance data is typically measured by the EPA
methods 7500-Ra B and 7500-Ra D, discussed in section 2.3, or other similar counting methods
EPA-approved.

Initial disturbance is observed in geochemical measurements over time during the
pumping test before geochemical stability (Table 5.1). During the first hour of pumping, DO is
initially at 0.18 mg/L then drops to 0.00 mg/L on the fifth sampling point. After an hour of
pumping, the field measurements for dissolved oxygen ranges from 0.03 to 0.08 mg/L for the rest

of the pumping period. Initially, field-measured conductivity is 570 uS/cm, then slowly drops to
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550 uS/cm as water representative of the aquifer system is drawn based on borehole v.

Conductivity remains at 550 uS/cm through the end of the pumping test.

250 b MC-ICPMS
method

Activity (mBq/L)
g

>

0 10 20 30 40 50 0 10 20 30 40 50
Hours of Pumping Hours of Pumping

Figure 5.1 Radium activities over time during a short-term pumping test conducted at Madison
Well 19. Light blue squares represent combined Ra activities ([??°Ra + ?2®Ra]), gold circles
represent 2?°Ra activities, and dark blue triangles represent 2?Ra activities. Maximum
contaminant level (MCL) is designated by the dashed red line. a) Ra activities for all samples
measured via decay counting and associated analytical uncertainty.’® Inset shows sample
variability for each isotope during the first hour of pumping. b) Ra activities conducted on samples
1, 5, 8-10 by the MC-ICPMS method and associated analytical uncertainty. Error bars
representing analytical uncertainty are on the order of the point size.

5.4.2 Combined radium during pumping test

As with other dissolved constituents, there is a period of initial variability followed by
stabilization in Ra level. Radium activities over time during the pumping test conducted at Well
19 vary in concentration and instrumental uncertainty when comparing measurements by the
counting or MC-ICPMS method (Table 5.2). Decay counting measures an average of 100 + 20
mBg/L combined Ra for samples from the first half hour of pumping (Figure 5.1a). Over the next
47 hours, the samples average 140 + 40 mBg/L combined Ra. Five samples from the pumping

test were measured via the MC-ICPMS method (time 0 min, 30 min, 12 hours, 24 hours, and 48
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hour), which range from 94 + 3 mBq/L combined Ra at the first time point to an average of 135
+ 3 mBg/L combined Ra over the samples taken during 12 — 48 hours (Figure 5.1b). Radium

activities and uncertainties associated with the measurement vary depending on the method of

analysis.
226
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Figure 5.2 Combined Ra ([?*Ra + ?*®Ra]) comparison from the pumping test, and two grab
samples collected ~1 year apart. Samples were measured by the MC-ICPMS method. PT =
Pumping Test, GS = Grab Sample

Comparing measurements of combined Ra by the MC-ICPMS method over time from
both the pumping test and grab samples demonstrates consistency in aquifer conditions over time
(Figure 5.2). The initial two samples (PT1, PT5) measured via MC-ICPMS are lower (94 + 3 and
100 =3 mBq/L). Samples collected later in the pumping test (PT8-10), and grab samples collected

during typical pumping conditions (GS1, GS2) average 130 + 3 mBg/L, all analyzed via the MC-
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ICPMS method (Table 5.2). This is similar to the average of long-term data (2010 — 2020)
reported for compliance, 130 = 30 mBg/L.

Table 5.2 Sampling time points and radium activities (all in mBg/L), distinguished by method of
analysis, where PT refers to the pumping test and GS refers to the grab samples. Uncertainty is
determined by instrumental error. Counting = Georgia Tech method*®, MC-ICPMS = Multi-
collector inductively coupled plasma mass spectrometry analysis. PT = Pumping Test, GS = Grab
Sample.

[226Ra +
226 [228 [220Ra + 226 228 228

Sample [ Ra] . Ra] . 228Ra] [ Ra] [ Ra] Ra]
(Counting) (Counting) (Counting) (MC-ICPMS) (MC-ICPMS) (MC-

ICPMS)

PT1 60+ 10 60 + 20 110+ 30 40+ 1 54+2 94 + 3

PT2 70 £ 10 40 £20 110+ 30 - - -

PT3 60 + 20 40 £20 100 + 30 - - -

PT4 60+ 10 50+ 20 110+ 30 - - -

PT5 60 + 20 10+ 30 70 + 30 47 £ 1 53+£2 100+ 3

PT6 70 £ 10 40+ 30 110+ 30 - - -

PT7 40+ 10 50 +£20 90 + 30 - - -

PT8 70 £ 10 110+ 30 190 + 30 53+1 802 132+4

PT9 40+ 10 80 £ 20 150 + 30 54+2 72 +£2 126 £ 4

PT10 70 £ 10 50+ 30 120 + 30 54 +1 74 £2 128 +4

GS1 - --- -—- 59.4+0.7 74.0+0.9 133 £2

GS2 - 59.1+0.7 72.01£09 13142

5.5. Discussion

5.5.1 Radium trends during pumping test

During the short-term pumping test, there is an initial period of variability as the system
discharges after which conditions return to water quality representative of the aquifer. As the well
turns over water that remained stagnant in the borehole for ten days, aqueous chemistry is quite
variable. Once the well draws water representative of aquifer conditions, the concentrations
stabilize after 30 minutes of pumping. This trend of initial variability before stabilization is
observed for conductivity, DO, and combined Ra (Table 5.1, Figure 5.1).

Time required to reach stable geochemical conditions vary for Ra levels when comparing

results from the counting and the MC-ICPMS methods. For samples PT8-10, decay counting
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measures 150 =30 mBq/L while the MC-ICPMS method measures 129 + 3 mBg/L combined Ra.
Analytical uncertainty associated with decay counting is greater, as the method counts radioactive
decays rather than atoms; additionally, minimum reporting limit for decay counting is 37 mBq/L
(1 pCi/L). It is difficult to measure Ra precisely at these ultra trace levels, where only a few (e.g.,
10 — 20) radioactive decays may be measured in the sample during the time of analytical
measurement. However, the ultra trace levels of Ra present in groundwater that are necessary for
water utilities to examine in order to maintain MCL compliance lie close to the reporting limits
of decay counting. In contrast, the MC-ICPMS method has both lower detection limits and higher
precision for Ra.** Notably, combined Ra values for all samples measured via the MC-ICPMS
method fall within overall uncertainty from values measured via decay counting, indicating that
both methods are measuring similar accuracy, although precision varies. Water utilities must
make decisions for Ra treatment for their drinking water systems based upon their reported
compliance data, which depends on the precision and accuracy of the analytical method used to

measure Ra.

5.5.2 Differences in radium analyses

MC-ICPMS analysis shows consistent combined Ra the initial period of well flushing,
which are consistent with samples taken during standard pumping periods. Grab samples taken
in January 2019 and March 2020 contain 133 +2 mBqg/L and 131 £ 2 mBqg/L combined Ra,
respectively (Figure 5.2). These values are within analytical uncertainty of combined Ra activities
in samples PT8 — 10 and GS1-2, which average 129 + 3 mBg/L by MC-ICPMS measurement.
The consistency among samples collected suggests that combined Ra levels in groundwater
sourced by Madison Well 19 were steady over the course of 2019. Additionally, this trend is more

easily observed in the precise measurements of the MC-ICPMS method than decay counting.
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To identify increasing trends in combined Ra in municipal wells, comparison of precise
measurements with EPA-approved methods may provide a more accurate picture. Water utilities
must use EPA-approved analysis (e.g., decay counting) for reporting combined Ra levels for
compliance. While decay counting likely provides information on overall general Ra levels, it is
much less precise than the MC-ICPMS method at the ultra trace levels relevant to groundwater.
As water utilities examine Ra trends in groundwater over time, awareness of analytical method
limitations and instrumental uncertainty must be included in analysis and subsequent actions.
Reporting of analytical uncertainty to compliance data collected by state agencies (e.g.,
Wisconsin Department of Natural Resources) will further aid utilities in examining long-term
trends. Additionally, if financially feasible, secondary analysis of well samples by laboratories
equipped to examine Ra via the MC-ICPMS method, would be beneficial to verify decay counting
findings. Comparison of results between the counting and MC-ICPMS methods to verify that
drinking water treatment is necessary will guide management decisions.

