Hydrogeochemical changes impacting radium activity in the Midwestern
Cambrian-Ordovician aquifer system

By
Amy K. Wiersma

A dissertation submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

(Environmental Chemistry and Technology)

at the
UNIVERSITY OF WISCONSIN-MADISON
2023

Date of final oral examination: 02/03/2023

The dissertation is approved by the following members of the Final Oral Committee:
Matthew Ginder-Vogel, Associate Professor, Environmental Chemistry and Technology,
Civil and Environmental Engineering
Madeline Gotkowitz, Hydrogeologist, Wisconsin Department of Natural Resources
Christopher Zahasky, Assistant Professor, Geoscience
James Hurley, Professor, Environmental Chemistry and Technology, Civil and
Environmental Engineering
Gregory Harrington, Professor, Environmental Chemistry and Technology, Civil and
Environmental Engineering



Abstract

Hydrogeochemical changes impacting radium activity in the Midwestern
Cambrian-Ordovician aquifer system

by
Amy K. Wiersma
Doctor of Philosophy — Environmental Chemistry and Technology Program
University of Wisconsin-Madison

Associate Professor Matthew Ginder-Vogel

The Midwestern Cambrian-Ordovician aquifer system (MCOAS) is a valuable source of
drinking water in the North Central United States, but can contain elevated levels of naturally
occurring radium (Ra). Long-term consumption of Ra in drinking water is linked to an increased
risk of bone cancer, and is therefore federally regulated in the U.S. at 185 millibecquerels per liter
(mBg/L) or 5 picocuries per liter (pCi/L) for the total of ?*Ra and *?®Ra. While the
hydrogeochemical conditions associated with elevated activity Ra in the MCOAS are well
documented, less is known about how Ra occurrence is affected due to hydrogeochemical changes
initiated by natural and anthropogenic aspects. This dissertation uses field and modeling studies to
explore Ra occurrence when hydrogeochemical change is instigated by factors including natural
hydrogeologic conditions, release of organic contaminants to the subsurface, and well field
management. Radium activity increases as groundwater evolves along a regional flow path and
approaches the boundary of the Maquoketa shale, a regional confining unit; here, the aquifer

becomes locally confined and groundwater is older with geochemical conditions conducive to Ra



il
mobility, including low dissolved oxygen and elevated total dissolved solids (TDS). A complex
organic chemical mixture released to the subsurface alters aquifer pH, redox, and TDS conditions,
resulting in elevated Ra activity within the dissolved phase plume that highlights the importance
of characterizing Ra at hydrocarbon-contaminated sites. As demonstrated by groundwater flow
modeling, well construction and pumping rates can alter hydraulic gradients that enhance
groundwater exchange between units of different geochemistry and modify the contribution of
groundwater from stratigraphic units with different Ra activity to wells. Overall, this dissertation
provides insight into how environmental and anthropogenic factors influence hydrogeochemical
conditions and Ra occurrence in groundwater, and can help guide long-term groundwater

management strategies for mitigating Ra activity in groundwater pumped from the MCOAS.
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Chapter 1

Introduction

1.1 Motivation

This dissertation examines the impact of natural and anthropogenic-induced hydrogeochemical
changes on the mobility of radium (Ra) in the Midwestern Cambrian-Ordovician aquifer system
(MCOAS), an important drinking water source in the North Central United States. Groundwater
is 100 times more abundant than lakes and streams,' and provides nearly half of the global drinking
water supply.? However, groundwater recharge is unevenly distributed on Earth due to spatial
variation in factors such as precipitation, temperature, and geology; recharge is expected to shift
as a result of climate change.* * Population increases and scientific and technological
advancements have increased the use of groundwater in the last half-century.’ This has resulted in
groundwater depletion, especially in semi-arid and arid regions with little modern recharge and

large ‘fossil’ or non-renewable groundwater resources.>

The prevalence of anthropogenic and naturally occurring contaminants can also limit the
quantity of groundwater available for drinking. Radium is an example of a naturally-occurring, or
geogenic, groundwater contaminant that can degrade groundwater quality. Elevated Ra activity is
most prevalent in the MCOAS among all other U.S. aquifer systems,’ and can pose a challenge for
public drinking water systems using the MCOAS for drinking water. Public drinking water
systems out of compliance with Ra drinking water regulations may need to install expensive
treatment systems or invest in an alternative water supply. While geochemical conditions
impacting Ra mobility in the MCOAS at broad and local scales are well-documented, relatively

few studies have documented Ra mobility under hydrogeochemical changes arising from natural



and anthropogenic factors. This work combines field and modeling studies to examine the impact
of changing hydrogeochemical conditions on Ra mobility in the MCOAS, arising from factors
including 1) natural groundwater evolution at the transition between unconfined and confined
aquifer conditions, 2) anthropogenic hydrocarbon spills, and 3) human-controlled well

construction and groundwater withdrawal.

1.2 Contaminants in groundwater

The release of anthropogenic and geogenic contaminants into groundwater can limit drinking
water availability. Naturally-occurring contaminants such as arsenic, uranium, and Ra are more
prevalent than anthropogenic contaminants in U.S. aquifer systems,® highlighting the need to
understand factors affecting geogenic contaminant occurrence in groundwater. Geochemical
factors that can impact geogenic contaminant partitioning from solid phases to groundwater
include 1) pH, 2) oxidation-reduction (redox) conditions, 3) presence of ions that form soluble
complexes with metals, 4) sorption processes and effects of ion competition, 5) evaporative
concentration, and 6) mixing and dilution.” ' Contaminant occurrence in groundwater is also
impacted by transport processes including advection, dispersion, and diffusion.” New wells in the
U.S. are being drilled deeper, accessing more fossil (> 12,000 years) groundwater; this trend is not
always associated with declining water levels, and in some cases may be related to reducing
exposure to surface-borne contaminants typically found in shallow groundwater.!! For example,
some public water systems in Wisconsin have drilled wells deeper to avoid anthropogenic nitrate
elevated in the shallow aquifer system, but as a result access older water with geochemical

conditions conducive to Ra mobility (e.g., high total dissolved solids, low dissolved oxygen).
1.3 Radium as a groundwater contaminant

1.3.1 Chemical behavior of radium



Radium is a radioactive, alkaline earth metal with four naturally-occurring isotopes: >°Ra,
224Ra, 2?°Ra, and ?*®Ra. All of these isotopes are derived from the alpha decay of thorium parent
nuclides within the thorium (Th)-232, uranium (U)-235, and U-238 decay chains, and ultimately
decay to stable lead isotopes (Figure 1.1). The prevalence of each isotope is dictated by differences
in half-lives and the quantity of parent nuclides in the environment. For example, >*’Ra has both a
short half-life (11.4 d) and a parent nuclide of low abundance (***U) that exists as < 1% of natural
U. Therefore, ?>*Ra is difficult to analyze and generally not a concern for water quality. On an
activity (decay rate) basis, >*Ra, 2*Ra, and ?*®Ra are approximately equally abundant due to the
equal abundance of #*2Th and #**U in the crust. However, the shorter half-life of ?**Ra (3.6 d)

results in a lower environmental prevalence compared to **Ra (1600 yr) and >*®Ra (5.8 yr). The
relatively short half-life of 2?®Ra compared to 22°Ra may limit its potential for ‘unsupported’

transport, transport without the presence of an equivalent amount of the parent in solution.’
Radium exhibits similar chemical behavior as other alkaline earth metals (e.g., barium, strontium),
has one oxidation state of Ra(Il), and exists primarily as Ra®'(aq) under environmental

conditions.!?
1.3.2 Radium health effects and drinking water standards

Radium is a human health concern due to its radioactivity. Upon ingestion, Ra accumulates
in the bone similar to calcium, increasing the risk of bone cancer and other detrimental health
effects.!3"!5 The World Health Organization recommends drinking water guidance levels of 100
mBg/L for ?*Ra and 1,000 mBg/L for ?>*Ra and *Ra, based on an annual individual dose criterion
of 0.1 mSv.'® In 2000, the U.S. Environmental Protection Agency (EPA) implemented the
Radionuclide Rule to set limits for radioactivity levels in drinking water.!” The U.S. EPA

Maximum Contaminant Level (MCL) for Ra in drinking water is 185 millibecquerels per liter



(mBq/L) or 5 picocuries per liter (pCi/L) for the combined activity of >*’Ra and ?®Ra. Public water
systems out of compliance with the Ra MCL often employ several strategies for reducing Ra levels
in pumped groundwater, including well reconstruction or blending with groundwater from a
different well. If these strategies are unsuccessful, public water systems must install expensive
treatment systems or switch to an alternative water supply. Treatment options for Ra in drinking
water include lime softening, cation exchange, reverse osmosis, and hydrous manganese oxide and
manganese greensand filtration; these methods leave waste concentrated in Ra that creates

environmental and disposal concerns.'® 1’
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Figure 1.1 23U and >**Th decay chains denoting nuclide half-lives and type of radiation (alpha, a,
or beta, B). Radium nuclides ***Ra, >*Ra, and ?**Ra are highlighted in blue.



1.3.3 Radium prevalence in aquifer systems

Radium occurs at elevated levels in aquifers worldwide. For example, elevated Ra activity
has been observed in sandstone aquifers lacking sufficient sorption sites such as the Saq aquifer in
Saudi Arabia, the Disi aquifer in Jordan, and the Nubian aquifer in Egypt.2-?? In the U.S., elevated
Ra activity above the MCL in public drinking water supplies derived from aquifer systems affects
approximately 5 million or more people.® Elevated Ra activity above U.S. drinking water standards
has been measured in aquifer systems including the MCOAS, the North Atlantic Coastal Plain, the
Floridan carbonate aquifer, the felsic crystalline rocks and glacial sands and gravels in New

England, the Gulf Coastal Plain, and the Mesozoic basins of the Appalachian Piedmont.”

Among all principal U.S. aquifer systems, the greatest number of exceedances of the MCL
for combined Ra occur in the MCOAS, a productive aquifer composed primarily of sandstone and
dolostone (Figure 1.2).” Many studies have examined geochemical influences on Ra mobilization
to the MCOAS at the broad scale, and demonstrate that Ra sorption efficiency in the MCOAS is
impacted by geochemical conditions including low pH, as well as high total dissolved solids (TDS)
and low dissolved oxygen typically associated with older groundwater.” 2>2® Examination of Ra
activity within discrete stratigraphic intervals of the MCOAS demonstrates that the association of
elevated Ra with these geochemical conditions can vary at the local scale.?”-?® Elevated Ra activity
is more commonly found where the Maquoketa shale, a regional confining unit, overlies the
MCOAS and limits modern groundwater recharge.?* %’ This dissertation investigates Ra mobility
within three different regional hydrogeologic settings, where the MCOAS is: 1) unconfined by the
Magquoketa shale (Chapter 3), confined by the Maquoketa shale (Chapter 4), and 3) at the boundary

of the Maquoketa shale (Chapter 2) (Figure 1.2).
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Figure 1.2 Map showing the extent of the Midwestern Cambrian-Ordovician aquifer system (MCOAS) and
the location of study sites in Wisconsin where the MCOAS is 1) at the boundary of the Maquoketa shale
(Chapter 2), 2) unconfined by the Maquoketa shale (Chapter 3), and 3) confined by the Maquoketa shale
(Chapter 4).

1.4 Radium sources to groundwater
1.4.1 Alpha recoil and the distribution of parent isotopes

Radium activities in groundwater reflect the net balance between Ra inputs from aquifer
solids (e.g., recoil, desorption, dissolution) and Ra outputs (sorption, co-precipitation, decay)
(Figure 1.3).%° The primary source of radionuclides in aquifer systems is alpha recoil, a process in
which the parent nuclide emits an alpha particle and daughter nuclide in opposite directions. Parent
nuclides 2*°Th and 2*Th undergo alpha recoil to produce the two major Ra isotopes: *°Ra and
228Ra, respectively. Alpha recoil is a powerful process and has the potential to eject Ra to

groundwater from within the mineral lattice, depending on the proximity of the parent nuclide to



the edge of the mineral.’! Secular equilibrium is achieved when the rate of daughter nuclide
generation is the same as the rate of parent nuclide decay, and the activities of the parent and
daughter nuclides become equal. Deviation from secular equilibrium can indicate physical or

geochemical factors are removing Ra from the site of parent decay.? *
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Figure 1.3 Schematic illustration of inputs and outputs controlling radium activities in a porous aquifer
system. Adapted from Vengosh et al. (2021).3°

The distribution of parent nuclides in aquifer solids controls the distribution of Ra in
groundwater. The ?*®Ra/*?°Ra ratio in groundwater can provide information about the relative
importance of U and Th sources within aquifer solids. For example, a >®Ra/?*°Ra > 1 typical of
sandstone aquifers suggests the prevalence of silicate minerals enriched in Th, while a 22*Ra/**Ra
< 1 typical of carbonate aquifers suggests the prevalence of carbonate minerals enriched in U.>?