The results of this study suggest that there is geochemical variability during initial well
pumping after a period of stagnation, before the well withdraws water representative of the aquifer
system and geochemical conditions stabilize. Additionally, comparison between two analytical
methods for measuring Ra suggests that decay counting used to report 2°Ra and 2?®Ra levels in
drinking water for municipal compliance is not sensitive to measuring small changes in the trace
Ra concentrations close to the regulatory value (e.g., 0 — 185 mBq/L). The sensitivity of mass
spectrometry methods measures more precise values of Ra in water samples but is not approved
for EPA compliance. It is important to understand the accuracy and precision of the methods
currently used to report water quality conditions in drinking water, particularly to verify consistent

temporal trends like that observed in Madison Well 19. Analytical methods used to examine Ra
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occurrence and which help determine water availability based on quality must be able to fully

describe the system.

5.6 Conclusions

Wells used for municipal drinking water are typically open to long intervals of an aquifer
system, making complex geochemical interactions between aquifer solids and geogenic
contaminants difficult to predict. Specifically, while geochemical trends can be used to predict
Ra levels at both broad geographic scales and specific mineral interactions, they are difficult to
translate to geochemical interactions within well boreholes that may impact aqueous Ra. In this
study, we show that trends in combined Ra levels in a well remain stable over the period of ~1
year, during short-term pumping after a period of stagnation and during pumping for typical
municipal use. Additionally, analytical methods used to measure Ra must address the precision
required for the ultra trace Ra quantities relevant for drinking water systems in order to best
inform decision-making on water treatment installation. Additional analysis of well samples from
municipal systems located in other parts of Wisconsin or other states open to the MCOAS would
be beneficial for contributing to understanding to how isotopic indicators can help predict Ra
occurrence. Nonetheless, this study demonstrates that consistency in Ra levels is observed over
varied pumping patterns, and that estimating accurate trends of Ra concentrations may be highly
dependent on the chosen analytical method. Water utilities reporting combined Ra for compliance
may send additional samples to labs equipped for more precise analysis, to verify compliance

results prior to implementing treatment.
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Chapter 6

Conclusions

6.1 Summary

The primary purpose of this research is to examine radium (Ra) interactions with aquifer
solids at discrete stratigraphy within the Midwestern Cambrian-Ordovician aquifer system
(MCOAS), in order to better understand how local-scale geochemical exchanges influence Ra
partitioning to groundwater, under aquifer system conditions. A novel aspect of these
investigations is the coupling of aqueous and solid-phase analysis, through studying Ra content
and aqueous geochemistry in groundwater samples collected at discrete intervals. Additionally,
we examine Ra-solid-phase associations via sequential extractions on aquifer solids, using
sensitive analytical techniques like multi-collector inductively coupled plasma mass spectrometry
(MC-ICPMS) to measure Ra at expected ultra-trace levels. We also compare Ra levels in
groundwater samples from discrete intervals within the MCOAS with levels from solid-phase
experiments, using isotopic tools to study the contribution of specific stratigraphy to Ra levels
observed in long-stemmed wells. Finally, we examine the impact of short-term water withdrawal
on Ra levels in a municipal well, comparing methods of analysis to determine Ra temporal trends
with precision.

In Chapter 2, we examine the association of geochemical conditions (e.g., redox state,
total dissolved solids) with aqueous Ra at discrete intervals within the MCOAS. We collected
groundwater samples from short-screened monitoring wells to investigate aqueous Ra distribution
at specific stratigraphic units in the MCOAS. Parent nuclides U and Th were observed at low

concentrations in groundwater and aquifer solid samples. While most samples contained low
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levels of Ra (0 — 89 mBq/L, or 0 — 2.4 pCi/L), certain geochemical conditions were associated
with more elevated levels (> 150 mBg/L, or > 4 pCi/L). Specifically, in the anoxic portion of the
aquifer system, greater levels of aqueous Ra were observed (170 =30 mBq/L or 4.6 + 0.7 pCi/L);
in the unconfined aquifer, elevated total dissolved solids (TDS) is associated with greater levels
of Ra (190 = 30 mBg/L or 5.2 £ 0.8 pCi/L). Geochemical conditions likely impact mineral
presence and/or dissolution (e.g., iron (hydr)oxides), or the availability of sorption sites due to
ion competition, therefore influencing Ra partitioning from aquifer solids. Overall, this work
builds on knowledge of geochemical conditions associated with elevated Ra in the MCOAS by
examining it at discrete levels.

In Chapter 3, we conducted sequential extraction experiments on aquifer solids to
investigate solid-phase interactions between Ra and specific stratigraphy. Secular equilibrium
between U and Ra is observed across stratigraphy, although leaching potential appears greater in
the Maquoketa shale and St Peter sandstone units. Geochemical associations (water-soluble,
acido-soluble, reducible minerals) between Ra and aquifer solid-phases vary across stratigraphy;
namely, acido-soluble associations dominate in the Maquoketa shale unit while reducible mineral
interactions are bigger controls in the Tunnel City, a glauconitic sandstone. The range in both
total quantity of Ra and solid-phase Ra associations within the aquifer solids demonstrates the
importance of local-scale geochemical conditions and mineral associations on the partitioning of
Ra from aquifer solids to the aqueous system.

In Chapter 4, we utilize isotopic tools to more closely examine water-rock interactions
influencing Ra partitioning from aquifer solids at discrete intervals in the MCOAS. Specifically,
we collected groundwater samples at discrete intervals associated with elevated levels of U

relative to the specific stratigraphy, and examined geochemical conditions at each examined
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interval. Additionally, we ran solid-phase experiments on associated aquifer solids to examine
Ra-solid-phase interactions. Evidence for Ra leaching is clear from disequilibrium between
whole-rock U and Ra, where five samples contain [>*°Ra/?*3U] outside of equilibrium values,
while three samples from the Tunnel City sandstone are observed at equilibrium. However, local
geochemical factors (ORP, TDS) have minimal impact on Ra partitioning at discrete intervals at
the study site, while redox state and alkalinity content influence aqueous 2*¥U. Correlation
between ¥Sr/*°Sr and aqueous ?°Ra suggests that minerals releasing radiogenic ®'Sr to
groundwater are also releasing 2?°Ra. In sum, the study examines at the local scale how parent
nuclide U aquifer associations inform Ra water-rock interactions, influenced by available mineral
associations and aqueous geochemistry (ORP, TDS) in the MCOAS.

In Chapter 5, we explore the integration of geochemical and isotopic tools in examining
geochemical interactions influencing Ra partitioning in a long-stemmed municipal well during a
short-term pumping test. Trends in combined Ra (**°Ra + 2?Ra) remain stable over the period of
a year, throughout normal and atypical pumping conditions. However, analytical methods used
to report compliance data to state records must be precise enough to accurately reflect Ra
concentrations that municipal wells are sourcing at the relevant ultra-trace levels. Additionally,
preliminary data suggests that isotopic indicators (¥’Sr/%¢Sr, [2**U/?*8U]) can also be used to
examine hydrologic and geologic context for mixing in municipal wells (Appendix E). In
particular, association between [2**U/?3%U] and combined Ra could be a new tool to help estimate
Ra levels in municipal wells across Wisconsin (Appendix E). Overall, precise mass spectrometry
analysis for isotopic indicators can be developed to further inform well construction aimed at

reducing uptake of water elevated in Ra in the MCOAS.
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Together, this research identifies the impact of aqueous geochemistry and mineral
associations on Ra partitioning at discrete intervals in the MCOAS. Geochemical indicators
(ORP, TDS) are used as general predictors at the large geographic scale but struggle to predict
Ra levels at the discrete interval scale. The results indicate that quantity and presence of parent
nuclides, as well as availability of mineral associations are also important considerations for Ra
levels. While this study focuses on short- and long-screened wells open to the MCOAS only in
Wisconsin, this approach provides new insight into how specific water-rock interactions
contribute Ra to the aqueous system within an aquifer, and how these interactions can be used to

estimate Ra at the municipal well scale.

6.2 Suggestions for future research

Based on these conclusions, there are several topics within the scope of this research that
have not yet been addressed. Specifically, the question of how local water-rock interactions
influence Ra across multiple stratigraphic units must be examined. The impact of changing
aqueous geochemistry and differing mineral associations between two stratigraphic units (e.g., a
shaley confining layer over a sandstone aquifer) may influence Ra partitioning, particularly across
well boreholes open to multiple stratigraphic units. Alongside this potential investigation lies the
question of how long-term water withdrawal may impact Ra partitioning as well. In order to
understand the contribution of Ra from MCOAS stratigraphy to the aqueous system, better
understanding of the impact of aquifer drawdown on U and Ra associations is important.
Additionally, the question of how the mixing of water with different chemical composition across
a long-screened municipal well might mobilize Ra must also be examined. A geochemical model
calculating interactions between Ra and aquifer solids at discrete intervals designed here begins

to examine how the presence of different minerals impacts aqueous Ra levels (Appendix F).
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Further geochemical and hydrologic modeling using this model may start to address the above
questions.

Furthermore, to better understand the implications of long-term Ra trends in municipal
wells in the MCOAS, future studies should address the analytical precision and associated
uncertainty of Ra measurements in municipal compliance datasets. Increased precision in Ra
measurements could better inform water utilities as to how to provide clean drinking water to
constituents, with less uncertainty about the need for treatment. In order to address this, research
must examine the ability of current EPA-approved analytical methods to predict Ra levels at ultra-
trace concentrations relevant to drinking water. Additionally, more accurate long-term temporal
trends in municipal compliance data could be determined if the reporting of analytical methods
and their associated uncertainty was included in analysis.

Additionally, the research clearly illustrates that water-rock interactions influence Ra
trends from municipal wells pulling water across long sections of the aquifer, but it also raises the
question of how to best determine and predict the occurrence of elevated Ra in aquifer systems.
There is a potential use for isotopic tools (¥’Sr/3°Sr, [**U/*3%U]) in estimating Ra levels in
municipal wells, but further research is required. Examination of Ra trends with isotopic tools
across broad geographic and geologic regions within the MCOAS is necessary to further

determine the use and applicability of isotopes in assessing Ra levels.
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Figure A-1 Decay chain for radioactive decay of major radium isotope parent nuclides: 238U

and 232Th.
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Table A-2 Tritium values for monitoring wells. Data from Gokowitz et al., 2015!

Well Sampling Date ~ Tritium (TU)
*FB-11D 06/20/12 6+2
*FB-11S 06/20/12 10£2
“LE-D 06/25/12 <0.8+2
*LE-VD 06/25/12 <0.8+£0.09
‘MW-11D 06/27/12 10£2
"MW-118S 06/27/12 4+2
‘MW-13D 06/21/12 11£2
‘MW-13S 06/21/12 8+2
*MW-19D 06/18/12 10£2
‘MW-19S 06/18/12 7+2
*MW-30D 06/19/12 <0.8+2
*MW-30S 06/19/12 7+2
‘MW-7D 06/26/12 7+3
*MW-7S 06/26/12 9+2
‘MW-VD 06/26/12 <0.8+2
SW —port 1 4/28/14 6+0.7
SW —port2  4/28/14 <0.8+0.6
SW —port3  4/28/14 <0.8+0.5
SW —MS-132 428/14 53+0.6
SW —port5  4/28/14 <0.8+0.5
SW —port6  4/28/14 <0.8+0.5
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Calculation A-1: Estimated barite activity calculations®3
Barite activities for each groundwater sample are calculated from measured
specific conductance values according to:
A; = y42C; A-1
where A4;is the activity of the ith ion, y4, is the activity coefficient for divalent
cations or anions, and C; is the measured concentration of the ith ion. The activity coefficient is
calculated via the extended form of the Debye-Hiickel equation:
logy,, = —Az}? <ﬁ) A-2
where A and B are tabulated Debye-Hiickel constants (A = 0.511, B = 0.329x108
for water at 25°C), z? represents the charge value of the ith ion, and a; is the ion size parameter
(@barium = 5x10% cm, asufe = 4x10°% c¢m).* Tonic strength is estimated from the following
relationship to measured specific conductance:

I = (1.6x1075)(Specific Conductance) A-3

where I is the ionic strength of the sample.
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138

Appendix A: References

1. Gotkowitz, M. B. Evaluating remedies for pathogen contamination of urban groundwater.
2015.

2. Brezonik, P. L.; Arnold, W. A., Water chemistry : an introduction to the chemistry of
natural and engineered aquatic systems. 2011; p 782-782.

3. Ponnamperuma, F. N.; Tianco, E. M.; Loy, T. A., lonic strength of the solutions of flooded

soils and other natural aqueous solutions from specific conductance. Soil Science 1966, 102, (6),
408-413.

4. Cohn, P.; Skinner, R.; Burger, S.; Falgiano, J.; Klotz, J., Radium in Drinking Water and
the Incidence of Osteosarcoma: A Report to the New Jersey Department of Environmental
Protection. 2003.



139
Appendix B

Supplementary Information for Chapter 3

Table B-1 Select geophysical parameters for examined rock core. Note that porosity and dry bulk
density were measured for the specific core; caution would need to be applied when extrapolating
these values to the entire unit due to variability of cementation and grain size distribution within
geologic units.!

Formation Depth for geophysical Porosity Dry bulk density
properties (m) (g/cm?)

Magquoketa Shale 230 0.08 2.58

Galena Dolostone 326 0.05 2.69

St Peter Sandstone 395 0.12 2.33

Tunnel City Sandstone 423 0.17 2.20

Calculation B-1: Aquifer volume calculations

Formation: Maquoketa Shale
Total 22°Ra (pCi/g rock): 0.8 + 0.2

mBq 226pq

226Ra per aquifer volume (water — soluble fraction) = * porosity B-1

grock

226Ra per aquifer volume (acido-soluble, reducible, HF digested fractions) =

mBq **°Ra

. . 9
1- ty) * Dry bulk density |— B-—-2
7 * (1 — porosity) * Dry bulk density (cm3)



Table B-2 Distribution of 2?Ra across the non-HF digested fractions.
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Non-HF digested Non-HF Non-HF Non—HF
Sample Fraction 226Ra (mBg/em?) digested digested 28U digested
q 22Ra (%) (mBg/cm?) 28U (%)
Maquoketa ~ Water- 0.004 + 0.001 0.2 0.010 + 0.002 0.1
Shale soluble
Acido- 1.00 £ 0.08 63 5+1 77
soluble
Reducible 0.6+0.1 37 1.5+0.2 23
Galena Water- 0.0027 £ 0.0009 0.6 0.0039 +£0.0003 0.07
Dolostone soluble
Acido- 0.10+0.02 22 34+04 58
soluble
Reducible 0.36 £ 0.06 77 2.41+0.02 42
St Peter Water- 0.0027 £ 0.0007 0.6 0.0027 £0.0003 1
Sandstone soluble
Acido- 0.17+0.07 35 0.13+£0.01 63
soluble
Reducible 0.32+0.07 64 0.07 £0.01 36
Tunnel City ~ Water- 0.0047 + 0.0005 0.4 0.017 +0.003 0.6
Sandstone soluble
Acido- 0.06 +0.03 6 1.8+£04 66
soluble
Reducible 1.1+£0.3 94 0.89 £0.04 33
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Figure B-1 Average 28U per aquifer volume, separated into sequential extraction and
digestion fractions for each stratigraphic unit. (a) shows distribution across all fractions
including the digestion. Percentage values indicate the proportion of the specified fraction in
comparison to the total 23U for the stratigraphic unit. (b) shows the distribution within each
stratigraphic unit for the non-HF digested fractions. Percentage values indicate the proportion
of the specified fraction in comparison to the total non-HF digested 2**U for the stratigraphic
unit. In both, error bars represent sample variability. Note different y-axis ranges.