Whole-rock analysis of MCOAS stratigraphic units indicates shale and dolostone units are



enriched in 2*®U and ??°Ra; the highest amount of extractable or ‘geochemically mobile’ 23U is
also associated with shale and dolostone units, while the highest amount of extractable **Ra is
associated with shales and feldspathic, glauconitic sandstones.?® ** The main sources of Th in the
MCOAS are mineral surface coatings as well as feldspar and accessory minerals present in shale

and sandstone units.?> %’

The locations of 2*’Ra and ??Ra production are dictated by the location of parent isotopes
U and Th, respectively. The mineral lattice damage associated with alpha decay of **U to 2*U
can increase the potential for 2**U leaching to groundwater, resulting in typical aqueous **U/?8U
ratios > 1.3>3¢ Uranium is mobile in groundwater under oxic conditions, where it is present in the
U(VI) oxidation state and forms aqueous carbonate complexes.’” *® In contrast, Th is relatively
immobile in groundwater and sorbs strongly to aquifer solids.>” Similar to Ra, Th has one oxidation
state (IV) under environmentally-relevant conditions and therefore does not undergo redox

chemistry.
1.5 Geochemical mechanisms controlling radium activity in groundwater
1.5.1 Sorption

Radium sorbs rapidly to solid phases, occurring on the order of minutes within fresh
groundwater systems.*® Therefore, 2*’Ra and ??®Ra will participate in sorption processes (e.g.,
adsorption and desorption) many times before their own decay. Radium has a strong sorption
affinity for transition metal (hydr)oxide minerals, clay minerals, and organic materials; therefore,
the presence or absence of these sorbents within hydrostratigraphic units is an important factor for
determining Ra sorption capacity. While manganese (Mn) (hydr)oxides are a stronger adsorbent

of trace elements, iron (Fe) (hydr)oxides are typically more abundant in groundwater systems.!'>



41-43 Clay minerals such as illite and glauconite can also sorb considerable concentrations of Ra.**
46 Radium sorption to organic materials can be important in organic-rich shales.*’ Additionally,
low concentrations of Ra can sorb to carbonate, sulfate, and silicate minerals at circumneutral
pH.** 4849 While Ra sorption is most efficient in oxic systems with neutral pH, low TDS, and high

sorption capacity, changes in aquifer geochemical conditions can decrease Ra sorption efficiency.
1.5.1.1 Geochemical conditions impacting radium sorption efficiency

Radium sorption efficiency can be impacted by changes in geochemical conditions
including salinity, pH, and dissolved oxygen concentrations (i.e., redox conditions). Increased Ra
activities can occur when there are high levels of total dissolved solids (TDS), due to competition
between Ra and divalent cations (e.g., calcium, magnesium) for sorption sites.’*>> Additionally,
elevated TDS can increase ion-ion interactions (i.e., ionic strength) and increase the stability of
uncharged Ra complexes (e.g., RaCl, and RaSOs4) that do not readily sorb to mineral surfaces.*
Radium sorption efficiency is low under acidic pH (< 5), due to the more positive surface charge
of mineral surfaces as pH drops below the point of zero charge of the mineral surface.'? Redox
impacts on radium mobility are related to the stability of Fe and Mn (hydr)oxide minerals,
important sorption surfaces for Ra. Under anoxic conditions Fe and Mn (hydr)oxides will be absent

or undergo reductive dissolution, reducing the number of sorption sites available for Ra.” 24 41-48

While geochemical conditions impacting Ra mobility can change naturally in aquifer
systems, they can also arise as a result of human-induced factors. Heavily pumped aquifer systems
can draw modern, shallow groundwater elevated in anthropogenic contaminants downward to
deeper aquifers.’> >* For example, the release of agricultural waste elevated in nitrate paired with
high groundwater pumping rates can result in increased Ra levels in groundwater due to decreased

pH.>® Salt used for de-icing roads can migrate to groundwater, increasing cation competition for
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sorption sites and stability of Ra-chloride complexes.’® Long open boreholes typical of many
public water system wells can foster groundwater exchange between hydrostratigraphic units with
different geochemistry, releasing geogenic contaminants such as Ra.>” A better understanding of
anthropogenic factors influencing the mobility of Ra and other geogenic contaminants is necessary

to develop long-term groundwater management strategies.
1.5.2 Co-precipitation

While Ra activities in groundwater are too low to form pure Ra phases, Ra can co-
precipitate with other cations in sulfate and carbonate minerals.’® > Barite (BaSO4) precipitation
occurs in a solid solution, incorporating cations including Ba**, Sr**, and Ra?*.®® Competition with
these other cations can limit Ra co-precipitation into barite.®"> ¢ Additionally, sulfate-reducing
aquifer conditions may cause reductive dissolution of barite, releasing associated Ra and
preventing further precipitation of barite.53-% To co-precipitate Ra, the host mineral must be close
to saturation. However, barite precipitation is considered slow at slight supersaturation and is
therefore likely less efficient than adsorption in sequestering Ra.%® While not as well understood,

Ra can also be incorporated into carbonate solid solutions (e.g., aragonite, CaCO3).?’

1.6 Research objectives and approach

While the geochemical conditions enhancing Ra mobility in groundwater are well-studied,
less is known about the impact of evolving hydrogeochemical conditions on Ra mobility.
Identification of the natural and anthropogenic factors that alter geochemical conditions and
increase Ra activity in groundwater will support long-term groundwater management strategies
designed to minimize concentrations of Ra and other geogenic contaminants in public water supply

wells. In this dissertation, field and model-based approaches are used to identify hydrogeochemical
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changes affecting Ra activity in the MCOAS where or when 1) the aquifer transitions from
unconfined to confined, 2) the aquifer is contaminated with a complex organic mixture, and 3) the

aquifer is subjected to different well construction and pumping scenarios.

Chapter 2 investigates Ra mobility along a groundwater flow path in east-central
Wisconsin, where the MCOAS transitions from regionally unconfined to confined. While previous
work noted that Ra activities are typically higher where the Maquoketa shale confining unit
overlies the MCOAS, the mechanisms responsible for elevated Ra at the boundary of the
Magquoketa shale are not well understood. Samples from wells with various depths were collected
along the flow path and analyzed for Ra and a suite of isotopic tracers. Radium activities increase
as groundwater naturally evolves from a younger, (Mg, Ca)-HCO3-type upgradient to an older,
Ca-(S04, Cl)-type downgradient. Downgradient (west of the Maquoketa shale), the flow system is
impacted by uneven Precambrian basement topography and confinement from Quaternary glacial
lake clays, highlighting the importance of local conditions. Radium is moderately correlated with
TDS, suggesting that cation competition for sorption sites contributes to elevated Ra in
groundwater. The highest Ra activities occur in wells with a ‘mixed’ redox process, where young,
oxic water mixes with old, anoxic water over long open boreholes. These wells likely receive more
of the old, anoxic water with high dissolved Fe, Mn, and Ra concentrations associated with the
absence or dissolution of Fe and Mn (hydr)oxides. Along with identifying Ra mobilization
mechanisms in a complex hydrogeologic setting, these results highlight the impacts of well

location and construction on Ra activity in pumped groundwater.

Chapter 3 examines a site within the MCOAS that is contaminated with a complex organic
mixture of organic chemicals released from a chemical recycling facility. While other studies have

documented the mobilization of other geogenic contaminants in hydrocarbon-contaminated
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aquifers due to changes in geochemical conditions, none have examined Ra occurrence. The
released mixture consists of chlorinated solvents, ketones, and aromatics that migrated as a dense
non-aqueous phase liquid (DNAPL) to the subsurface. Multi-level monitoring systems are used to
collect groundwater samples at discrete depths near the DNAPL source zone and the middle of the
dissolved phase plume, in the direction of groundwater flow. Changes in geochemical conditions
including pH, TDS, and redox result in °Ra activities near the source zone up to ten times higher
than background activities. Correlations support Ra release from Fe and Mn (hydr)oxide
dissolution and cation competition with high concentrations of divalent cations. ?*°Ra activities
return to near background levels near the middle of the dissolved phase plume, where geochemical
modeling identifies sorption to secondary mineral phases (e.g., illite) as the primary Ra sink within
the plume. Results demonstrate the importance of aquifer mineralogy and emphasize the

importance of examining Ra and other geogenic contaminants at hydrocarbon-contaminated sites.

Chapter 4 evaluates the impact of different well construction and pumping rates on Ra
activities in a region where the MCOAS is heavily pumped by public water systems. Recent
increases in Ra activity in the Wisconsin MCOAS have raised questions about potential human-
induced factors impacting Ra mobility in groundwater, but these factors have not yet been
investigated. Here, a steady-state groundwater flow model is developed to simulate hydrogeologic
conditions in southeast Wisconsin, and evaluate the contribution of several units enriched in Ra
activity to public supply wells under different well construction and pumping rate scenarios. Public
water systems experiencing elevated Ra activity in this region are often advised to extend casing
past shale facies within the Eau Claire Formation, an assumed source of Ra. Model results reveal
that while casing through the Eau Claire Formation eliminates direct contribution from the shale

facies to the well, pumping from deeply-cased wells creates stronger a vertical gradient. This
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increases the flux from the simulated shale-rich layer to the underlying sandstone; this flux
increases with the pumping rate. The model also demonstrates that reconstruction (extending the
depth of casing) doubles the contribution of deep groundwater from the base of the sandstone,
presumably older water elevated in TDS and Ra activity. These results highlight how pumping can
alter hydraulic gradients, potentially impacting Ra mobility by changing flow paths and fostering

groundwater exchange between units with different geochemistry.
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Chapter 2

Strontium and radium occurrence at the boundary of a confined aquifer

system

Pumped groundwater

+High [Ra] and [Sr] e .
“Mixed' redox: high [O2], Mobilization mechanisms

high [Fe] or [Mn]

1

250+

D Quaternary drift
Maguoketa Shale 200 1 K @ @ — @ @
Regional confining unit .

e @
Celestine
T 150 1 Ke>Ki 71 oxic EERIE
Ordovician dolostones 2 High [O2]
& sandstones o Low [Fe] and [Mn]
& Low [Ra] and [Sr]
v 100
. Cambrian sandstones 2
o
£ 50
Crystalline Precambrian 5
basement =
o
>
)
o 0
-50
-100

2.1 Abstract

Aquifers are susceptible to contamination by naturally occurring metals and radionuclides
that limits the quantity of groundwater available for drinking. The Midwestern Cambrian-
Ordovician aquifer system (MCOANS) is an important drinking water source in the North Central
region of the U.S., but can contain elevated levels of geogenic radium (Ra) and strontium (Sr).

Here, the occurrence of Ra and Sr is investigated with respect to natural groundwater evolution

Reproduced with permission from Applied Geochemistry. Plechacek, A., Scott, S.R., Gotkowitz, M.B., and
Ginder-Vogel, M., 2022. /42: p. 105332. Amy Plechacek: Funding Acquisition, Conceptualization,
Methodology, Investigation, Formal Analysis, Writing — Original Draft and Review & Editing,
Visualization. Sean R. Scott: Methodology, Resources, Writing — Review & Editing. Madeline B.
Gotkowitz: Conceptualization, Methodology, Writing — Review & Editing. Matthew Ginder-Vogel:
Funding Acquisition, Conceptualization, Writing — Review & Editing, Supervision.
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and water-rock interactions using a multi-isotope approach (8'%0, §*H, 6**Ssos, ¥'Sr/%6Sr, and
[2**U/?*8U)), in a portion of the MCOAS that straddles regionally unconfined and regionally
confined conditions. Hierarchical cluster analysis reveals three distinct groups of groundwater
geochemistry, evolving from a young (< 10,000 years) HCO3z-dominant groundwater located
upgradient to old (> 10,000 years) SO4* and Cl’-dominant groundwater located downgradient.
Strontium and Ra concentrations are highest downgradient, where extreme [>**U/*%U]
disequilibrium indicates increased water-rock interactions due to local confinement or a stagnant
groundwater zone. Geochemical conditions evolve as a consequence of water-rock interaction,
resulting in Ra and Sr mobilization mechanisms including enhanced mineral dissolution and
weathering, and decreased sorption efficiency due to competitive sorption and the absence or
dissolution of iron and manganese (hydr)oxides with sorbed Ra and Sr. Relative to redox
processes, ‘mixed’ redox samples have the highest median Sr and Ra concentrations, where young,
oxic groundwater mixes with old, anoxic groundwater over long open boreholes. Isotopic results
(8'80 and 8%H, ¥’Sr/*®Sr) indicate these wells with long open boreholes are receiving more of the
old, deep groundwater elevated in Ra and Sr, suggesting that well construction is an important
consideration for Ra and Sr occurrence. The presented framework can be used to examine the
occurrence of geogenic contaminants with respect to recharge history, water-rock interactions, and
evolving geochemical conditions in other aquifer systems with a range of groundwater residence

times and geochemistry.
2.2 Introduction

Groundwater provides nearly half of all drinking water worldwide.! Drinking water
availability is limited by both quantity and quality; therefore, an understanding of the hydrological

processes affecting water quality is critical to meeting increased water demand. In regional U.S.
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aquifer systems, approximately 80 percent of contaminants found at concentrations exceeding a
human-health benchmark are geogenic contaminants such as arsenic (As), uranium (U), radium
(Ra), and strontium (Sr).? Long-term ingestion of water elevated in Ra is linked to development of
bone cancer and other detrimental health effects>* and is therefore regulated in drinking water by
the U.S. Environmental Protection Agency (EPA) at a Maximum Contaminant Level (MCL) of
185 mBg/L (5 pCi/L) for the combined activity of >*’Ra and ?**Ra.> Radium exceeds the MCL in
U.S. aquifer systems such as the Cambrian-Ordovician aquifer system, the North Atlantic Coastal
Plain, and the Floridan aquifer system.® In some locations, Ra activity in groundwater is increasing
over time.” ® Consumption of elevated Sr concentrations is associated with tooth enamel mottling
and strontium rickets.” ' Although the U.S. does not regulate Sr in drinking water, the U.S. EPA
is evaluating Sr as a drinking water contaminant on the Contaminant Candidate List 3 with a
recommended non-cancer Health Reference Level (HRL) of 1.5 mg/L.!! In 2016 and 2020, the
U.S. EPA delayed a final decision on the regulation of Sr to continue gathering additional data.'?
13 In the U.S., public water supplies with Sr above the U.S. Geological Survey 4 mg/L health-based
screening level (HBSL)!* affect about 2.2 million people, the majority of which are supplied by
carbonate aquifers such as the Floridan aquifer system, Edwards-Trinity aquifer system, and the

Cambrian-Ordovician aquifer system. !>

The Midwestern Cambrian Ordovician aquifer system (MCOAS) is a source of drinking
water to millions of people in the North Central region of the U.S., but contains elevated levels of
both Ra and Sr that can pose regulatory challenges for water utilities.'® For example, Ra and Sr
occur at elevated levels in the MCOAS in Wisconsin, with maximum concentrations on the order
of 1665 mBq/L and 52 mg/L, respectively.” 7 18 Water utilities with wells that exceed the Ra MCL

must install treatment systems or switch to an alternative water source. For example, the municipal
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water supply for Fond du Lac, Wisconsin, required a $32.1M investment in groundwater treatment
to comply with the Ra MCL.!? Elevated levels of Ra and Sr are distributed similarly in the MCOAS
in Wisconsin, occurring along an arc-shaped band in the eastern part of the state.?’ It has been
recognized that high Ra concentrations often occur in contact zones between unconfined and
confined conditions, such as in the MCOAS or the Saq aquifer in Saudi Arabia.?% 2! Previous
studies examined Ra and Sr occurrence at this transitional setting in the Wisconsin MCOAS;**%
however, the mechanisms responsible for elevated levels at this boundary remain poorly
understood. An enhanced understanding of Ra and Sr occurrence and geochemistry with regard to

natural groundwater evolution may inform improvements in well design and well-field

management to reduce their concentrations in pumped groundwater.

Although the oxidation states of the alkaline earth metals Ra and Sr (i.e., +2) do not change
under typical groundwater conditions, their mobility in aquifers is indirectly affected by changes
in geochemical conditions. For example, Ra and Sr concentrations in the MCOAS are typically
correlated with factors associated with old (pre-1953) groundwater, such as high total dissolved
solids (TDS) content and reducing conditions.?® In carbonate aquifers, enhanced dissolution of
minerals, including Sr-bearing minerals (e.g., gypsum, dolomite, celestine), occurs as water-rock
interactions increase, releasing Sr to solution.!> Once released to groundwater, Ra and Sr sorb to
negatively charged clay minerals, and redox-sensitive iron (Fe) and manganese (Mn)
(hydr)oxides.?’*> However, elevated TDS due to enhanced mineral dissolution can result in
competitive sorption, where elevated concentrations of cations compete with Ra and Sr for
available sorption sites on aquifer solids, leaving more Ra and Sr in the aqueous phase.>*

Additionally, reducing aquifer conditions may either dissolve or limit the formation of Fe and Mn

(hydr)oxides, resulting in fewer sorption sites available for Ra and Sr.?® 3 Aquifer geochemical
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conditions can change due to anthropogenic activities; for example, the injection of oxygenated
water during managed aquifer recharge releases certain geogenic contaminants from solid phases
to groundwater.’” Geochemical conditions (e.g., redox and TDS) can also change naturally as
groundwater evolves along regional flow paths and hydrogeologic conditions, such as the presence

of confining units, vary.