Table B-3 Analyte concentrations from water-soluble leachate, for each stratigraphic unit.

Uncertainty is attributed to instrumental error.

Stratigraphic Unit Mg?* (ug/em?)  Fe(I) (ug/cm?) Mn(II) (ug/cm?®) K* (ug/cm?)
Magquoketa shale 22+2 0.02 £0.02 0.043 +0.004 13+1
Galena dolostone 9.5+0.7 0.007 + 0.004 0.0048 £0.0002 29+0.2

St Peter sandstone 0.4+0.1 0.027 £ 0.004 0.0031 £0.0003 0.5+0.1
Tunnel City 4+1 0.02 +0.01 0.24 £0.06 25+0.5
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Figure B-2 X-ray diffraction (XRD) data for a selected sample from the

Tunnel City rock samples, prior to the sequential extraction.
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Figure B-6 X-ray diffraction (XRD) data for a selected sample from the Maquoketa rock
samples, prior to the sequential extraction.
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Appendix B: References

1. Porosities  and  densities of  Wisconsin’s  aquifers and  aquitards.
https://wgnhs.wisc.edu/maps-data/data/rock-properties/porosity-density-measurements-data/
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Supplementary Information for Chapter 4

Calculation C-1: *2®Ra spike calibration

The 2*®Ra isotope spike was calibrated to the average literature 22°Ra/?**®Ra for the rock

standards using the following calculations (equation C-1).

_ AbyN + AbS C-1
™ AbEN + Ab%S

where R,,, is the ratio of the abundances of isotopes A (*2°Ra) and B (**®*Ra) for an element,
Abj represents the abundance of isotope A in the sample, AbZ is the abundance of isotope A in
the spike, Abx is the abundance of isotope B in the sample, and AbZis the abundance of isotope

B in the spike. Here, N and S are the number of atoms of the sample or spike, respectively.

The concentration of analyte in a sample can be quantified by substituting equation C-2

into C-1, and rearranging the calculation to solve for the isotope of interest (equation C-3).

N« Wy
NW= A

(C-2)
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where Ny, is the weight of the isotope of interest, N is the number of atoms, Wy is the
molecular weight of the analyte in the sample, and 4 is 6.022 x 10?* atoms/mole (Avogadro’s

number).

Ny =S (—) C-3
LR AN (Rm*Abﬁ—Ab,G ( )

where Nw and Sw are the weights of the sample and the spiked sample in units of mass.
The decay of ?>®Ra and ??°Ra over time was also included in the analysis via an age-correction.

Table C-1 Literature and measured values of 2?°Ra used to calibrate the 2*Ra isotope spike.!

Standard 226Ra literature Literature Percent
Reference value (fg/g) uncertainty Measured Digested (%)
Material 226Ra (fg/g)

AGV-2 631 3.4% 515 82

BCR-2 566 2.2% 542 96

TML 3614 2.9% 3272 91

To calibrate the spike, the following literature values of 2>’Ra were used to calculate the
concentration of Ra in the spike solution in mg/L, averaging an uncertainty value of 2.83% (Table
S1). Note that the error is sourced from the rock standards that the spike is calibrated against; it
is the lowest possible error for these samples, although other sources of error may contribute as
well. This calibration was then used to estimate the percent of digestion completion for the
experiment. An average of 89 + 7% digestion was determined for the three SRM. Each digested

sample was then divided by 0.89 to estimate the impact of digestion completion.
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Note C-1: Further Quality Assurance Details

Notably, digestion reagent blank B2070 33 had measurable ?>Ra (15.1 + 0.4 mBg/L).
While there may have been addition of Ra to the sample during the purification process, this was
determined to not impact overall study results. The sample contained expected blank levels of
238U (0.00006 + 0.00002 pg/L). Additionally, a second reagent blank measured in the same
analysis run contained expected blank levels of ??Ra (1.74 + 0.05 mBg/L) and outliers were not

observed for 2 samples run in triplicate in the same analysis run (MS-132 and 40) as well.

Table C-2 Literature values for 87Sr/86Sr.24

Standard Reference 87Sr/%Sr normalized literature value  Study

Material (mean)

AGV-2 0.70398 +9 2 Weis et al., 2006

BCR-2 0.70501 £ 102 Weis et al., 2006

TML 0.705584 £ 9 ® Phillips et al., 2018
0.705589 £ 0.000008 © Park et al., 2019

@ Uncertainty represents 2SD, the standard deviation on the mean of the rock standard
analyses.
b Uncertainty represents internal precision (20) for the last two decimal places.

° Uncertainty represents the internal precision for the individual measurement (26/Vn).
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Table C-3 Physical properties of the aquifer system, estimated at each port depth from
geophysical measurements of nearby wells.

Sample Porosity Bulk Density (g/cm? rock)
MS-132 0.1455 2.36
EC-114 0.090 2.52
EC-109 0.237 2.01
W-85 0.1535 2.24
TC-75 0.216 2.079
TC-67 0.193 222
TC-59 0.099 2.447
R-35 0.198 2.13
Fe2p Scans
1.60E+04
1.40E+04 i
g 120404
;g; 1'OOE+O4C?Z . /\:;; S T
8.00E+03 e - . S
6.00E+03 : ‘
740 730 720 710

Binding Energy (eV)

Port 4
Port 10
Port 12
Port 19
Port 24
Port 27
Port 30
Port 40

Figure C-1 Scans of iron binding energies from X-ray photoelectron spectra for samples of

each MP16 port.
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Cambrian and Ordovician stratigraphy (a), and for ports open to only Cambrian
stratigraphy (b).
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Appendix D

Supplementary Information for Chapter 5
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Figure D-1 Radium activities in Madison Well 19 over time, from reported WI DNR
data. Blue triangles indicate **°Ra activities, orange squares represent 22®Ra activities,
and grey circles the combined activities of 2*’Ra + 2**Ra.
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Appendix E

Supplementary Information for Chapter 5

E-1 Background

In addition to the pumping test, municipal well samples from across Wisconsin were
collected to examine state-wide implications of municipal water withdrawal on Ra levels (Figure
E-1). Madison well samples were not filtered prior to acidification and were measured via mass
spectrometry for Ra. All other groundwater samples were filtered prior to acidification for Sr and
U isotope analysis (0.45 um); for Ra analysis they were not filtered, but acidified and measured
via the Georgia Tech counting method. 56 samples were analyzed for ’Sr/3Sr and 234U/?3U; of
these, 46 groundwater samples were also analyzed for Ra. Reported Ra data for 8 municipal well
samples were averages of long-term reported compliance data from the Wisconsin Department of
Natural Resources database (Table E-1); for these, standard deviation over the examined time
period represents uncertainty.! For hydrologic isotopic context, surface water samples were also
collected; these were taken in the field, filtered in lab (0.45 pm), then evaporated in beakers in
preparation for mass spectrometry analysis. A seawater standard reference material (CASS-4)

was also analyzed via mass spectrometry for 8’Sr/%6Sr and 234U/?38U.
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o oﬁ * Pumping test (Madison Well 19)
7 A Cambrian

. Ordovician
‘ Ordovician, Cambrian

[ Kilometers
Figure E-1 Geographic distribution and broad geologic description of sampling sites at municipal

wells across the extent of the Midwestern Cambrian-Ordovician aquifer system in Wisconsin.
Star represents location of Madison Well 19, site of the pumping test from Chapter 5.

E-2 Methods

E-2.1 Radium isotope analysis

Scintillation counting analysis for Ra isotopes ([?*°Ra] and [***Ra], where radioactive
activity is designated by brackets) was conducted by Eurofins Eaton Analytical, Inc. in a manner
consistent with the ‘Georgia Tech’ method, which uses co-precipitation of radium with barite
(BaSO4) and gamma counting analysis to measure radioactive decay of 2?°Ra and ?*®Ra daughter
isotopes.?? In this study, we will refer to this method as ‘scintillation counting. 38 municipal well

samples were analyzed via scintillation counting.
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Mass spectrometry analysis for Ra isotopes ([**Ra] and [**®Ra]) was conducted at the
Wisconsin State Laboratory of Hygiene Trace Elements Clean Laboratory, using isotope dilution
and column purification to analyze samples for 2?’Ra and *?®Ra using a Neptune Plus MC-ICPMS
using a single SEM/RPQ detector in dynamic mode.*> Each sample was spiked with 100 uL of a
228Ra standard solution prior to purification; further information about the purification technique
and spike calibration can be found in Mathews et al., 2021.5 Two samples of each time period
were analyzed on the MC-ICPMS, using the initial measured *?°Ra/?*®Ra to calculated
concentrations for both 2?°Ra and 2*®Ra. Prior to each analysis, the MC-ICPMS ion counter
detector was calibrated with a dilute tuning solution, and a natural uranium solution was used to

correct 22°Ra/??®Ra for mass bias. 7 municipal well samples.

E-2.2 Uranium isotope ratio

For [23*U?3U] analysis, isotopes 238U, 233U, and 23*U were measured on the MC-ICPMS
for select samples, with 238U and 2**U measured on Faraday cups and 2**U measured on the
SEM/RPQ. Further information about sample preparation can be found in Mathews et al., 2021.°
During analysis, each sample was run on 30 cycles with 16 second integration, with natural

uranium standards analyzed before and after each unknown sample.

E-2.3 Strontium isotopes

For 37St/36Sr analysis, *’Sr and 3¢St were measured on the MC-ICPMS for select samples.
Further information about sample preparation can be found in Mathews et al., 2021.> During
analysis, each sample was run on 60 cycles with 8 second integration, with NIST standard
NBS987 ran before and after each sample. Internal mass fractionation was corrected using

86Sr/38Sr = 0.1194, then externally normalized to ¥’Sr/3¢Sr = 0.71024 using the 1.000061 factor.
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Table E-1 Isotopic analysis of MCOAS groundwater and surface water samples in Wisconsin. O
= Ordovician, C = Cambrian OC = Ordovician and Cambrian, SW = Surface water; MC = Multi-
collector inductively coupled plasma mass spectrometry, GT = Georgia Tech method. *Cited data
is taken from Plechacek et al., in preparation.® ®Data from Wisconsin DNR database

v Sl Oper Wl g, gy e R B
Cambria Well 3 716/19  C 8:(7)(1)(2)335 = g:ggg = 80 + 30 GT
Cambria Well 4 716/18  C 8:(7)838(2)2 = g:ggg = 120 £ 30 GT
Madison Well 14 12519 C et e 19.6 £ 0.6 MC
Madison Well 16 12519  C 8:(7)83(7)(1)3 * 3223} * 18.0+0.5 MC
Madison Well 19 12519 C i'z).lolgoogo ; (3):3(1)? = 133+ 4 MC
Madison Well 19 3220 C 8:(7)(1)5(7)82 * gzggz - 131+4 MC
Madison Well 29 12519  C 8:(7)(1)5882 * 8: égg - 68 =2 MC
Madison Well 31 12519 C i'z).loo(f(fgm g:gg; = 68+ 1 MC
Madison Well 9 12519 C 8:(7)8338; * g:ggg * 48+ 1 MC
“Ripon 5 725/19  C 2'3).10001030907 i'?)?(?o 5 40+20 GT
Villa Diann 71318 C 8:88338@ = 1734001 31040 GT
Villa Louis 1 4n1/18  C 8:883833 = 1176+ 0.01 250 +40 GT
Villa Louis 2 4n1/18  C 8:883333 = 15.1140.01 240 50 GT
Winneconne Well 1~ 7/20/18  C 8:(7)(1)8(1)82 * g:géé - 280 + 40 GT
Winneconne Well 2 7/20/18 C 8(7)(1)8882 * i (1):50702 160 £ 30 GT
BP039° 821/19 O i'z).loo(f(fgw 394003 3020 GT
MU025° 81919 O 2'3).180950207 i’?).l0404 GT
o o omm OB o
“Ripon 6 72519 0 2'3).18025509 1’3).60002 40 10° GT
"Ripon 9 725/19 O 2‘3,100(?3508 (5):(5)33 = 30° GT
"SP471 82119 O 2'3)9()902&?09 i?fosm 11020 GT
"UR218 821/19 O 8:(7)83382 * i'g.losoz 50+ 20 GT
"XL281 8/19/19 O 2'3),1(?(?501 3274005 GT
X0078 8/12/19 O 0.710681 3394001 30 GT

% 0.000009
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aXU220
XV125
XW677
YB930

BCO66

®Fond du Lac 10
(BF796)

*Fond du Lac 11
(BF797)

*Fond du Lac 12
(BF798)

aFond du Lac 13
(BF799)

®Fond du Lac 14
(BF800)

®Fond du Lac 15
(BF801)

®Fond du Lac 16
(BF802)

*Fond du Lac 17
(BF803)

®Fond du Lac 18
(BF804)

®Fond du Lac 19
(BF805)

®Fond du Lac 20
(BF806)

®Fond du Lac 21
(YP877)

aFond du Lac 23
(AY377)

*Fond du Lac 24
(AY378)

®Fond du Lac 25
(AY379)

®Fond du Lac 26
(YJ236)

Sussex well #1
(BH424)

19SWA-10 "Field 19"

Badfish Creek

Bell-1, Bell-2

Devil's Lake (East)
Frost Woods Beach

Monona Boat Launch

8/12/19

8/19/19

8/12/19

8/12/19

8/12/19

7/15/19

7/15/19

7/15/19

7/15/19

7/15/19

7/15/19

7/17/19

7/17/19

7/17/19

7/17/19

7/17/19

7/17/19

7/17/19

7/31/19

7/17/19

7/15/19

11/27/18

1/14/19

10/27/18

9/6/18

10/13/18

10/14/18

11/19/18

oC

oC

oC

oC

oC

oC

oC

oC

oC

oC

oC

oC

oC

oC

oC

oC

SW

SW

SW

SW

SW

SW

0.710528
+0.000008
0.710392
+0.000006
0.710497
+0.000008
0.710800 +
0.000007
0.710756
+0.000008
0.71043 =
0.00001
0.710733
+0.000007
0.710453
+0.000008
0.710500 +
0.000006
0.710459
+0.00007
0.710485
+0.000009
0.711155
+0.000006
0.710990 +
0.000008
0.710699
+0.000007
0.710759
+0.000006
0.710922
+0.000007
0.710769
+0.000007
0.710925 +
0.000007
0.711100 +=
0.000007
0.710950
+0.000009
0.710470 +
0.000008
0.710142 +
0.000007
0.709209 +
0.000007
0.709914 +
0.000009
0.709560 +
0.000008
0.709161 +
0.000009
0.70988 +
0.00001
0.709843 +
0.000007