The recharge history of the MCOAS provides insight into where changes in geochemical
conditions enhancing natural contaminant partitioning to groundwater will occur. For example,
groundwater further downgradient of primary recharge areas generally becomes more mineralized
and reduced compared to groundwater located near primary recharge areas. These geochemical
trends are often established due to confining conditions, where the aquifer is hydraulically
separated from overlying aquifers and longer flow paths and residence times allow for mineral
dissolution and reactions that consume dissolved oxygen to occur.?® 3 3% During the Pleistocene
glaciation, the Laurentide Ice Sheet provided pulses of glacial meltwater recharge to aquifers in
North America, including the MCOAS in Illinois, Minnesota, and Wisconsin.*> *! Furthermore,
the weight of the overlying ice sheet reversed the flow of groundwater, previously toward the
Michigan basin, and transported saline, sulfate-rich water away from the Michigan basin west into
the MCOAS in eastern Wisconsin and northeastern Illinois.*> > Confining units, such as the
Maquoketa Shale in the MCOAS, preserve Pleistocene meltwater by limiting the influx of modern

40, 44 groundwater

recharge. Due to the effects of temperature dependent isotope fractionation,
recharged during the Pleistocene and modern precipitation have distinct isotopic signatures (e.g.,

5'%0, 6%H) that can be used to examine contaminant occurrence (e.g., Ra, Sr) in relation to

groundwater residence time. Therefore, throughout this paper young groundwater is defined as <
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10,000 years old (after the Pleistocene glaciation), while old groundwater is defined as > 10,000

years old (during the Pleistocene glaciation).

The goal of this study is to identify important controls on Sr and Ra concentrations where
the MCOAS straddles regionally unconfined and confined conditions. We examine geogenic Ra
and Sr occurrence in relation to groundwater evolution at this boundary in the MCOAS of east-
central Wisconsin, where variability in hydrogeologic conditions (e. g., confinement) influences
aquifer recharge and results in stratified aquifer geochemistry. A targeted geochemical approach
enhances understanding of Ra and Sr occurrence with respect to recharge processes (e.g., '%0,
82H, 53*Sso4), water-rock interactions (e.g., [2*U/**8U] and ¥’Sr/%®Sr), and corresponding changes
in groundwater geochemistry (e.g., TDS, redox conditions). Hierarchical cluster analysis
objectively groups groundwater samples with respect to their chemical characteristics. This
approach identifies distinct regions of water quality, as well as important Ra and Sr mobilization

and sequestration mechanisms, as groundwater evolves at the boundary of a confined portion of

the MCOAS.
2.3 Hydrogeologic framework
2.3.1 Regional hydrogeology

The MCOAS is composed of Paleozoic sandstone, shale, and carbonate sequences
deposited in near and offshore marine environments.*> The sedimentary rocks of the MCOAS are
overlain by the glacial aquifer system, except within the Driftless Area of southeast Minnesota,
northeastern Iowa, southwestern Wisconsin, and northwestern Illinois. The MCOAS is bounded
below by Precambrian basement, a crystalline metamorphic and igneous rock complex. The

structural highs and lows of the Precambrian basement influence the structure of the MCOAS,
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with the MCOAS units dipping away from structural highs and towards structural basins.* In
Wisconsin, the MCOAS units dip and thicken from the Wisconsin Arch toward the south and east,
into the structural basins in southwestern lowa, central Illinois, and western Michigan. The
Ordovician Maquoketa Formation, referred to as the Maquoketa Shale, is a 122—183 m thick

calcareous, silty shale interstratified with thin beds of dolomite and limestone that forms a regional

confining unit in eastern Wisconsin (Figure 2.1).2% %
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Figure 2.1 a) Geologic map of Fond du Lac County, Wisconsin, and the location of sampled wells
completed in the Midwestern Cambrian-Ordovician aquifer system (MCOAS). Sample clusters 1 and 2 are
HCOj5-dominant groundwater, while Cluster 3 is comprised of SO4* and Cl'-dominant groundwater. b)
Conceptual geologic cross section from A-A' showing the general construction of wells from each sample
cluster and the relative groundwater flow direction. Geologic map is adapted from Batten (2018).%°
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2.3.2 Study site hydrogeology

Fond du Lac County, Wisconsin, encompasses the transition of the MCOAS from
regionally unconfined to regionally confined conditions, determined by the absence or presence of
the Maquoketa Shale (Figure 2.1). The well field in the city of Fond du Lac straddles the
Maquoketa Shale subcrop, and locally confined areas or groundwater stagnation zones created by
relief on the Precambrian basement surface may lead to geochemical conditions favorable for Ra

and Sr mobility.

In Fond du Lac County, the bedrock dips gently to the east and southeast and is composed
of undifferentiated Cambrian sandstones overlain by Ordovician and Silurian dolostones, shales,
and sandstones.*® The bedrock is buried by Quaternary glacial drift that ranges in thickness from
< 1.5 m to > 91 m and consists of poorly sorted till, as well as glacial meltwater lake and stream

t45

sediment composed of gravel, sand, silt, clay, and peat.*> The Precambrian basement is highly

uneven in Fond du Lac County and is commonly referred to as the “Fond du Lac Range.” ** A
prominent Precambrian-surface high in the west-central part of the county, with about 335 m of
relief, results in the absence or near absence of the Cambrian sandstones at that location (Figure
2.1).45:46-91n the eastern half of the county, the uppermost bedrock unit is undifferentiated Silurian
dolostone, a massive dolostone with abundant fractures and a thickness of ~24 m (Figure 2.1).%>
46 Throughout most of the western part of the county, the uppermost bedrock unit is the Ordovician
Sinnipee Group, a massive dolostone and the youngest unit of the MCOAS, ranging in thickness
from ~60 to 72 m.** The Maquoketa Shale varies in thickness from approximately 61 to 82 m in
eastern Fond du Lac County.* To the west, where the Maquoketa Shale is absent, the Sinnipee
Group dolostone confines the underlying formations where there is a sufficient layer of overlying,

fine-grained Quaternary drift, such as the glacial lake clays.*® 3
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A groundwater divide trends southwestward across the western part of the county, with
groundwater in the MCOAS west of the divide flowing toward the city of Ripon and groundwater
in the MCOAS east of the divide flowing toward the larger city of Fond du Lac, where pumping
for municipal and industrial use has resulted in a deep cone of depression (Figure 2.1).4¢ From the
city of Fond du Lac, groundwater in the MCOAS continues to flow east towards Lake Michigan.
Another groundwater divide is present east of the Niagara (Silurian) Escarpment, with
groundwater in the Silurian aquifer west of the divide flowing toward the city of Fond du Lac and

groundwater in the Silurian aquifer east of the divide flowing toward Lake Michigan (Figure 2.1).
2.4 Materials and methods
2.4.1 Sampling sites

Groundwater samples were collected from 23 public water system wells, an irrigation well,
and eight household wells open to the MCOAS (Figure 2.1). The wells were selected to achieve a
diverse spatial sampling with depth (see Table A-1 for well depth and construction) along a
northwest to southeast transect through Fond du Lac County, corresponding closely to the geologic
cross section characterized in Batten (2018)* (A-A’ in Figure 2.1). City of Fond du Lac municipal
wells with historically elevated Ra and Sr'® have long boreholes open to all or most of the MCOAS
(Figure 2.1b, Table A-1). Geologic logs indicate that only three of the 17 municipal wells in the
city of Fond du Lac pump water from the regionally confined portion of the MCOAS, while all
other wells are considered unconfined. Two additional wells sampled in this study are considered
unconfined based on lithologic descriptions from well construction reports, despite being located
in an area where the regional geologic map* indicates the Maquoketa Shale is present. This
discrepancy is attributed to the difference in scale between the geologic map and the site-scale

observations of drill cuttings.
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2.4.2 Groundwater characterization

Groundwater samples were collected in the summers of 2018 and 2019. Prior to sample
collection, taps were run until a stable pH and conductivity were reached. Samples from municipal
wells were collected near the wellhead prior to treatment or blending of water from other sources.
Samples from other public supply wells and household wells were collected from outside taps
when possible. If an outside tap was not available, samples were collected from the tap nearest to
the well in the basement, prior to any treatment (e.g., softening). The irrigation well sample was

collected from a pipe discharging to a pond on site.

Parameters including pH, specific conductance, dissolved oxygen (DO), and temperature
were measured in the field. Samples for alkalinity, cation, and anion analyses were filtered with a
0.45 um Nylon filter, and samples for cation analysis were acidified to pH < 2 with trace metal
grade nitric acid (HNOs3). Unfiltered samples were collected for Ra analysis to comply with
Standard Method 7500-Ra,>! and preserved with concentrated HNOs to pH < 2. All samples were

kept on ice in the field and stored at 4°C until analysis.

Alkalinity, cation, and anion analyses were performed at the University of Wisconsin-
Madison Core Facility for Advanced Water Analysis. Total alkalinity was determined by the Gran
titration method, using a Mettler Toledo G-20 compact titrator within 24 h of sample collection.
Trace metal and cation chemistry (Ca**, Mg?*, Na®, K*, Sr**, Ba**, Si, total Fe, total Mn) was
determined by inductively-coupled plasma optical emission spectrometry with an Agilent 5110
VDV system. Anions (chloride, sulfate, bromide) were measured by ion chromatography using a
Thermo Scientific Dionex ICS-2100 system with a Dionex IonPac AS-11 separation column and
IonPac AG-11 guard column. The concentration of bicarbonate (HCO3") was determined via

PHREEQC v. 3 from alkalinity and pH measurements, with < 5% ion balance error.>



29

Stable isotopes of water (*H/'H and '*0/!%0) were analyzed at the University of Wisconsin-
Madison Biotechnology Center Isotope Ratio Mass Spectrometry Laboratory with a Picarro
L2140-1 Cavity Ring-down Analyzer. The analyzer was calibrated with IAEA standards VSMOW-
IT and VSLAP-II. Additionally, two calibrated working standards (e.g., tap water and a spiked
standard) were analyzed with every batch of unknown water samples. Standard delta (6) notation
was used to report stable isotopes in per mille (%o) relative to the Vienna Standard Mean Ocean

Water (VSMOW), with a long-term precision of 0.1%o for 8°H and 0.03%. for §'*0.

Samples for strontium isotopes (¥’Sr/*Sr), uranium isotope activity ratios ([>**U/2*%UY)),
and sulfur isotopes of sulfate (**S/*%S of SO4*, referred to after as §>*Ssos) were purified by ion
exchange chromatography and measured using a Neptune Plus multi-collector inductively coupled
plasma mass spectrometer (MC-ICPMS) at the Wisconsin State Laboratory of Hygiene (WSLH).
Sample purification methods for ¥Sr/*’Sr and [***U/**®U] analyses are described in detail in
Mathews et al. (2022).>* The primary, secondary, and additional standards used for 37Sr/*Sr,
[2**U/?*8U], and §>*Sso4 analyses are summarized in Table A-2. Samples for [?**U/**3U] analysis
were analyzed on the MC-ICPMS by sample-standard bracketing using the NIST Natural Uranium
isotopic standard, with **U/?*%U = 18,919.5% %% 234U was measured with the single secondary
electron multiplier/retarding potential quadrupole (SEM/RPQ) detector on the MC-ICPMS, while
233U and 2*°U were measured using Faraday cups. Samples for ¥’St/%6Sr analysis were bracketed
between MC-ICPMS measurements of the NIST SRM 987 standard. The isotope ratios were
internally corrected for mass bias using *6Sr/%Sr = 0.1194,%° and the final 3’Sr/*Sr values were
normalized to the days average of SRM 987 with values reported relative to 8’Sr/2Sr = 0.71024.5
Samples for §°*Ssos4 were purified using the methodology of Craddock et al. (2008),°® and analyzed

and bracketed with a High Purity Standards Sulfur standard on the MC-ICPMS. The IAEA-S-1
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standard was also analyzed and used to report final §**Sso4 values relative to the Vienna Canyon
Diablo Troilite (VCDT), using the assigned value of -0.30.%° The CASS-6 seawater standard was
analyzed alongside samples, with measured 3’Sr/%Sr, [2*U/?*8U], and &°*Ssos isotopic values
consistent with values reported in the literature (Table A-3). The absolute standard errors (26)
associated with samples analyzed for 3’Sr/®Sr, [2**U/?*8U], and &°*Ssos values are presented in

Table A-1 and displayed as error bars on figures.

Radium isotopes (*?°Ra and ?*®Ra) were measured at Eaton Eurofins Analytical, Inc.,
following Standard Method 7500-Ra.>! One sample with Ra values (**®*Ra and ??°Ra + ?**Ra) below
the detection level was designated as less than the Minimum Detectable Activity (< MDA), defined
as the activity that can be counted with a precision of £100% certainty at the 95% confidence level.
Values < MDA were replaced with the MDA for statistical analyses and are displayed as the MDA

on figures. Measurements were reported with standard error estimates.
2.4.3 Additional data sources

In addition to the wells sampled for this study, we used datasets of Ra activities (***Ra,
228Ra, ??°Ra + ?2°Ra) in groundwater samples from seven municipal wells, available from the
Wisconsin Department of Natural Resources (2021).'® Average Ra measurements were computed
from results that spanned August 2008 to February 2019. These data were reported without a

standard error; therefore, sample standard deviations were computed where possible.
2.4.4 Data analysis and statistics

Water samples were classified into groups based on 18 measured geochemical parameters
using hierarchal cluster analysis (HCA), a multivariate statistical method with a robust and

objective approach to sampling classification.’-*> The data was prepared for HCA following the
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procedure established by Cloutier et al. (2008).°° The 18 parameters used in the analysis (DO,
HCOs', CI', SO4*, Br, Ca*", Mg?', Na*, K", Si, Fe, Mn, Ba?", §'%0, §’H, §**Sso4, [***U/**¥U], and
87S1/%6Sr) were the parameters remaining after excluding parameters that were additive (e. g.,
specific conductance), had many values below limits of detection (e. g., nitrate), or demonstrated
small regional geographic variation (e.g., pH). Measurements of Sr and Ra were also excluded as
parameters to be able to objectively evaluate their occurrence relative to the generated sample

clusters. Additional details on data treatment and methods for HCA are provided in A-1.

Nonparametric Spearman rank correlation coefficients with a 0.95 confidence level were
used to evaluate the associations between measured parameters. Correlations were performed in R
using the cor() function and visualized in a matrix using the corrplot() function.’> Measurements
below the limit of detection were replaced with the limit of detection, and variables with more than
25% of values below limits of detection were excluded to prevent effects associated with a high
percentage of data with the same value.®* Wilcoxon rank-sum nonparametric tests were computed
in R using the wilcox.test() function to evaluate the null hypothesis that mean-ranked values were

statistically similar among sample groups.%>-%’

Redox states associated with samples were assigned as either oxic, suboxic, anoxic, mixed,
or undetermined based on the concentration of indicator constituents of DO, dissolved Fe, and
dissolved Mn (Table 2.1).°® Similar to Stackelberg et al. (2018),%° an anoxic threshold of Fe > 50
pg/L rather than Fe > 100 pg/L was used to identify Fe-reducing conditions important for
evaluating Ra and Sr mobility. Saturation indices (SI) of relevant mineral phases were calculated

with PHREEQC v. 3°2 using the WATEQ4F database.”
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Table 2.1 Redox process designation. ¢

Redox Process DO (mg/L) Fe (mg/L) Mn (mg/L)
Anoxic? <0.5 >0.05 >0.05
Suboxic <0.5 <0.05 <0.05
Oxic >0.5 <0.05 <0.05
Mixed* >0.5 >0.05 >0.05

Undetermined  Missing indicator constituent measurement(s)
*To be designated as anoxic or mixed, the sample can have Fe > 0.05, Mn > 0.05, or both Fe and Mn > 0.05.