5.81+0.02

2.25+0.05

6.32+£0.02

3.86 £ 0.01

8.94 +0.005

7.13£0.01

5.6+£0.09

3.102
+0.003
12.560
+0.004

18.0 £ 0.01

5.124 +
0.005

11.061
+0.005
17.365
+0.004

16.01 £0.01

10.088
+0.003
9.246 +
0.004
11.315
+0.005
10.841 +
0.006
16.299 +
0.005
16.890 +
0.009
17.240
+0.006

23.52+£0.01

1.707 £ 0.02

2127+
0.001
1.318 +
0.008

1.20 £0.01

1.888 +
0.001
1.886
+0.001

70 + 40

160 + 40
310+ 30
200 + 40°
140 £ 60°
380 +40
170 £ 30
240 + 70°
230+ 40
130 £ 40
210+ 50
280+ 30
300 + 30°
290 £+ 30
200 + 30
210£30
130 £ 40
370 + 40°

200 + 40°

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT

GT
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Sugar River 22319 SW 2'39:(;‘()90608 i-g?:o |
vy s GG GG
WSLH Surface Runoff  3/14/19  SW 8(7)83233 + igogo ;
Yahara River Pier-1,2  9/30/18  SW 8:88328; * g: (1)8(1) *

E-3 Results

E-3.1 Isotopic analysis of Wisconsin groundwater

Comparison of ¥Sr/%Sr and [>**U/?*8U] in MCOAS groundwater sourced from municipal
wells across Wisconsin varies across broad geologic characteristics (Figure 4a). The widest range
of 37Sr/%Sr is observed in wells open to Cambrian stratigraphy, ranging from 0.708862 +
0.000008 to 0.712519 £+ 0.000008. In wells open to Ordovician stratigraphy and wells open to
both Ordovician and Cambrian bedrock, 8’Sr/®Sr falls in a smaller range (respectively, 0.709248
+ 0.000009 to 0.710952 £+ 0.000007 and 0.71043 £+ 0.00001 to 0.711155 + 0.000006). However,
wells open to Ordovician and Cambrian stratigraphy have the widest range of [>**U/>*%U], varying
from 3.102 +0.003 to 18.00 + 0.01. Wells sourcing water from Cambrian stratigraphy or
Ordovician stratigraphy had a smaller range of [>**U/?*3U], namely 1.73 +0.01 to 15.34 + 0.01
and 1.915 + 0.002 to 11.107 + 0.006, respectively. Surface water samples generally had lower
87Sr/%Sr and [***U/?38U] values, ranging from 0.708852 + 0.000007 to 0.709914 + 0.000009 and

1.008 £ 0.003 to 2.174 + 0.001, respectively.
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Figure E-2 Isotopic analysis of groundwater sourced from the MCOAS across Wisconsin,
distinguished by broad geologic characteristics. a) ¥’Sr/*Sr compared to [2*#U/>3%U] for samples
from surface water and groundwater samples. b) Combined Ra ([*2°Ra + 2**Ra]) levels for
available samples with [?**U/>*¥U]. Error bars represent analytical uncertainty, which is
dependent on method, or standard deviation of long-term trends in compliance datasets. Note
that sample Villa Diann was not included in 4b, due to acidic groundwater conditions (pH = 5.8)
impacting Ra levels.

Combined Ra and [>**U/?*®U] measured in groundwater sourced from the MCOAS in

Wisconsin are associated across the state (Figure E-2). For sampled wells open to Cambrian

bedrock, combined Ra ranges from 17.9 + 0.5 to 310 + 40 mBq/L, averaging 130 + 100 mBq/L

(Table ). Ordovician stratigraphy ranges from 30 £ 20 to 130 + 20 mBq/L, averaging 70 £ 30

mBg/L combined Ra. Wells open to both Cambrian and Ordovician stratigraphy average 230 +

80, ranging from 130 + 40 to 380 + 40 mBg/L combined Ra. Aqueous Ra and [>**U/?*3U] are

weakly correlated in this dataset (R?> = 0.32). In general, wells open to both Ordovician and

Cambrian stratigraphy had the highest values of aqueous 2*Ra (18 wells), while wells open to
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only Ordovician or Cambrian stratigraphy tended to have lower Ra levels (14 wells and 24 wells,

respectively).
Nitrate (mg/L)
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Figure E-3 Isotopic analysis of groundwater sourced from the MCOAS across Wisconsin,
distinguished by measured nitrate concentration, comparing ’Sr/%¢Sr and [**U/?*3U].

E-4 Discussion

E-4.1 Isotopic indicators of groundwater interactions with aquifer solids

To better support how water utilities provide clean drinking water to the public,
development of better tools measuring degraded water quality, such as Ra analysis methods or
other isotopic indicators, is necessary. Factors playing a role in Ra release from mineral

associations include rock-water interaction, mineral dissolution, and Ra desorption.>’-1° Tsotopic
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tools can provide information about water-rock interaction, and elaborate on the potential for
elevated aqueous levels of geogenic contaminants. Strontium isotopes are reflective of geologic
time, as aqueous ¥’Sr/*Sr is released from specific rock phases to the aqueous system and is not
otherwise fractionated by subsurface exchanges; typically, Cambrian and Ordovician 37Sr/%¢Sr
ranges from 0.709 and 0.713.%'""15 Uranium isotopes ([>**U’>*8U]) demonstrate water-rock
interaction, due to the preferential leaching of ?**U due to mineral lattice damage from the alpha
decay of 238U.16

Comparison of ¥’Sr/%Sr and [***U/>*¥U] in groundwater samples provides information on
groundwater interactions with specific stratigraphy (Figure 4a). Lower levels of 'Sr/*®Sr (e.g., ~
0.709) suggests water interactions closer to seawater or surface water, particularly when samples
also contain low levels of [>**U/?%U] (e.g., 1 — 3). Likely, groundwater with lower levels of
87Sr/%Sr and [>**U/?*8U] are more heavily influenced by surface water, resulting in isotopic ratios
more similar to surface water or seawater. Nitrate presence in groundwater samples that also
contain low levels of ¥’Sr/%Sr and [>**U/?*3U] closer to equilibrium supports the influence of
surface water intrusion on these samples (Figure E-3).

While samples with minimal 3’Sr/2°Sr and [>*U/>*¥U] demonstrates surface water
influence, elevated values indicate groundwater interactions with specific stratigraphy (Figure E-
2a). Samples at elevated 8’Sr/%6Sr (> 0.711) may be influenced by the leaching of elevated levels
of ¥’Sr from Precambrian crystalline bedrock.!” Cambrian samples sourcing water from geologic
units further from the Precambrian (e.g., Tunnel City) typically have lower ¥’Sr, closer to values
representative of seawater from the Cambrian geologic era (e.g., ~ 0.7090).'® While Ordovician
marine records suggest similar low ¥’Sr/%Sr (~0.708 — 0.709), the greater range of ¥'Sr/*Sr

(~0.710 — 0.711) in the samples from this study may be due to enriched ¥’Sr in dolomitized
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carbonates from hydrothermal brine from the Michigan Basin transported during the Paleozoic
era.®!%2% The influence of carbonate and/or dolomite dissolution on 8’Sr/%Sr may also impact Sr
release in samples taken from wells open to both Ordovician and Cambrian stratigraphy.
However, samples open to both Cambrian and Ordovician stratigraphy contain a wider range of
[234U/?*8U] than samples only open to Ordovician stratigraphy. Samples with elevated [>34U/?*3U]
are mostly found in the regionally confined portion of the aquifer system. Glacial recharge
elevated in 2*U to the Cambrian and Ordovician aquifer system during the Wisconsinan
glaciation, as well as increased water-rock interaction time, may contribute to the greater
[234U/238U] values.?!

Groundwater elevated in 2**U, whether due to glacial recharge or water-rock interaction,
may play a large role in sourcing elevated Ra to groundwater. [2*U/?**U] and combined Ra
weakly correlate (R? = 0.32) across samples taken from a wide geographic and geologic range.
This suggests that [2**U/?*¥U] may be a useful tool to estimate elevated aqueous combined Ra
levels within long-stemmed municipal wells. Elevated Ra is also associated with greater
groundwater age, another indicator of potential glacial recharge or more mineralized water.??
Unlike other isotopic groundwater age indicators (e.g., tritium), [>**U/?*3U] indicates rock
interactions, rather than water residence time, due to the increased leachability of *#U after alpha
recoil damage to the mineral lattice from 23U decay. Within these complex aquifer systems, the
concept of residence time must be considered as a dual transport model. Specifically, water can
move through the aquifer in multiple ways at different rates, such as fracture flow in comparison
to pore water. This indicates that different groundwater flow paths will experience different times
periods for leaching radionuclides from aquifer solids. To further complicate hydrologic

influences on contaminant mobility, water-rock interactions mix across these long-stemmed
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municipal wells, which may influence how contaminants are mobilized to drinking water systems.
Thus, isotopic indicators such as 8’Sr/%¢Sr and [***U/*%U] provide hydrologic and geologic
context for well groundwater uptake; comparison of [**U/?*¥U] and combined Ra can also be

used to help predict Ra occurrence in groundwater systems.
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Appendix F

Supplementary Geochemical Model for Chapter 4

Section F-1: Model background

A geochemical model was constructed to examine radium (Ra) interactions with aquifer
solids, as determined by aqueous and solid-associated Ra concentrations measured in
groundwater and rock samples from ports sampled at well MP16. A mineralogy report, based on
X-ray diffraction analysis of well cuttings from a municipal well in Pewaukee, Wisconsin (PW-
10), was used to differentiate many of the prominent minerals in the stratigraphy. It is important
to note that, while PW-10 and MP16 have many general stratigraphic intervals in common,
stratigraphy is heterogeneous and varies in mineral content geographically across the Midwestern
Cambrian-Ordovician aquifer system (MCOAS). However, the mineralogy report provided a
starting basis for estimating mineral content. The U.S. Geological Survey (USGS) geochemical
modeling software PHREEQC was used to estimate Ra speciation and mineral associations
(Table F-1).! Additionally, the USGS calibration software PEST was used to calibrate and verify
the model.? Several sources were helpful in developing the geochemical model, namely
conversation with David Parhurst (PHREEQC author), the USGS PHREEQC manual
‘Techniques and Methods 6-A43,3 and review of questions and answers on the PhreeeqcUser
Forum.* Results from the geochemical model agree closely with observed values for aqueous
226Ra, varying from [0.001] to |0.31| by percent difference across the eight ports examined (Table

F-2).



Table F-1 Input file for examining Ra sorption in MP16 MS-132.
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DATABASE C:\Users\Maddie\Desktop\pest-run\MS-132\lInl.dat

TITLE Testing Ra sorption in a sandstone aquifer

# Well MP16 MS-132, depth from surface 131-133m. Likely the Mt Simon unit; sandstone

# Trace minerals are calculated as 0.001 - 0.1% of # a rock's composition

# Mineral composition: Quartz (99+%), Illite/Mica (trc), Illite/smectite (trc)

# This mineral composition is estimated from the Pewaukee 10 mineralogy report (PW-10-1170)
# Assume 99.8% Quartz and 0.2% Illite

SOLUTION MASTER SPECIES

# Below are the specified master species in solution, as different from the database (llnl.dat)
# Isotopic mass is distinguished in the far right column

# Isotope names are distinguished by mass value prior to the element, in the name

Ra Ra+2 0 Ra 226.02541033
Rn Rn 0 Rn 222.01758

[238U] [238U]+4 0 U 238.050788423

[238U](4) [238U]+4 0 238.050788423

[238U](5) [238U]02+ 0 238.050788423

[238U](6) [238U]02+2 0 238.050788423

[234U] [234U]+4 0 U 234.0409523

[234U](4) [234U]+4 0 234.0409523

[234U](5) [234U]02+ 0 234.0409523

[234U](6) [234U]0242 0 234.0409523

Th Th+4 0 Th 230.033134313

SOLUTION_SPECIES
# Here, the speciation of master species already defined is distinguished.
# This example includes very minimal solution interactions for species
# If further solution chemistry is desired, it may need to be added here
Ra+2 =Ra+2
log k 0.0
Rn=Rn
log k 0.0
H20 =H20
log k 0.0
[238U]+4 = [238U]+4
log k 0.0
[238U]+4 + 4H20 = [238U](OH)4 + 4H+
log k -8.538
delta h 24.760 kcal
[238U]+4 + SH20 = [238U](OH)5- + SH+
log k -13.147
delta h 27.580
#secondary master species for U(5)
[238U]+4 + 2 H20 = [238U]O2+ + 4H+ + e-
log k -6.432
delta h 31.130 kcal
#secondary master species for U(6)
[238U]+4 + 2H20 = [238U]02+2 + 4H+ + 2e-
log k -9.213

delta h 34.430 kcal
[238U]02+2 + H20 = [238U]O20H+ + H+




log_k -5.782
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delta h 11.015 kcal
2[238U]02+2 + 2H20 = ([238U]02)2(0OH)2+2 + 2H+
log k -5.626
delta h -36.04 kcal
3[238U]02+2 + 5H20 = ([238U]02)3(OH)5+ + SH+
log k -15.641
delta h -44.27 kcal
[238U]02+2 + CO3-2 = [238U]02CO3
log k 10.064
delta h 0.84 kcal
[238U]02+2 + 2C0O3-2 = [238U]02(C0O3)2-2
log k 16.977
delta h 3.48 kcal
[238U]02+2 + 3C0O3-2 = [238U]02(CO3)3-4
log k 21.397

delta h -8.78 kcal

Th+4 =Th+4
log k0.0

[234U]+4 = [234U1+4
log k 0.0

[234U]+4 + 4H20 = [234U](OH)4 + 4H+
log k -8.538

delta h 24.760 kcal

[234U]+4 + SH20 = [234U](OH)5- + SH+
log k -13.147
delta h 27.580

#secondary master species for U(5)

[234U]+4 + 2 H20 = [234U]O2+ + 4H+ + e-
log k -6.432
delta h 31.130 kcal

#secondary master species for U(6)

[234U]+4 + 2H20 = [234U]02+2 + 4H+ + 2e-
log k -9.213
delta h 34.430 kcal

[234U]02+2 + H20 =[234U]JO20H+ + H+
log k -5.782
delta h 11.015 kcal

2[234U]02+2 + 2H20 = ([234U]02)2(0OH)2+2 + 2H+
log k -5.626
delta h -36.04 kcal

3[234U]02+2 + 5H20 = ([234U]02)3(OH)5+ + SH+
log k -15.641
delta h -44.27 kcal

[234U]02+2 + CO3-2 = [234U]02CO3
log k 10.064
delta h 0.84 kcal

[234U]02+2 + 2C03-2 = [234U]02(C0O3)2-2
log k 16.977
delta h 3.48 kcal

[234U]02+2 + 3C0O3-2 = [234U]02(C0O3)3-4
log k 21.397

delta h -8.78 kcal

SURFACE MASTER SPECIES
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Quartz  Quartz
Mlite lite

SURFACE_SPECIES

# K is the constant describing the adsorption/desorption equilibrium for each reactant in contact with a surface
# See calculations for log k from "mp1l6data" excel file, tab "Kd calcs"
Quartz = Quartz

log kO

Ra+2 + Quartz = QuartzRa+2

log_k -9.78E+01

Ilite = Illite

log kO

Ra+2 + Illite= IlliteRa+2

log _k -9.75E+01

END

SOLUTION 1
# This solution is only water; this can be used for ‘pulse’ contaminant column models
END