2.5 Results

2.5.1 Water types, redox conditions, and recharge processes

Hierarchical cluster analysis yields three clusters with distinct geochemistry (Figure 2.1;
Figure A-1; Figure 2.2, Table A-1). Cluster 1 is composed of ten samples that are primarily Mg>*
and HCOs-dominant, while Cluster 2 consists of nine samples with HCO3™ as the dominant anion
and either Mg?" or Ca®" as the dominant cation. Cluster 3 is comprised of 13 samples with Ca>" as
the dominant cation and for the majority of samples, SO4* or CI" as the dominant anion. Clusters
1 and 2 have similar specific conductance values, with medians of 681 =279 uS/cm and 671 & 152
uS/cm. Specific conductance is higher in Cluster 3 samples, with a median of 973 + 220 uS/cm.
Cluster 1 consists of both shallow (< 100 m) and deep (> 225 m) wells, while Cluster 2 consists of
shallow (< 150 m) wells only and Cluster 3 consists of deep (> 225 m) wells only (Figure A-2;

Table A-1).

Redox classification yields twelve oxic samples, six suboxic samples, eight anoxic
samples, seven mixed samples, and one ‘undetermined’ sample without a dissolved oxygen
measurement (Table A-1). There is no relationship between sample clusters and redox processes.
Cluster 1 includes five oxic samples, three suboxic samples, and two anoxic samples. Cluster 2

consists of three oxic samples, two suboxic samples, and four anoxic samples, while Cluster 3 has



33

four oxic samples, one suboxic sample, six mixed samples, one anoxic sample, and one

undetermined sample.

B Cluster 1 (C1)
Cluster 2 (C2)
@ Cluster 3 (C3)

% meqg/kg

Figure 2.2 Piper diagram showing the major chemical composition of sample clusters. Black arrows
indicate the general direction of groundwater evolution from younger, low-TDS water to older, high-TDS
water.

Groundwater samples from the study area have §'%0 and &*H values that plot near the
global meteoric water line (GMWL)"!' and the local meteoric water line (LMWL) for southeast
Wisconsin (Figure 2.3).”? The §'30 and 8°H values for samples range from -8.1 to -16.9%o and -
54.0 to -119.5%o, respectively (Figure 2.3, Table A-1). The §'%0 and &°H values for Clusters 1 and
2 plot closest to the range for modern precipitation in southeast Wisconsin,’* while the values for
Cluster 3 are within the range for Pleistocene meltwater.*’ The §**Ssos value for groundwater
samples ranges from -2.09 to +21.0%o (Figure A-3). Cluster 1 has the most variable §**Sso4 values,
ranging from -2.1 to +19.1%o. Cluster 2 5**Sso4 values range from -1.5 to +11.6%o, while Cluster

3 values range from +8.0 to +21.0%o.
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Figure 2.3 5°H vs. 3'%0 values for groundwater sample clusters. The solid black line is the Global Meteoric
Water Line (GMWL)! and the dashed black line is the Local Meteoric Water Line (LMWL) for southeast
Wisconsin.”? VSMOW = Vienna Standard Mean Ocean Water.

2.5.2 Strontium and uranium isotopes

The collected groundwater samples have *’Sr/*®Sr ratios ranging from 0.709248 to
0.711155 (Figure A-4; Table A-1). Cluster 1 has ¥’Sr/%6Sr ratios ranging from 0.710429 to
0.710952. Cluster 2 has the lowest ¥’Sr/%6Sr ratios, ranging from 0.709248 to 0.710880, while
Cluster 3 has the highest 8’Sr/*Sr ratios, ranging from 0.710459 to 0.711155. The plot of 1/Sr vs.
87Sr/%6Sr (Figure A-4) is approximately linear, indicating two-component mixing.** The first
component is characterized by high ®’Sr/®Sr and high Sr concentrations, and the second
component is characterized by low ®’Sr/**Sr and low Sr concentrations. The [**U/?%U] of
groundwater samples from the study area range from 1.9 to 18.0, with the most extreme U isotope
disequilibrium in Cluster 3 samples with a median of 11.2 + 3.2 (Figure 2.4b, Figure 2.4e, Table
A-1). Lower [?*U/?8U] are associated with Cluster 1 and 2 samples with higher §'*0 and §°H
values, while higher [*#U/?*8U] are associated with Cluster 3 samples with lower 5'*0 and §*H

values.
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2.5.3 Occurrence and distribution of Sr and Ra

Strontium and Ra concentrations range from 0.07 to 34.3 mg/L and 26.6 to 377 mBq/L in
groundwater samples, respectively (Figure 2.4, Table A-1). Concentrations of Sr and Ra are lowest
in Cluster 2 samples, with median concentrations of 0.4 = 1.0 mg/L (standard deviation) and 53 +
33 mBg/L, respectively. Median Sr and Ra concentrations for Cluster 1 are 3.2 + 2.7 mg/L and
137 £ 91 mBg/L, respectively. The highest concentrations of Sr and Ra are associated with the
groundwater samples of Cluster 3, with median concentrations of 10.4 + 7.5 mg/L and 211 + 79
mBg/L, respectively. Evaluation of Sr and Ra concentrations relative to redox processes reveals
the highest median Sr and Ra concentrations are associated with samples with a ‘mixed’ redox

process (Figure 2.5).

Strontium and Ra concentrations increase with well depth (Sr: p=0.76, p <0.001; Ra: p=
0.61, p <0.001), with the highest concentrations occurring in wells completed at depths > 225 m
(Figure A-2). Strontium and Ra concentrations are also negatively correlated with §'*0 values (Sr:
p =-0.76, p < 0.001; Ra: p = -0.72, p < 0.001) (Figure 2.4a and Figure 2.4d), and positively
correlated with §3*Sso4 (Sr: p=0.69, p <0.001; Ra: p=0.64, p <0.001), [>*U/?8U] (Sr: p=0.73,
p <0.001; Ra: p=10.60, p <0.001) (Figure 2.4b and Figure 2.4e), and specific conductance (Sr:
p=0.63,p<0.001; Ra: p=0.42, p <0.03) (Figure 2.4c and Figure 2.4f). Overall, Sr concentrations
are moderately correlated with Mn (p = 0.40, p < 0.03) and weakly correlated with Fe (p =0.30, p
= 0.1), while Ra concentrations are weakly correlated with both Mn (p = 0.13, p = 0.5) and Fe (p
=0.31, p=0.1) (Figure A-5, Figure A-6). Cluster 3 samples with elevated Sr and Ra have moderate
correlations between Sr and Mn concentrations (p = 0.49, p = 0.09), and between Ra and Fe

concentrations (p = 0.46, p =0.1).
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Saturation indices for gypsum (CaSO4:2H>0), dolomite (CaMg (CO3)>)), calcite (CaCOs3),
aragonite (CaCQO3), celestine (SrSQOs), strontianite (SrCO3) and barite (BaSOs) are also included to
evaluate potential sources and sinks for Sr and Ra (Table A-4). All samples are undersaturated
with respect to gypsum, with an overall median of -1.7 £ 0.3. Samples in Clusters 1 and 2 are
dominantly saturated or oversaturated with respect to dolomite, with only one sample in Cluster 1
and one sample in Cluster 2 considered undersaturated. In Cluster 3, nine of 13 samples are
considered undersaturated with respect to dolomite. With respect to calcite, samples are at
saturation or oversaturated, with the exception of two samples in Cluster 3. Samples are also at
saturation or oversaturated with respect to aragonite, with only five samples considered
undersaturated. All three sample clusters are dominantly undersaturated with respect to celestine,
with only one sample at saturation, and an overall median SI of -1.3 + 0.86. Similarly, most
samples are considered undersaturated with respect to strontianite, with only three of 32 samples
total at saturation and an overall median SI of -0.58 &+ 0.65. Samples are dominantly at saturation
or oversaturated with respect to barite, with seven of ten samples in Cluster 1, five of nine samples

in Cluster 2, and 11 out of 13 samples in Cluster 3 considered saturated or oversaturated.
2.6 Discussion
2.6.1 Occurrence of Ra and Sr

Radium and Sr concentrations increase as groundwater evolves along the cross section
from the younger, (Mg**, Ca*")-HCOs-dominant groundwater of Clusters 1 and 2 to the older,
Ca?*-(SO4%, CI))-dominant groundwater of Cluster 3 (Figure 2.2). This composition shift along
flow paths in the MCOAS has been documented in other studies,*® %% 7 and is attributed to sulfide
oxidation, SO4*-rich brines transported from the Michigan Basin during the Pleistocene, and the

increased dissolution of gypsum and Cl-bearing minerals as the aquifer becomes confined by the
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Magquoketa Shale (see A-2 for a detailed discussion on sources of SO4*" and CI'). The sources of
SO4* are identified with 3**Sso4 results, where low (~0 %o) values indicate sulfide oxidation where
the aquifer is unconfined and high values (~20 %o) indicate Silurian gypsum as a source of SO4*
where the aquifer is confined.** Silurian evaporites do not occur locally within the MCOAS of
eastern Wisconsin, but are present in the nearby Michigan Basin.*> ™ 7> Therefore, this §**Sso4
signature reflects the recharge of saline, SO4>-rich water to eastern Wisconsin from the Michigan

Basin during a Pleistocene glaciation flow-reversal event.*’

In the region of our study, the
composition shift occurs west of the Maquoketa Shale subcrop. This may be because the regional
flow system is recharged on the western edge of the glacial lake clays, or a possible groundwater
stagnation zone has developed at the base of the aquifer, on the flank of a substantial low in
Precambrian basement (Figure 2.1b). Local confinement and a possible groundwater stagnation
zone result in estimated groundwater residence times > 100,000 years® in the city of Fond du Lac.
These conditions permit enhanced mineral dissolution and reactions that consume DO. In regions
where the aquifer is unconfined, sulfide oxidation generates an additional source of SO4*. The
wide range of redox processes associated with samples is likely a reflection of the varying

thickness and composition of overlying glacial drift, which influences the confining conditions in

this region.
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Figure 2.4 Strontium (Sr) concentration a) §'%0, b) [?**U/?*8U], ¢) specific conductance, and combined Ra
(**%Ra + ?®Ra) activity vs d) 8'0, e) [3*U/?¥U], and f) specific conductance. Sample clusters are
distinguished by shape and color. Here, HRL is the U.S. EPA non-cancer health reference level for Sr, MCL
is the U.S. EPA maximum contaminant level for Ra, p is the Spearman rank correlation coefficient, and p
is the significance level. The strong negative correlations with the §'0 value indicate Sr and Ra levels are
higher in Pleistocene meltwater located downgradient along a regional flow path. Here, groundwater
residence time is longer and water-rock interactions increase, as indicated by the higher [**U/?®U],

resulting in geochemical conditions that enhance Sr and Ra mobility (e.g., elevated TDS).
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Figure 2.5 Boxplot of a) strontium (Sr) concentration and b) combined radium (**Ra + ?*®Ra) activity vs.
redox process. The numbers below the boxes represent the number of samples associated with each redox
process. The dashed line in (a) is the U.S. EPA health reference level of 1.5 mg/L for Sr and in (b) is the
U.S. EPA maximum contaminant level of 185 mBg/L for Ra. Statistics displayed include (from bottom of
plot): smallest value < 25th percentile, 25th percentile, 50th percentile (median), 75th percentile, and largest
value > 25th percentile. Outliers are >1.5 times the interquartile range beyond either end of the box.

Sample clusters are derived based on similar geochemical characteristics. Cluster 2
samples have geochemical characteristics consistent with young (< 10,000 years) groundwater,
and have the lowest Sr and Ra concentrations. These wells are shallow (< 150 m) wells with
boreholes or screened intervals open to Ordovician stratigraphy, with the exception of one well
(#15) open to Cambrian stratigraphy only. Cluster 2 wells include all wells sampled west of the
city of Fond du Lac and three shallow (< 65 m) wells located in the city of Fond du Lac (Figure
2.1, Table A-1). The stable water isotope values for Cluster 2 samples plot close to the range for
modern precipitation in southeast Wisconsin, suggesting this groundwater has received more
recent recharge (Figure 2.3). Low 8°*Ssos values suggest wells in Cluster 2 are unconfined, with
the exception of the three Fond du Lac wells (#17-19) with §**Sso4 values around +10 %o indicating
possible mixing of groundwater from the unconfined and confined systems (Figure A-3). While
Cluster 2 samples have the lowest median Ra and Sr concentrations, two of the three wells in

Cluster 2 located in the city of Fond du Lac (#17 and #19) exceed the St HRL of 1.5 mg/L. These
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results indicate that young, HCOs - dominated groundwater upgradient generally does not exceed
the Sr HRL or Ra MCL, but can contain Sr concentrations above the HRL downgradient in the

city of Fond du Lac (Figure 2.4a, Figure 2.4d).

Ra and Sr concentrations increase in Cluster 1 samples, which consists of a mix of five
shallow (< 90 m) wells open to Ordovician stratigraphy and five deep (> 225 m) wells open to
Cambrian and Ordovician stratigraphy, all located downgradient in the city of Fond du Lac (Figure
2.1). Stable water isotopes indicate that similar to Cluster 2 samples, Cluster 1 samples receive
young (< 10,000 years) groundwater (Figure 2.4a, Figure 2.4d). Samples in Cluster 1 have low (~0
%o) 8>*Ssos values consistent with SO4* sourced from sulfide oxidation where the aquifer is
unconfined, with the exception of three samples (#1, #9, and #10) (Figure A-3). Sample #1 and #9
have §**Sso4 values consistent with mixing of both sources of SO4>", while sample #10 is near +20
%o, consistent with SO4> sourced from marine gypsum where the aquifer is confined. Three of the
seven wells with available Ra data in Cluster 1 exceed the MCL, while all but one sample exceeds
the Sr HRL, revealing that young groundwater located downgradient can contain elevated Ra and

Sr concentrations above EPA guidelines (Figure 2.4a, Figure 2.4d).