SOLUTION 2

# This data is from well MP16 MS-132 (Mt Simon); sampled 11/14/2019
temp 8.9

pH 7.09

pe 2.64

redox pe

units mg/1

density 1

# The 2*3U is calculated from the amount of U needed to produce estimated total >2°Ra
# See calculations from "mpl6data" excel file, tab "phreeqc decay calcs" and “phreeqc outputs”
[238U] 8.99528E-7 mol/L

Al 6.8 ug/l

Alkalinity 387.5

Ba3.16 ug/l

Ca 63.01

Fe 486 ug/l

K142

Mg 59.71

Mn 18.9 ug/l

Na 1.29

S(6) 5.5

Sr 93.9 ug/l

-water 1 # kg

PHASES

# These are the thermodynamic values for RaSO4 and barite, for calculating co-precipitation in
# SOLID _SOLUTIONS
RaSO4

RaSO4 = Ra+2 + SO4-2
log_k 11.506000000
delta_h 5.4392000000 kJ
Barite

BaSO4 = Ba+2 + SO4-2
log_k -9.9800000000
delta_h 2.6568500E+01 kJ




cal/mol

172

SOLID_SOLUTIONS 1
# This calculates co-precipitation for Ba(Ra)SOa
Ra (x) Ba (1-x) SO4
-comp RaSO4 0
-comp Barite 0
-Gugg nondim .360000000 # Zhu 2004 estimate a Margules parameter (wsubH) of about 210

# based on partition coefficient for Rall/barite interaction in 0.005 mol/L HCI determined by
# Doerner and Hoskins 1925.5 A value of wsubH ~ 210 cal/mol corresponds to a Guggenheim
# interaction parameter of alpha ~ 0.36.

SURFACE 1

# This examines the interactions between the previously defined solids and Solution 2
-equilibrate with solution 2

[llite 1e+100 100.0000 0.2

Quartz 1e+100 .0400000 99.8

RATES

# These are the rate calculation for radionuclide decay

Ra decay

-start

10 k = parm(1)

# parm(1) draws the decay constant value defined in KINETICS 1

20 Ra = SYS('Ra")

# SYS(Ra) looks at all the Ra in the system (not just in solution) — so it will all be included in decay

calculations

30rate=k * Ra

# Decay calculation: dN/dt = - A*N (neg. value is assumed due to formula assigned in
# KINETICS)

40 SAVE rate * TIME
-end

234U _decay

-start

10 k = parm(1)

20 Ur = TOT('[234U]")
30 rate =k * Ur

40 SAVE rate * TIME
-end

238U decay

-start

10 k = parm(1)

20 U =TOT([238U])
30rate=k * U

40 SAVE rate * TIME
-end

Th decay

-start

10 k = parm(1)

20 Th=TOT('Th")

30 rate=k * Th

40 SAVE rate * TIME
-end

KINETICS 1
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Ra decay

-formula Ra-1 Rn 1

# Here we tell the software that 1 mole of Ra is removed, and 1 mole of Rn formed
-m 1

-m0 1

-parms 1.37372205685555e-11
# this is the decay constant

-tol 1e-08

234U decay

-formula Th 1 [234U] -1

-m 1

-m0 1

-parms 8.94860064721471e-14
-tol 1e-08

238U decay

-formula [234U] 1 [238U] -1
-m 1

-m0 1

-parms 4.91819e-18

-tol 1e-08

Th decay

-formula Ra 1 Th -1

-m 1

-m0 1

-parms 2.90796371053249¢-13
-tol 1e-08

-steps 6e13 in 100 steps # 3.15¢13 =1 My
# number of steps would align with length of time, if that’s what you’re looking at.
-step_divide 1

-runge kutta 3

-bad_step_max 500

-cvode true

-cvode_steps 100

-cvode order 5

END

INCREMENTAL REACTIONS true

USE solution 2

USE surface 1

USE solid_solution 1
USE kinetics 1

SELECTED_OUTPUT
-file mp16_4.sel
-reset false

EQUILIBRIUM_ PHASES

02(g)-50 10

# This keeps Fe and U in solution. If you are looking at mineral solubility, then you will need to

# change this value. Otherwise, it helps the software handle adding/removing Th and Ra in

# KINETICS. If Fe and U mineral solubility is important, the redox effects of the KINETICS

# reactions should be investigated to make sure that Fe and U mineral saturation indices are not affected.

USER PRINT
# This prints the values you care about to the output of the code.




10k Ra=1.37372205685555¢e-11

20 k U =28.94860064721471e-14

30k Th=2.90796371053249¢-13

40 PRINT "Secular Th/U ratio: ", K U/K Th
50 PRINT "Secular Ra/U ratio: ", K U/K Ra
60 PRINT "Secular Ra/Th ratio: ", K Th/K Ra
70 PRINT "Aq Ra/Th: ", TOT("Ra")/TOT("Th")
80 PRINT "Sys Ra/Th: ", SYS("Ra")/TOT("Th")
70 PRINT "Tot(Ra): ", TOT("Ra")

80 PRINT "SYS(Ra): ", SYS("Ra")

90 PRINT "Tot(Al): ", TOT("Al")

100 PRINT "Tot(Ba): ", Tot("Ba")

110 PRINT "Tot(Ca): ", Tot("Ca")

115 PRINT "Tot(Fe): ", Tot("Fe")

120 PRINT "Tot(K): ", Tot("K")

130 PRINT "Tot(Mg): ", Tot("Mg")

140 PRINT "Tot(Mn): ", Tot("Mn")

150 PRINT "Tot(Na): ", Tot("Na")

160 PRINT "Tot(S): ", Tot("S")

170 PRINT "Tot(Sr): ", Tot("Sr")

180 PRINT "Tot(Th): ", Tot("Th")

190 PRINT "Tot(234U): ", Tot("[234U]")

200 PRINT "Tot(238U): ", Tot("[238U]")

END
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Table F-2 Results from PHREEQC geochemical model calculating 2?°Ra interactions with
aquifer solids in comparison to observed ?>’Ra values. DPS = Depth from surface

Port DPS Stratigraphic  Geologic Minerals (%) Observed Calculated Percent
(m)  unit description 226Ra 226Ra Difference
(mol/L)  (mol/L) (%)
4 131 Mt Simon Sandstone  Quartz (99.8), 1.37672 x 1.37670 x 0.001
- Ilite (0.2) 10 109
133
10 113  Eau Claire Fine- Quartz (35), 1.5314 x 1.5317 x 0.01
- grained &  Feldspar (9), 10" 109
115 silty Dolomite (2), Fe
sandstone  oxide (3), Illite
(51)
12 107  Eau Claire Fine- Quartz (35), 1.4717 x 14714 x 0.02
- grained &  Feldspar (9), 10°13 10715
109 silty Dolomite (2), Fe
sandstone  oxide (3), Illite
(51)
19 85 — Wonewoc Sandstone  Quartz (99.5), 2.8167 x 28165 x 0.007
87 Ilite (0.2), Fe 101 10715
oxide (0.2),
Dolomite (0.1)
24 74 — Tunnel City  Glauconitic Quartz (42.9), 3.7781 x 3.7795 x -0.04
76 sandstone  Glauconite (42), 10716 10716
Feldspar (15),
Illite (0.1)
27 67 — Tunnel City  Glauconitic Quartz (43), 4.1434 x 4.1423 x 0.03
68 sandstone  Glauconite (42), 10716 10716
Feldspar (15)
30 58 — Tunnel City  Glauconitic Quartz (43), 89168 x 893 x 100 -0.13
60 sandstone  Glauconite (42), 107 17
Feldspar (15)
40 35 - Readstown Interbedded Quartz (99.4), 9.6225 x 9.6520 x -0.31
36 (St Peter) sandstone,  Feldspar (0.1), 1016 101
clay, and Calcite (0.1),
dolostone Dolomite (0.1), Fe

oxide (0.1), Illite
(0.2)
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