Cluster 3 samples have the highest median Ra and Sr concentrations, and have chemical
characteristics consistent with old (> 10,000 years) groundwater. These samples are collected from
deep (> 235 m) wells located downgradient in the city of Fond du Lac with boreholes open to
Cambrian and Ordovician stratigraphy, with the exception of one well open to Cambrian
stratigraphy only. Cluster 3 samples have stable water isotope values within the range for
Pleistocene meltwater, indicating these samples are associated with the oldest groundwater at the
study site (Figure 2.3). Additionally, the §**Ssos values are near the +20 %o indicative of Silurian

gypsum, suggesting that these samples were collected within a region where the aquifer system is
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confined (Figure A-3). All six wells assigned with a ‘mixed’ redox process are in Cluster 3,
presumably indicating the mixing of younger, oxic water from shallow MCOAS units and older,
anoxic water from deeper MCOAS units over long open boreholes. The low stable water isotope
values associated with Cluster 3 samples suggest that these wells are receiving more of the deep,
older water from Cambrian sandstones, which are considered the most transmissive units of the
MCOAS. This is further supported by the radiogenic 3’St/*¢Sr values associated with Cluster 3
samples, since Cambrian stratigraphy is more radiogenic than Ordovician stratigraphy (Hunt et al.,
1998) (Figure A-4). Nine out of 13 wells in Cluster 3 exceed the Ra MCL, while all wells in Cluster
3 exceed the Sr HRL, indicating that old, SO4 and Cl-dominated groundwater located

downgradient often contains elevated Ra and Sr concentrations (Figure 2.4a, Figure 2.4d).
2.6.2 Ra and Sr sources and mobilization mechanisms

Radium and Sr are geogenic contaminants sourced from aquifer bedrock within the
MCOAS. Radium is produced from the decay of parent nuclides (e.g., 2**U, 2*2Th) present within
mineral grains (e.g., feldspar), sorbed on mineral surfaces (e.g., Fe (hydr)oxides, clays), and in the
aqueous phase. Observed Ra activity in groundwater reflects the net balance between Ra
mobilization from aquifer solids (e.g., desorption, recoil) and retention (adsorption, mineral co-

precipitation).”®

Radium typically remains close to the site of parent nuclide decay in the MCOAS;
therefore, Ra mobilization to groundwater is strongly dependent on Ra association with reactive
solid phases within each stratigraphic unit, and local geochemical conditions.”” In the MCOAS, Sr
is derived from Sr-bearing minerals in carbonates such as celestine (SrSO4) and strontianite
(SrCO3) present in Mississippi Valley Type deposits formed from a Paleozoic hydrothermal event,

which brought brines from the Michigan Basin to the eastern Wisconsin.”® 7 Throughout the study

region, mineral SI results demonstrate the aquifer is undersaturated with respect to both celestine
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and strontianite. These Sr-bearing minerals could have also been emplaced by the dissolution,
transport, and re-precipitation of sulfate-rich evaporites from the Michigan Basin during the
Pleistocene glaciation.?® This emplacement is supported by 8**Ssos results, where §**Ssos values
between +16.4 and +21.0%o correspond with high Sr concentrations (>10 mg/L) indicating Sr
association with marine sulfate from the Michigan Basin. Additionally, Sr is strongly correlated
with CI (p =0.74, p < 0.001) and Br (p = 0.93, p < 0.001), also of marine origin. Strontium can
also substitute for Ca>" in dolomite, calcite, and gypsum, and for potassium (K*) in authigenic K-
feldspars, and sorbs to negatively-charged mineral surfaces (e.g., Fe (hydr)oxides, clays). In the
MCOAS, Ra and Sr concentrations are positively correlated with concentrations of constituents
indicative of mineralization and reducing conditions,?® suggesting that water-rock interactions and

local geochemical conditions are important for their occurrence in groundwater.

The [>**U/**8U] increase from Clusters 2 and 1 to Cluster 3 indicates enhanced water-rock
interactions as groundwater evolves, and is associated with higher Ra and Sr concentrations
(Figure 2.4b, Figure 2.4e). The [>**U/**%U] of water from natural systems is generally >1, with
alpha (o) recoil of 2*®U and preferential dissolution of 2**U being the dominant mechanism
responsible for the disequilibrium between 2**U and 23U in solution.** ¥ Samples have extreme
U isotope disequilibrium, with [?*U/?*8U] as high as 18. Extreme U disequilibrium has been
documented in other regions of the MCOAS,?! and has been attributed to a slow and stable U roll-
front system®? (see A-3 for further discussion on extreme U isotope disequilibrium). As alpha
recoil efficiency and the degree of water-rock interactions increase, geochemical conditions

become favorable for Sr and Ra mobility.

Strontium and Ra can be mobilized from solid phases to groundwater as groundwater age

increases and geochemical reactions progress, and are therefore often correlated with elevated TDS
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from enhanced mineral dissolution, or reducing conditions. Here, Sr and Ra are moderately
correlated with specific conductance (Sr: p =0.63, p <0.001; Ra: p=0.42, p <0.03) (Figure 2.4c
and Figure 2.4f) and cations including Na* (Sr: p = 0.63, p < 0.001; Ra: p = 0.46, p < 0.02) and
Ca?" (Sr: p = 0.49, p < 0.006; Ra: p = 0.42, p < 0.03) suggesting that there is increased mineral
dissolution (e.g., dolomite, gypsum, and other Sr-bearing minerals) and competition for sorption
sites on aquifer solids as TDS levels rise in deep (> 225 m) wells located downgradient along the
regional west to east flow path. Additionally, Ra and Sr are strongly correlated (p = 0.74, p <
0.001), but likely do not compete with each other for sorption sites due to their low concentrations
in comparison to other cations such as Ca** and Mg?*. Strontium and Ra concentrations are highest
in samples associated with a mixed redox process, where young (< 10,000 years), oxic water mixes
with old (> 10,000 years), anoxic water (Figure 2.5). These wells receive more of the old, anoxic
water with high Ra and Sr concentrations, and high dissolved Fe and Mn concentrations consistent
with the absence or dissolution of Fe and Mn (hydr)oxides. In Cluster 3 samples, Sr is more
strongly correlated with Mn (p = 0.49, p = 0.09) than with Fe (p =0.19, p = 0.59, while Ra is more
strongly correlated with Fe (p = 0.46, p = 0.1) than with Mn (p = 0.17, p = 0.59) (Figure A-5,
Figure A-6). This suggests Sr favors association with Mn (hydr)oxides, while Ra favors association
with Fe (hydr)oxides in this system. Radium association with reducible phases such as Fe and Mn
(hydr)oxides has been confirmed at other locations in the MCOAS,”” but future work should

further examine Sr association with metal (hydr)oxides in the MCOAS.

Additional potential sources of Sr in the aquifer include dedolomitization (i.e., dissolution
of dolomite and precipitation of calcite) and weathering of authigenic K-feldspar cements. When
dolomite is calcitized, it is no longer able to incorporate Sr at concentrations as high as pure

dolomite can, leaving more Sr in the dissolved phase.®* Cluster 3 samples demonstrate three trends
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suggesting possible dedolomitization??: Samples are 1) undersaturated with respect to gypsum,
with a median SI of -1.4 &+ 0.3, 2) at saturation with respect to calcite, with a median SI of 0.01 +
0.2, and 3) undersaturated with respect to dolomite, with a median SI of -0.28 & 0.3. This indicates
dedolomitization may contribute to Sr mobility in these samples. Strontium concentrations are
strongly correlated with K™ (p = 0.92, p < 0.001). K-feldspars are documented in dolomites in
eastern Wisconsin;® thus, weathering of authigenic K-feldspars cannot be ruled out as a potential
mobilization mechanism for Sr. Radium and Sr concentrations rise as geochemical conditions
evolve from Cluster 2 and 1 to Cluster 3. Dissolution of Sr-bearing phases (e.g., gypsum, celestine,
strontianite) is the dominant source of Sr for all three sample clusters, and progresses with
enhanced water-rock interaction downgradient. Increased levels of TDS and the dissolution or
absence of Fe and Mn (hydr)oxides result in decreased Sr and Ra sorption efficiency. Strontium
and Ra correlations with Mn and Fe for Cluster 3 samples suggest the dissolution of Mn
(hydr)oxides is important for Sr mobility, while the dissolution of Fe (hydr)oxides is important for
Ra mobility. In addition to geochemical conditions, the distribution of contaminant sources in
aquifer solids is an important consideration for their occurrence in groundwater.>® Elevated Ra
concentrations at the contact between unconfined and confined conditions in the Saq sandstone
aquifer of Saudi Arabia were attributed to potential uneven distribution of parent isotopes (e.g., U
and Th) in overlying paleoplacer deposits.?! Concentrations of Ra and Sr in solid samples were
not examined in this study due to a lack of existing deep cores in the study region; therefore, we
acknowledge that a heterogeneous distribution of U, Th, Ra, and Sr in the aquifer solids of our

study region could further contribute to differences in the observed Ra and Sr levels.
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2.6.3 Ra and Sr sequestration mechanisms

Sequestration mechanisms such as sorption, cation exchange, and mineral co-precipitation
can control concentrations of geogenic contaminants in groundwater. Radium and Sr readily sorb
to clays and Fe and Mn (hydr)oxide minerals; however, changes in geochemical conditions such
as increased TDS or reducing conditions decrease Ra and Sr sorption efficiency to these surfaces.
Cation exchange can sequester divalent cations such as Ra and Sr when they are removed from
solution to solid phase surfaces (e.g., clay mineral surfaces) in exchange for another divalent cation
(e.g., Ca®") or two monovalent cations (e.g., Na*), which are then released to the aqueous phase.*
85 As cation exchange progresses, the molar ratio of Na' to divalent cations in solution increases;
therefore, in regions where cation exchange is dominant the Na™: Ca**+Mg?" molar ratio is

typically greater than 15.%

Molar ratios of Na*: Ca**+Mg?" and Na*:CI" were used as indicators of cation exchange at
the study site. Results for Na*: Ca**+Mg*" range from 0.02 to 0.30 with a median of 0.15 + 0.08,
with no samples having a Na*: Ca**+Mg?" ratio >15 (Table A-1). This ratio is lower than the
median Na":Ca**+Mg*" of 0.44 reported for the entire MCOAS.%° Na":Cl at the study site ranges
from 0.12 to 1.52 with a median of 0.20 + 0.28, which is also lower than the Na":CI reported by
Stackelberg et al. (2018)% for oxic and mixed/anoxic samples in the MCOAS, with medians of 0.8
and 3.5, respectfully (Table A-1). These differences may reflect the absence of the Maquoketa
Shale in most of our study region, whereas the Stackelberg et al. (2018)® study included samples
from the regionally confined MCOAS where the clay-rich Maquoketa Shale provides more
opportunity for cation exchange. Our results are in agreement with Stackelberg et al. (2018),%

indicating that cation exchange with Na* is not an effective sequestration mechanism for Ra and
g g q

Sr due to the low clay content within the MCOAS.
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Radium activities and Sr concentrations can also be controlled by co-precipitation with

23, 28, 87, 88 ) 28, 89,

sulfate minerals such as barite, and carbonate minerals such as aragonite (CaCOs
%0 Calculated SI for barite indicate that barite co-precipitation may play a role in controlling Ra
activities and Sr concentrations, with 23 out of 32 samples either at saturation or oversaturated
with respect to barite. Barite SI is variable for Cluster 2 samples, and becomes more consistently
saturated in Cluster 1 and 3 samples, which are all located in the city of Fond du Lac, downgradient
of the regional west to east flow path. The median molar *’Ra:Ba ratio of samples is 4.14 (£2.8)
x 10®, within the range reported in similar studies (Table A-1).2* % 2°Ra:Ba and Sr:Ba ratios
increase as groundwater evolves from Clusters 2 and 1 to Cluster 3, indicating that while barite
co-precipitation may play a role in sequestering Ra and Sr, it is insufficient at curbing elevated
levels of Ra and Sr. Radium and Sr may also be partially sequestered by dolomite and
calcite/aragonite co-precipitation, particularly in Cluster 1 and 2 samples which are at saturation
with respect to dolomite, aragonite, and calcite. However, the sequestration potential of Sr and Ra
in dolomite decreases in Cluster 3 samples, which are primarily undersaturated with respect to

91

dolomite. Furthermore, carbonate minerals dissolve more readily than barite,”" indicating that

carbonates are less likely to serve as an effective Sr and Ra sink.
2.7 Conclusions

The occurrence of Ra and Sr was examined with respect to natural groundwater evolution

3
at the boundary of a confined portion of the MCOAS. Groundwater evolves from young (< 10,000
years) HCO3-dominant groundwater of Clusters 2 and 1 to old (> 10,000 years) SO4> and CI*-
dominant groundwater of Cluster 3, likely as a result of local confinement and stagnation at the

base of the aquifer due to uneven Precambrian topography. As groundwater residence time

increases downgradient, [2*U/*8U] and water-rock interactions increase, resulting in multiple
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geochemical mechanisms that influence Sr and Ra mobility. The enhanced dissolution of gypsum,
dolomite, and other Sr- bearing minerals (e.g., celestine, strontianite) releases Sr to groundwater
and increases the concentration of divalent cations (e.g., Ca?*, Mg?") that compete with Ra and Sr
for sorption sites on aquifer solids, resulting in elevated aqueous Ra and Sr concentrations above
U.S. EPA guidelines. The highest median Sr and Ra levels occur in samples with a mixed redox
classification, where young, oxic water and old, anoxic water mix over long open boreholes.
Isotopic results suggest that these wells receive more of the old, anoxic water, where the
dissolution of Sr-bearing phases and the dissolution or absence of Mn or Fe (hydr)oxides has

released Sr and Ra to solution.

This study provides important insights on Ra and Sr occurrence with respect to
groundwater evolution at the boundary of a confined aquifer system, and employs an objective
approach to sample grouping to identify distinct regions of groundwater geochemistry in a
complex flow system. In aquifer systems which are stratified with respect to groundwater
geochemistry, public water systems must often consider the tradeoffs related to pumping shallow
or deep groundwater. For example, shallow groundwater from the Silurian dolomite aquifer in
eastern Wisconsin is easily accessible, but has elevated concentrations of anthropogenically-
sourced nitrate in many locations. An alternative source in eastern Wisconsin is the underlying,
very productive MCOAS; however, this requires that wells be drilled deeper, with groundwater
frequently exceeding the Ra MCL. Some water utilities may choose to drill multi-aquifer wells
that draw water from both shallow and deep groundwater, such as the municipal wells with long
open boreholes in the city of Fond du Lac. However, this uncontrolled blending of shallow and
deep groundwater across long open boreholes still results in elevated levels of Ra and Sr at the

study site, likely because the wells are receiving more water from the deeper, more transmissive
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Cambrian sandstones. This suggests that controlled blending of water from two different wells
(e.g., one shallow and one deep well) or advanced treatment options (e.g., reverse osmosis, pre-
formed hydrous manganese oxide filtration) may be more effective at reducing levels of Ra and
Sr in pumped groundwater. These results provide data on the distribution of Ra and Sr in public
and private drinking water supplies sourced from the MCOAS, and can be used by decision-makers
as they evaluate regulation of Sr in drinking water. Furthermore, the multi-isotope approach and
objective sample grouping method applied here can be used to examine the occurrence and
geochemistry of Sr, Ra, and other geogenic contaminants with respect to natural groundwater
evolution and recharge history in such aquifer systems with a wide range of geochemistry and

residence times.
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Chapter 3

Elevated radium activity in a hydrocarbon-contaminated aquifer
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3.1 Abstract

In hydrocarbon-contaminated aquifers, the introduction of organic matter modifies
geochemical conditions. Biogeochemical zones form proximal to the source zone that include iron
(Fe(IlT)) and manganese (Mn(IV)) (hydr)oxide reduction, with the potential to release associated
geogenic contaminants to groundwater. Here, multi-level monitoring systems are used to
investigate radium (**Ra, **Ra) activities in an aquifer contaminated with a mixture of chlorinated
solvents, ketones, and aromatics occurring as a dense non-aqueous phase liquid in the source zone.
226Ra activities are up to ten times higher than background 60 m downgradient of the source zone,
where pH is lower, total dissolved solids concentrations are higher, and conditions are more anoxic
(methanogenic) than background. Statistical correlations indicate Fe and Mn (hydr)oxide

reduction and sorption site competition likely play a role in the elevated Ra activities within the
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plume. ?°Ra activities return to near background within the Fe(IllI)-reducing zone 600 m
downgradient of the source and near the middle of the dissolved phase plume. Geochemical models
indicate sorption to secondary phases (e.g., clays) is an important Ra attenuation mechanism within
the plume. The elevated Ra activity due to geochemical conditions within the plume emphasizes

the importance of investigating Ra and other trace elements at hydrocarbon-contaminated sites.
3.2 Introduction

Thousands of oil, gas, and chemical spills occur annually in the U.S. that pose threats to
surface water and groundwater quality.! The release of reducing organic mixtures to the subsurface
modifies the redox environment of a pristine aquifer, affecting both the organic and inorganic
chemistry within the aquifer. Important processes include dissolution/precipitation of minerals,
complexation, ion exchange, sorption, and organic matter biodegradation.? Strongly reducing
conditions typically develop close to the source and the plume develops a redox gradient, or
biogeochemical zones, along and transverse to the dominant groundwater flow direction.’ The
introduced organic matter has a great capacity to donate electrons and is oxidized with
corresponding reduction reactions including that of oxygen to water, nitrite to elementary nitrogen
N», manganese (III/TV) to manganese(Il), iron(Ill) to iron(Il), sulfate to sulfide, and CO> to
methane.® Microbial communities play a key role in these redox reactions, including those related
to organic contaminant biodegradation and inorganic elemental cycling within the developed
biogeochemical zones.* * The resulting redox changes associated with organic contaminant spills
can result in metal (hydr)oxide reduction and subsequent release of naturally occurring
contaminants to groundwater, particularly those with a strong sorption affinity to Fe(Ill) and
Mn(IV) (hydr)oxides. For example, elevated concentrations of arsenic (As), cobalt (Co),

chromium (Cr), and nickel (Ni) have been observed in groundwater at crude-oil contaminated
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sites,®!? and elevated concentrations of As and Ni can occur in groundwater at sites contaminated
with chlorinated solvents.!> '* Radium (Ra) is another geogenic contaminant with a strong sorption
affinity for Fe(III) and Mn(IV) (hydr)oxides,!* !¢ but its occurrence in relation to redox zonation
and geochemical conditions in a hydrocarbon-contaminated aquifer has not yet been examined.
Recent studies have emphasized the critical need for a holistic view of hydrocarbon-contaminated
sites that considers both primary contamination and potential secondary water quality impacts,
including the persistence of hydrocarbon partial transformation products (e.g.,

)17-20 and the release of geogenic contaminants from aquifer sediments.® This

oxyhydrocarbons
holistic view can improve the assessment of the potential ecological and health effects associated
with hydrocarbon-contaminated sites.?! For example, the mobilization of Ra to aquatic systems

and drinking water sources located downgradient creates potential exposure risks to biota and

humans.*

Consumption of Ra over extended periods is linked to an elevated risk of bone cancer,?*2*

and is therefore regulated in drinking water by the U.S. Environmental Protection Agency (EPA)
at a maximum contaminant level (MCL) of 185 millibecquerel per liter (mBq/L), or 5 picocuries
per liter (pCi/L), for the combined total of ?*°Ra and ?**Ra. An alkaline earth metal, Ra primarily
exists as a divalent cation (Ra*") under environmentally relevant conditions.? Radium is produced
within the uranium-238 (**®U) and thorium-232 (**Th) decay series, with ?2°Ra produced along
the 28U decay chain and ?*®Ra produced directly from the alpha decay of 2*’Th. Therefore, the
distribution of parent nuclides 2**U and 23Th are important considerations for Ra occurrence in
groundwater. Ultimately, Ra activity (concentration) in groundwater is controlled by sorption to
Fe and Mn (hydr)oxide and clay minerals, and co-precipitation with sulfate and carbonate

minerals.?%%’
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Geochemical conditions that limit sorption, including elevated total dissolved solids
(TDS), low pH, and reducing conditions, can result in elevated Ra in groundwater.’® While these
settings occur naturally, anthropogenic activities can also alter aquifer geochemical conditions and
subsequently influence Ra occurrence in groundwater. For example, increased TDS due to road
salt application results in competition for sorption sites and the prevalence of mobile Ra-chloride
complexes, increasing Ra activities in groundwater over decadal timescales.’!® Seawater
intrusion can also increase aquifer TDS, subsequently mobilizing Ra.>* 3> The infiltration of brines
from oil production into groundwater can alter salinity, pH, and redox conditions, releasing Ra

from bedrock to groundwater.>% 3’

The spill of organic chemicals to the subsurface is another example of anthropogenic
influence on aquifer geochemical conditions that could potentially impact Ra occurrence in
groundwater. This study evaluates Ra (**°Ra + 2*®Ra) and parent nuclide (e.g., **U) occurrence in
a sandstone aquifer contaminated with a mixture of chlorinated solvents, ketones, and aromatics
occurring as a dense non-aqueous phase liquid (DNAPL) in the source zone. The objectives of this
study are to 1) compare Ra occurrence within the influence of contamination relative to a
background reference location, 2) identify geochemical conditions associated with elevated Ra
activity within the influence of contamination, and 2) evaluate potential Ra attenuation
mechanisms. A network of high-resolution multi-level monitoring systems is used to compare Ra
activities in groundwater at three locations: 1) directly downgradient, but not in the DNAPL source
zone, 2) near the middle of the dissolved phase hydrocarbon plume, and 3) background conditions
outside the influence of hydrocarbon contamination.*® Measured aqueous parameters used to
assess 22°Ra activities in relation to geochemical conditions induced by contaminant occurrence

and biodegradation include redox parameters (e.g., nitrate, sulfate, methane, Fe, Mn), total
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dissolved solids (TDS), and pH. Geochemical modeling is applied to evaluate Ra sequestration
mechanisms (e.g., co-precipitation, sorption). Overall, this study assesses the potential for
geogenic Ra release in hydrocarbon-contaminated aquifers and highlights the importance of

characterizing trace elements at hydrocarbon-contaminated sites.
3.3 Materials and methods

Groundwater samples were collected near Cottage Grove, Wisconsin, USA, using Westbay
MP® multi-level systems (MLS) installed in cored holes between 2008 and 2014 to characterize

40, 41

groundwater flow*® and contaminant distribution 42,43

within a 2.8 km long mixed organic
contaminant plume migrating through the Tunnel City Group fractured sandstone. The source of
the dissolved phase plume is a mixture of chlorinated solvents, ketones, and aromatics occurring
as a DNAPL in the source zone (Figure 3.1). The contaminants were released from a chemical
recycling facility between 1950 and 1970 and migrated into the subsurface as a DNAPL,
accumulating primarily in the upper hydrologic units within the Tunnel City Group from 45-56 m
below ground surface.* Groundwater samples collected from 4 of 46 ports in the MP-16 MLS by
Mathews, et al.*® were used to characterize background aquifer conditions and ??°Ra activities
outside the area impacted by the dissolved phase plume. As part of this study, groundwater samples
were collected from 4 of the 13 monitoring intervals in the MP-24S MLS and 3 of the 16
monitoring intervals in the MP-19S MLS, located 60 and 600 m downgradient of the DNAPL
source zone, respectively, within the dissolved phase plume. Selected intervals have variable
organic contaminant composition and concentrations; the lateral and vertical distribution of the
dissolved phase plume at each location is conveyed using total volatile organic compound (TVOC)

concentrations. All but one of the monitoring intervals were completed in the upper Tunnel City

Group. Field parameters included total dissolved solids (TDS), pH, and oxidation-reduction
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potential (ORP). Constituents measured in the laboratory included major ions, trace elements, total
alkalinity, and isotopes (>*¥U, 2**Th, #*°Ra, **Ra, ¥’Sr/*Sr, [2**U/**8U]). The predominant redox
process was determined using dissolved sulfate, nitrate, Fe, and Mn concentrations and assuming
negative ORP values correspond to [O2] < 0.5 ppm and positive ORP values correspond to [O2] >

0.5 ppm.*®* Groundwater sampling and analytical methods are described in B-1.

The Tunnel City Group was targeted for sampling in this study because the high-
concentration organic contaminant plume is co-located with a stratigraphic unit where the majority
(> 94%) of extractable or “geochemically-mobile” ?°Ra is associated with reducible phases, such
as Fe and Mn (hydr)oxides.*> The upper Tunnel City Group is a very fine- to medium-grained
glauconitic and feldspathic sandstone within the Midwestern Cambrian-Ordovician aquifer system
(MCOAS), an important regional aquifer composed of sandstones, dolostones, siltstones, and
shales draped by Quaternary glacial sediments (study site stratigraphy in Figure B-1). The study
site is located where the Maquoketa Formation is absent (Figure 3.1). The Maquoketa Formation
is an upper Ordovician shale unit with low hydraulic conductivity that, where present, overlies the
MCOAS and generally results in anoxic, high-TDS water recharged thousands of years ago in the
underlying units. One sample was also collected from a port within the Readstown Member of the
St. Peter Formation at MP-24S, where previous sampling indicated high (> 200 ppm)
concentrations of dissolved Fe.*® The Readstown Member is composed of a sandstone and a
conglomerate with fragments of shale, chert, sandstone, and dolostone, or any combination of these
lithologies in a matrix of fine to coarse sand or clay.*’ Elemental analysis of samples from cores
Hydrite Cottage Grove MP-16 (WID: 13001214) and Hydrite Cottage Grove MP-24S (WID:
13006132) was performed by Wisconsin Geological and Natural History Survey (WGNHS)

personnel using a hand-held X-ray fluorescence (XRF) analyzer.*3
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Figure 3.1 Site map showing the Tunnel City Group DNAPL source zone, dissolved phase plume extent,
pump and treat wells, and the multi-level systems (MLS) sampled for groundwater in this study. The inset
map in the top left shows the study site location within the Midwestern Cambrian-Ordovician aquifer
system (MCOAS), with the dark gray area denoting regional confinement of the MCOAS by the Maquoketa
Formation. MLS MP-16 is used to represent background aquifer conditions and was sampled by Mathews,
et al.3® TVOC = Total volatile organic compounds.

Wilcoxon-Mann-Whitney rank-sum tests were used to evaluate whether the median
constituent concentration of samples collected at a well was significantly greater or less than the

median constituent concentration of samples collected at the background well, while Spearman
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rank correlation tests were used to evaluate correlations between two continuous variables.*’ Both

statistical tests were performed using the R ‘stats’ package.>”

Geochemical modeling was performed using PHREEQC 3.7.0 to determine mineral
saturation indices and evaluate potential Ra sinks. The “phreeqc.dat” thermodynamic database was
used and supplemented with additional phases from the “wateq4f.dat” database,’! and Ra species
and phases from the “sit.dat” database.’?> The two Ra solid phases relevant to this study, RaSOx4
and RaCOs, use thermodynamic equilibrium constants from Langmuir and Riese.?> The first model
version considered Ra co-precipitation with the binary non-ideal solid solutions (Ba,Ra)SO4 and
(Ca,Ra)CO;. Guggenheim parameters for non-ideal solid solutions were estimated based on Sr
behavior in Glynn.> A separate model evaluated Ra sorption to hydrous Fe (hydr)oxide ((Fe(OH)s,
referred to as HFO), and hydrous Mn (hydr)oxide (MnOa, referred to as HMO). Sorption of Ra on
HFO considered the monoprotic, diffuse double layer (MDDL) model of Dzombak and Morel,>*

1.26

with surface binding coefficients for Ra reported by Sajih, et al.”> The binding coefficient for Ra

on HMO was obtained from Van Sice, et al.,>”

which estimated the coefficient using the first
hydrolysis constant and linear free energy relation reported by Pourret and Davranche® and based
on the data of Tonkin, et al.’” A final model version assessed the potential of Ra sorption to illite,
used as a proxy for clay minerals in the glauconite-rich, feldspathic Tunnel City Group. Sorption
of Ra to Na-illite was evaluated using the two-site protolysis nonelectrostatic surface complexation
and cation exchange model of Bradbury and Baeyens,’® using Sr surface binding coefficients for
Ra. Sorption to carbonate phases was not considered but may sequester Ra in systems actively

precipitating carbonates.’® Additional details and example PHREEQC codes used for simulations

are included in Appendix B.
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3.4 Results and discussion
3.4.1 Elevated radium activities

Radium activities are higher within the dissolved phase hydrocarbon plume, where
geochemical conditions include lower pH, lower ORP, and higher TDS compared to background
(Figures 3.2-3.4, Table B-1, with additional measured parameters and major ions presented in
Table B-2). 22Ra activities 60 m downgradient of the source zone at MP-24S range from 3.2 + 0.2
to 42 + 2 mBg/L, with geochemical conditions resulting in ??°Ra activities up to ten times higher
than average background activities ranging from 0.7 + 0.02 to 8.0 + 0.2 mBq/L (Figure 3.5, Table
B-3). 22°Ra activities decrease to near background levels 600 m downgradient of the source zone
at MP-198, ranging from 3.3 £ 0.3 to 6.5 £ 0.8 mBq/L. Barium (Ba) and strontium (Sr) are alkaline
earth metals similar to Ra, and demonstrate similar trends with elevated concentrations near the
source zone at MP-24S (Table B-3, Figures B-2 to B-4). 2*Ra activities at MP-24S and MP-19S
are strongly correlated with total Fe and Mn concentrations (Rs = 0.86, p = 0.02 and Ry = 0.75, p
= 0.07, respectively), suggesting °Ra release from the reductive dissolution of Fe and Mn
(hydr)oxides (Figure 3.6a, Figure B-5). Redox conditions at MP-24S are predominantly
methanogenic, except for Port 2, which is considered Fe(III) to SO4>"-reducing (Figure 3.3, Table
B-1). Methanogenic conditions indicate that the majority of available Fe(IlI) and Mn(III/IV) was
reduced in the past, when Fe and Mn were the dominant terminal electron acceptors in that region.
In contrast, conditions are predominantly Fe(IIl)-reducing at MP-19S where Mn(III/IV) has been
reduced in the past and Fe(Ill) is actively being reduced (Figure 3.4, Table B-1). Elevated >*Ra
activities also correspond with elevated DOC (Rs = 0.93, p < 0.01) and TDS (Rs=10.82, p =0.03)
concentrations, likely resulting from organic contaminant concentrations (Figure 3.6b, Figure B-

6). Elevated TDS concentrations can impact Ra sorption efficiency in aquifer systems; for
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example, Ra activities increase linearly with TDS concentrations in the Atlantic Coastal Plain
aquifer when TDS concentrations are > 3,000-10,000 ppm.** However, TDS concentrations are
relatively low (500-2,300 ppm) within the plume (Figures 3.3-3.4, Table B-1). Additional water-
rock interactions, such as the reduction of Fe and Mn (hydr)oxides, likely have a more pronounced

impact on the observed Ra activities in groundwater than salinity alone.

Trends in Ra activities also vary with depth, generally decreasing with depth at MP-24S
and increasing with depth at MP-19S likely as a result of shifting geochemical conditions within
the dissolved phase plume (Figures 3.3-3.4). Overall, the highest Ra (total Ra, 2?Ra) activity is
observed in the Readstown Member sample collected from MP-24S Port 4. This sample has
different mineralogy than the Tunnel City Group (and presumably different solid phase Ra
activity) but also has the highest dissolved Fe concentration and TDS concentration among all
samples, which suggests dissolution of Fe (hydr)oxides and cation competition for sorption sites
are important factors resulting in the elevated Ra activities at this port. Conditions become more
oxic with depth at MP-24S ports within the Tunnel City Group, with decreases in dissolved Fe and
Mn concentrations and an increase in ORP leading to lower Ra activities with depth. At MP-19S
conditions become more anoxic (i.e., higher dissolved Fe and Mn concentrations and lower ORP)
and demonstrate higher TDS concentrations with depth that correspond with an overall increase in
Ra activity with depth. Overall, these trends suggest that both reductive dissolution of Fe and Mn
(hydr)oxides and sorption site competition between Ra and elevated concentrations of other

cations play a role in the observed trends in Ra activity with depth.

Aqueous strontium isotope ratios (¥’Sr/*°Sr) demonstrate the influence of carbonate (e.g.,
aragonite, dolomite) mineral dissolution on aquifer chemistry (Figure B-7). Aqueous %’Sr/*®Sr is

dependent on Sr inputs from weatherable Sr-bearing solid phases present in aquifer systems, and
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is not fractionated by chemical or mechanical processes.*%? 8’Sr is produced from the decay of
87Rb (ti2 = 49 Ga); therefore, minerals with higher Rb/Sr ratios (e.g., silicates) will have more
radiogenic (higher) 87Sr/%°Sr.>* 87Sr/%Sr results are in agreement with background measurements
at MP-16°% and other locations within the MCOAS®%° (Table B-3) and are positively correlated
with the St/Ca ratio (Rs =0.79, p = 0.05; Figure B-7a), indicating carbonate mineral influence on
87S1/36Sr.%¢ Within the hydrocarbon plume, aqueous 2?°Ra activities are negatively correlated with
aqueous 3’Sr/*Sr (Rs = -0.68, p = 0.1), indicating aqueous 2?’Ra activity is higher where the
prevalence of low Rb/Sr minerals (e.g., carbonates) dominates aqueous 8’Sr/*Sr (Figure B-7b).
While it is possible that some 2*’Ra is released from carbonate mineral dissolution, *Ra/**Ra
ratios > 1 indicate silicates, rather than carbonates, are the main source of Ra in the aquifer
system.®” Furthermore, sequential extractions performed on Tunnel City Group core indicate
extractable 2*Ra activities are over 15 times more abundant in the reducible fraction than in the
acido-soluble fraction (e.g., sorbed metals, carbonate minerals).*> Therefore, °Ra association
with Fe and Mn (hydr)oxides is likely to be a more dominant control on aqueous **°Ra activities

than association with carbonate phases in the Tunnel City Group.

The aqueous concentration of 23U, the parent isotope of 2*Ra, decreases to near or below
limits of detection within the dissolved phase plume at MP-24S and MP-19S, likely due to the
direct impact of redox conditions on U speciation (Figure B-8). At MP-16, elevated **%U
concentrations are associated with increased alkalinity, likely because U(VI) forms soluble and
mobile uranyl carbonate complexes.*® %% In contrast, the more reducing conditions within the
contaminant plume make the less soluble U(IV) more thermodynamically favorable, resulting in
lower aqueous 2*U concentrations. Median [***U/**%U] values of 3.5 + 0.2 and 2.1 + 0.8 at MP-

19S and MP-248S, respectively, are significantly lower compared to the background value of 6.7 =
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2.6 at MP-16 (p =0.03 and 0.01, respectively) (Figure B-8). Disequilibrium of aqueous [>**U/**%U]
is dependent on factors such as alpha recoil, the size of the U-bearing mineral grain, the distribution
of parent 2*®U near rock-water interfaces, as well as duration and intensity of water-rock
interactions.”® 7! A mass balance calculation using measured aqueous >**U concentrations and
[23*U/%38U] estimates the total U concentration that would have to be released from rock to water
(assuming [?*U/?8U] in the rock is in secular equilibrium, i.e., equivalent parent/daughter
activities) to account for the lower [2**U/?*®U] values within the plume compared to background
conditions at MP-16, and the corresponding *?°Ra activity supported by the released >**U assuming

[226Ra/?*8U] secular equilibrium (Equation 3.1):

[***U](aq.initia)+[***U](s) _ [#*U .
[238U](ag,initial)+[>38U)(s) | ?3%U wafinal (3.1)

Where initial 2**U and 2*®U concentrations are at the background well (MP-16), [>**U](s)
and [**®U](s) are the concentrations released from rock to water, and final indicates aqueous
[2**U/?*8U] observed in samples within the plume. Calculations indicate that about 5-7 times the
initial 2**U concentration at MP-16 would have been released from the rock to account for the
lower [2*U/?*3U] at MP-24S Ports 2, 3, and 4. The >*®U concentrations released from rock to water
within the plume are sufficient to account for the elevated aqueous 2*°Ra activities at all sampled
ports, except for the Readstown Member sample collected from MP-24S Port 4, suggesting that

226Ra has not traveled far from the site of 2**U decay.

Secular equilibrium between 22°Ra and 2**U is expected in systems remaining undisturbed
for periods much longer than the daughter isotope half-life (t12 (**Ra) = 1600 yr). Therefore,
disequilibrium ([***Ra/>*®U] < 1) indicates the potential removal of the daughter isotope (**°Ra)

from the site of parent decay (e.g., transported downgradient). Whole-rock [**°Ra/?*%U]
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measurements of MP-16 core indicate Tunnel City Group samples are within the equilibrium
range, while Readstown Member samples demonstrate minor disequilibrium and potential >*°Ra
and/or 2*8U leaching.’® Although whole-rock [**°Ra/?*®U] measurements were not analyzed for
MP-24S or MP-19S core samples, it is interesting to note that the Readstown Member, which
demonstrates whole-rock [**°Ra/?*®U] disequilibrium at the background well location, is the

sample with the highest aqueous ?*°Ra activity within the plume at MP-248.
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Figure 3.2 *?°Ra activities and geochemical conditions in the Tunnel City Group and Readstown Member
at multi-level system (MLS) MP-16, located outside the influence of hydrocarbon contamination.’® The
bars above and below each data point indicate the length of each sampling interval. Open data points
indicate the measurement is below the limit of detection (LOD) and is plotted as 0.5*LOD. Bgs = below
ground surface, ALS = above sea level, DOC = dissolved organic carbon, ORP = oxidation-reduction
potential, TDS = total dissolved solids. A complete stratigraphic column of the study site is shown in Figure

B-1.
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Figure 3.3 Ra activities and geochemical conditions within the Tunnel City Group and Readstown Member
at multi-level system (MLS) MP-24S, located 60 m southeast of the DNAPL source zone and within the
dissolved phase plume. The vertical distribution of the dissolved phase plume is denoted by total organic
compound (TVOC) concentration. The bars above and below each data point indicate the length of each
sampling interval. Open data points indicate the measurement is below the limit of detection (LOD) and is
plotted as 0.5*LOD. Bgs = below ground surface, ALS = above sea level, TC = Tunnel City, RT =
Readstown, T = Tonti, DOC = dissolved organic carbon, ORP = oxidation-reduction potential, TDS = total
dissolved solids. A complete stratigraphic column of the study site is shown in Figure B-1.
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Figure 3.4 Ra activities and geochemical conditions within the Tunnel City Group at multi-level system
(MLS) MP-19S, located 600 m downgradient of the DNAPL source zone and within the dissolved phase
plume. The vertical distribution of the dissolved phase plume is denoted by total organic compound
(TVOC) concentration. The bars above and below each data point indicate the length of each sampling
interval. Open data points indicate the measurement is below the limit of detection (LOD) and is plotted as
0.5*LOD. Bgs = below ground surface, ALS = above sea level, DOC = dissolved organic carbon, ORP =
oxidation-reduction potential, TDS = total dissolved solids. A complete stratigraphic column of the study
site is shown in Figure B-1.
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Figure 3.5 >°Ra activities at sampled multi-level systems (MLS) relative to the distance downgradient from
the DNAPL source zone. MLS MP-16 was sampled by Mathews, et al.>® Numbers below the bars indicate

the port intervals. *Port 4 at MP-24S and 40 at MP-16 are located in the Readstown Member, while all
other samples are located in the Tunnel City Group.
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Figure 3.6 ?°Ra activity vs. A) total Fe concentration, and B) total dissolved solids (TDS) concentration.
Data for MP-16 are plotted for comparison, but not included in the calculation of the correlation coefficient.
Rs is the Spearman rank correlation coefficient, and p is the significance level.*Multi-level system MP-16
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3.4.2 Observed vs. maximum radium activities

Sequential extraction data quantifying the Ra activity associated with reducible phases
(e.g., Fe and Mn (hydr)oxides) in Tunnel City Group core samples from eastern Wisconsin*’ were
used to calculate the maximum aqueous **°Ra or total Ra activity, Ra,q in mBg/L aquifer,

contributed from reducible phases in Equation 3.2:

1000 cm?
L aquifer

Ragg = Rae, X (1—n) X p X

(3.2)

where Raex is the exchangeable 22°Ra or total Ra activity in mBgq/g associated with the reducible
fraction, 7 is porosity, and p is dry bulk density in g/cm®. Using n and p estimates of 0.17 and 2.2
g/cm® for the Tunnel City Group,’” the corresponding 2*°Ra,q and total Ra,q activities are 1100

1.8 measured the average total extractable 22°Ra activity

1400 mBq/L, respectively. Mathews, et a
in Tunnel City Group core from MP-16. Applying the ratio of the proportion of *°Ra in the
reducible fraction relative to the total exchangeable *?°Ra activity in the core from eastern
Wisconsin (0.90) to the MP-16 data gives an average 2*°Racx corresponding to a maximum 2**Ra,q
activity of 5900 mBq/L, over 30 times above the Ra MCL of 185 mBqg/L and well above the
observed maximum activities of 42 mBg/L ??Ra and 99 mBq/L total Ra within the plume.
Potential explanations for the lower observed Ra activities include 1) only a fraction of the
reducible phases is available for reduction in the aquifer, 2) a larger fraction of Ra is associated
with non-redox sensitive phases (e.g., clays) at this location, 3) the sequential experiment fraction
included more than reducible phases (leaching procedure is described in B-2), and 4) upon release
from the reduction of Fe/Mn (hydr)oxides, a large fraction of associated Ra is re-sequestered back
into aquifer solids. Nonetheless, these maximum estimates of naturally occurring Ra associated

with the reducible fraction of the aquifer solids are enough to account for the elevated aqueous Ra

activities within the dissolved phase plume.
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3.4.3 Evaluation of Ra sinks

Important sinks for Ra in groundwater include mineral co-precipitation with sulfates and
carbonates, and sorption to secondary phases such as Fe (hydr)oxides and clays. Geochemical
modeling in PHREEQC indicates that Ra co-precipitation with barite (Ba, Ra)SO4 and aragonite
(Ca, Ra)CO;s solid solutions are not important mechanisms for sequestering Ra within the plume.
Saturation indices support undersaturation of (Ba, Ra)SO4 and sulfate minerals (e.g., barite,
celestine) at all ports. Similarly, (Ca, Ra)COs is considered undersaturated for the majority of
samples, except for MP-24S Port 4, which is at equilibrium. At equilibrium, results predict <0.1%
of Rato be sequestered at this port by (Ca, Ra)COs relative to the total activity in the initial solution
(Table B-7). Therefore, sorption is predicted to be the dominant process controlling aqueous Ra
activity at MP-24S and MP-19S. These results are in contrast to recent studies examining the
release of wastewater from oil and gas production, which conclude that co-precipitation with
sulfate/carbonate minerals is a dominant control on Ra accumulation in stream and floodplain

sediments.?”> 7374

Two sorption-only models were used to determine the potential importance of radium
sinks: 1) sorption to HMO and HFO and 2) sorption to illite. Elemental analysis of MP-24S core
samples by pXRF indicates median Fe and Mn concentrations of 2 and 0.004 wt %, respectively,
in the upper Tunnel City Group, and 3 and 0.02 wt %, respectively, in the Readstown Member
(Figure B-9); these concentrations were used for the mass of solid Fe(IIT) and Mn(III) in the model.
Model results demonstrate that sorption to HFO and HMO accounts for 96-100% of the sorbed Ra
relative to the total Ra activity in the initial solution, with the majority (> 85%) of Ra sorption
occurring to HMO at the given geochemical conditions (e.g., pH, sorbent concentrations) (Table

B-7). The pXRF results show a decrease of about half when comparing median solid Mn
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concentrations at MP-24S to background at MP-16, and minimal change in median solid Fe
concentrations (Figure B-9, B-10). Saturation indices indicate HMO undersaturation and HFO
oversaturation at all ports, suggesting that Ra sorption to HFO, which are more abundant than
HMO in this system, may be more important. However, the drop in pH of ~1 unit from background
conditions (7.2-8.0) to within the plume (6.6-7.2), likely due to the presence of organic acids and
acidity from methanogenesis,”> may impact Ra sorption efficiency to HFO surfaces (Figures 3.2-
3.4, Table B-1). The dominant surface charge of HFO will be positive below a pH of ~7.29,>*

resulting in decreased Ra sorption to HFO surfaces within the dissolved phase plume.

Elevated AI/K in the Tunnel City Group and Readstown Member indicates fine-grained
sequences rich in K-feldspar and clays, compared to “cleaner” sandstones such as the Tonti
Member (Figure B-9). The upper Tunnel City Group is rich in glauconite, an Fe- and K-rich
phyllosilicate with a characteristic green color, low weathering resistance, and structure similar to
illite.”® Under oxic conditions, weathered glauconite may be coated with Fe (hydr)oxide.”” Radium
sorption to illite was considered and used as a proxy for glauconite and clay minerals in a separate
model. Results indicate that Ra sorption to illite accounts for 83-98% of the Ra activity in the
initial solution, with the fraction sorbed being lowest at MP-24S ports 3 and 4, likely because of
elevated TDS and cation competition with divalent cations (e.g., Mg?" and Ca*") in these samples
(Table B-7). MP-24S Port 4 has the highest aqueous Ra activity and is located within the
Readstown Member, which is more abundant in clay minerals with high cation exchange capacity
compared to the Tunnel City Group (Figure B-9). Cation exchange occurring on planar surface
sites accounts for all of the Ra sequestered by illite in the model, with no Ra sequestered by surface
complexation on the weak site; this is expected for alkaline earth metals.>® The low Na: (Ca + Mg)

molar ratios (< 0.1) for groundwater samples are well below the values > 15 that are indicative of
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cation exchange,’® suggesting that cation exchange with Na* is not a dominant process at the site.
Nonetheless, sorption to negatively-charged clay minerals such as illite, which are not redox-
sensitive in contrast to Fe and Mn (hydr)oxides, likely plays an important role in sequestering Ra
within the dissolved phase plume. Sorption to negatively-charged carbonate mineral surfaces (e.g.,
siderite, ankerite) was not considered, but is another potential Ra sink.*® Saturation indices support
siderite (FeCO3) oversaturation in all samples from MP-24S and MP-19S, indicating siderite

precipitation is favorable within the dissolved phase plume.

Similar to our results for Ra, Ba, and Sr, investigations at the Bemidji, Minnesota, oil spill
site observe maximum concentrations of trace elements including As, Co, Ni, Ba, and Sr in the
crude-oil source zone due to release from Fe (hydr)oxide reduction coupled to the oxidative
degradation of dissolved hydrocarbons.” - 80 At the Bemidji site, concentrations of cations (Co,
Ni, Ba, Sr) are attenuated further upgradient than As concentrations, and is attributed to different
attenuation mechanisms. Cations are sequestered by sorption to negatively-charged mineral
surfaces (e.g., siderite) in the Fe(Ill)-reducing zone, while As concentrations are controlled by
sorption to positively-charged Fe (hydr)oxide surfaces at the leading edge of the plume due to As
presence as various oxyanions in groundwater.”” ¥ The extent of the dissolved Ra plume at our
site likely exists somewhere between MP-24S and MP-19S given that Ra activities return to near
background levels at MP-19S. Elevated Ra activities do not extend as far downgradient as the
elevated As concentrations at our site (Table B-3), suggesting that Ra attenuation may be more
controlled by sorption to negatively-charged mineral surfaces (e.g., clays, siderite) than to
positively-charged Fe (hydr)oxide surfaces within the dissolved phase plume. However, because
the focus of this study was on Ra occurrence As concentrations were not analyzed at the

background location, highlighting the need for follow-up studies investigating other trace elements
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at the site. Sorption is difficult to predict given its dependence on mass, types, and heterogeneity
of sorbents present, as well as the pH, ion concentrations, and redox state of the groundwater at a
given location. Nonetheless, the geochemical models applied in this study demonstrate the

importance of sorption processes for Ra sequestration in hydrocarbon-contaminated aquifers.
3.4.4 Implications

This study combines high-resolution multi-level system sampling and MC-ICPMS analysis
of ultra-trace Ra activities to report the first investigation of Ra activities relative to
biogeochemical zones in a hydrocarbon-contaminated aquifer. Our proposed conceptual model for
Ra cycling at the site includes the enhanced release of Ra to groundwater 60 m downgradient of
the source zone, likely due to geochemical conditions (e.g., methanogenic conditions, high TDS
concentrations) resulting in the reductive dissolution of Fe and Mn (hydr)oxides and cation
competition for sorption sites. 600 m downgradient of the source zone and near the middle of the
dissolved phase plume, conditions are predominantly Fe(Ill)-reducing and Ra activity in
groundwater is similar to background activities in the aquifer. Upon release near the source zone
Ra resorbs downgradient where it is expected to encounter available sorption sites on negatively-
charged secondary mineral phases (e.g., clays) within the dissolved phase plume, and Fe and Mn
(hydr)oxides as geochemical conditions return to background further downgradient (e.g., higher
pH, more oxic). The elevated Ra activities in groundwater near the DNAPL source zone

demonstrate the potential secondary impacts of industrial waste released to the environment.

Further investigation is warranted in examining Ra activities in other hydrocarbon-
contaminated aquifers. Other sites contaminated with complex organic mixtures, including
wastewater and landfill leachate, also develop biogeochemical zones with the potential to impact

the occurrence of geogenic contaminants including Ra.> 8!8 For example, disposal of treated
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wastewater in Cape Cod, Massachusetts, features a series of biogeochemical zones in the
subsurface, including an anoxic core with naturally occurring elements from sediment such as Fe,
Mn, and As.?> 8 Although total Ra activities at this site do not exceed the MCL and the pump-
and-treat system prevents contaminants from migrating downgradient, Ra activities may exceed
the MCL and migrate downgradient at other hydrocarbon-contaminated locations within the
MCOAS, or in other aquifers with lower sorption capacities. Ra frequently exceeds the MCL under
natural conditions in aquifers such as the MCOAS or North Atlantic Coastal Plain aquifer, but
relatively little attention has been given to the impact of anthropogenic activities and evolving
geochemical conditions on Ra occurrence in groundwater. The observation that Ra activities are
elevated within the influence of hydrocarbon contamination suggests that Ra activities should be
routinely analyzed alongside other trace elements when characterizing hydrocarbon-contaminated

sites.
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Chapter 4

Well construction and pumping impacts on the contribution of
groundwater from stratigraphy with elevated radium activity
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4.1 Abstract

The impact of well construction and pumping patterns on naturally occurring radium (Ra)
activity observed at public supply wells completed in the Midwestern Cambrian-Ordovician
aquifer system is not well understood. In this study, a steady-state MODFLOW groundwater flow
model is developed for a portion of southeastern Wisconsin, USA, to evaluate the contribution of
Ra-enriched groundwater from several units to public water supply wells with different well
construction and pumping rates. Extending well casing just below the shale-rich Eau Claire
Formation, an assumed Ra source, creates a strong vertical gradient that increases the flux from

the Eau Claire Formation to the underlying Mt Simon Formation, a clean sandstone with limited
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Writing — Review & Editing. Matthew Ginder-Vogel: Conceptualization, Writing — Review & Editing,
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sorption capacity; this flux increases with pumping rate. This well reconstruction strategy also
doubles the contribution of groundwater from the base of the Mt Simon Formation, assumed to
contain older, saline groundwater elevated in Ra activity. Reverse particle tracking confirms that
hypothesized Ra sources can contribute to the well. Flow paths originate from the Eau Claire layer
and the base of the Mt Simon, with travel times faster than the 2>Ra half-life that become faster
with increasing pumping rate. These findings highlight how well field management can alter
hydraulic gradients that enhance groundwater flow between units with different geochemistry and
Ra activity, and suggest that well reconstruction to avoid Ra-rich stratigraphy may not be an
effective long-term strategy for minimizing Ra activity in groundwater pumped from public supply

wells.
4.2 Introduction

Naturally occurring groundwater contaminants have a larger effect on the quality of
groundwater used for public supply than anthropogenic contaminants in U.S. principal aquifer
systems, with elevated levels affecting water supplied to 31 million people.! Therefore,
understanding the factors affecting geogenic contaminant occurrence and concentration in
groundwater from public supply wells in various hydrogeologic settings is critical to groundwater
management. Human activities that can impact the concentration of naturally occurring
contaminants in groundwater include land use, well drilling and construction, and pumping rates
and volumes that can cause subtle but substantial changes in geochemistry and associated trace
element mobilization.> For example, public supply wells are often designed to maximize water
yield, with open intervals connecting multiple aquifers with geochemically distinct water; this can
result in chemical reactions which mobilize trace elements such as uranium, arsenic, and radium.>

Pumping-induced changes to the hydraulic gradient can also impact concentrations of naturally-
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occurring contaminants, such as the case in Modesto, California, where increases in summer
pumping affect vertical hydraulic gradients and drive migration of shallow, uranium-enriched

groundwater through the aquifer to supply wells.?

About 5 million people in the U.S. receive groundwater with elevated radium (Ra).! In
2000, the U.S. Environmental Protection Agency (EPA) set a Maximum Contaminant Level
(MCL) for the total of 22°Ra and **Ra at 185 millibecquerels per liter (mBg/L), or 5 picocuries per
liter (pCi/L),* to mitigate the increased risk of bone disease associated with long-term ingestion.>
6 A radioactive contaminant, Ra is produced via the decay of parent isotopes uranium (U) and
thorium (Th) present in aquifer sediments, with 2*Ra (12 = 1600 yr) produced from the *U decay
chain and ?*®Ra (t12 = 5.75 yr) produced from the 2**Th decay chain. Radium is mobilized from
aquifer sediments to groundwater in geochemical conditions such as low dissolved oxygen and
high total dissolved solids (TDS) concentration. Low dissolved oxygen can decrease the stability
and limit the presence of iron and manganese (hydr)oxide minerals, important sorption surfaces
for Ra.” High TDS can also result in elevated Ra in groundwater, as higher concentrations of other
divalent cations such as calcium and magnesium outcompete Ra for sorption sites on aquifer

solids.® 10

Radium activities above the U.S. Environmental Protection Agency (EPA) Maximum
Contaminant Level (MCL) occur in about half of the principal U.S. aquifer systems; however, the
Midwestern Cambrian-Ordovician aquifer system (MCOAS) has the greatest number of
exceedances.’” Nearly 70 percent of residents and 99 percent of communities in Wisconsin rely on
groundwater for drinking water,'! with the MCOAS being an important source throughout most
of the state. In 2021, 17 Wisconsin public water systems violated the MCL for radium, uranium,

or alpha particle emitters.!! Water utilities with wells exceeding the MCL for Ra have adopted
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several strategies for bringing systems into compliance, including well reconstruction or
installation of expensive treatment systems. For example, some water utilities in southeastern
Wisconsin have reconstructed wells to extend casing through shale-rich formations or abandoned
the bottom of deeply drilled wells, with mixed results. The City of Fond du Lac, Wisconsin,
installed a Ra treatment system for their well field at a cost of $32.1M.!? Other water utilities
choose to invest in an alternative water supply, such as the City of Waukesha, Wisconsin, which
applied and received a variance from the Great Lakes Compact to use Lake Michigan water after
struggling with groundwater depletion and elevated Ra activity, despite being outside the Great

Lakes Basin.'?

Radium activities have increased in the MCOAS in Wisconsin over nearly two decades,'
suggesting that Ra compliance will continue to challenge water utilities. The reason for the
increasing trend has not been identified. Potential human activities impacting Ra activities in
public supply wells in eastern Wisconsin include 1) wells drilled to greater depths to avoid shallow
groundwater contaminants (e.g., nitrate) access older groundwater elevated in Ra, and 2) alteration
of hydraulic gradients due to groundwater pumping, with subsequent impacts on aquifer
geochemistry and flow paths to wells. Public water supply wells in this region of the MCOAS are
often cased over long intervals open to multiple units to maximize groundwater yield. While the
units range in aqueous Ra activity, some will contribute a larger portion of groundwater to the well
depending on factors such as unit thickness and hydraulic conductivity. Proposed geogenic sources
of Ra in the MCOAS in eastern Wisconsin include shale-rich units,'> !¢ arkosic (> 25% feldspar)
sandstones (**®Ra),!” and Fe and Mn (hydr)oxide coatings on sandstone grains.'® Shale-rich units
such as the Maquoketa Formation and Eau Claire Formation have higher whole-rock and

extractable Ra activity than sandstone or dolostone units in the MCOAS.'*-2° Downward hydraulic
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gradients may increase the recharge flux from these overlying shale-rich units with elevated solid-
phase U, Th, and Ra content to the deep sandstone aquifer, which has relatively low sorption
capacity.'”?® An additional Ra source in eastern Wisconsin is old, saline groundwater elevated in
radioactivity that forms “lenses” of poor water quality at the base of the MCOAS (i.e., the base of

the Mt Simon Formation).'®2!-4

While regional geochemical conditions impacting Ra activity are known, Ra activity is
difficult to predict at the local scale due to spatial heterogeneity in mineralogy and geochemical
conditions, as well as temporal variation in groundwater flow directions. Thus, a groundwater flow
model developed for a specific region can be useful for understanding flow paths to wells and
evaluating strategies for minimizing Ra activity in public supply wells. The purpose of this study
is to evaluate the contribution of groundwater from Ra-enriched units in the MCOAS under
different well construction and pumping scenarios. A steady-state groundwater flow model
developed in MODFLOW is used to determine the contribution of groundwater from several Ra-
rich units to wells in southeastern Wisconsin. Units assumed to have Ra-enriched groundwater
include 1) the Eau Claire Formation, which includes Ra-rich shale facies, and 2) the base of the
Mt Simon Formation, consisting of old, saline groundwater with elevated Ra activity. Reverse
particle tracking is executed to determine flow paths and travel times to the well from modeled
Ra-enriched layers. The model is also used to investigate potential causes of increasing radium
activity at a public supply well in Brookfield, Wisconsin (Figure 4.1), following reconstruction to
avoid Ra-rich shale facies in the Eau Claire Formation (described in Case Study background).
Model results highlight how changes in well reconstruction and pumping can alter flow paths to
the well, and help assess well reconstruction strategies for minimizing Ra activity in pumped

groundwater.
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4.2.1 Study site hydrogeology

In southeastern Wisconsin, the bedrock hydrostatigraphy consists of Paleozoic sedimentary
units dipping gently to the east and south, and generally thickening to the east.”> The MCOAS
overlies Precambrian crystalline rock and is composed primarily of sandstone and dolostone units
with interbedded siltstones and shales (Figure 4.2a). The major water-producing units in this deep
system, in ascending order, are the sandstones of the Mt Simon, Wonewoc, and St. Peter
Formations. The Eau Claire Formation is composed of shale and sandstone with a laterally
extensive shale zone that forms an important aquitard over much of south-central Wisconsin.? In
the study area of southeastern Wisconsin, shale within the Eau Claire Formation is limited in
thickness and extent and is therefore not a regional-scale aquitard, but may be locally confining
near the well of interest. The MCOAS in eastern Wisconsin is confined by the Maquoketa
Formation, a shale with some dolomite that restricts vertical flow between the overlying Silurian

dolostone aquifer and the underlying sandstone aquifer (Figure 4.1).%6

The Sinnipee Group
dolostone, consisting of the Galena and Platteville Formations, is considered part of the Maquoketa
confining unit where overlain by the Maquoketa shale, and therefore yields little water to wells in
these areas.?” The Maquoketa shale is overlain by the Silurian dolostone and Quaternary sand and

gravel aquifers in eastern Wisconsin, both important shallow sources of public and domestic water

supply in the region.

Groundwater provides the source of potable water to about 700,000 persons, or about 37
percent of the resident population of southeastern Wisconsin, and nearly 100 percent of the total
supply in Waukesha County.?® However, concentrated pumping from the deep aquifer in southeast
Wisconsin and northern Illinois results in a large cone of depression that alters pre-development

flow directions, diverting and capturing groundwater from great distances. Groundwater in the
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MCOAS generally moves eastward from the regional potentiometric divide present in eastern
Jefferson County. Vertical gradients were upward across the eastern portion of southeast
Wisconsin prior to development. However, since the beginning of the 20" century, increasing
groundwater pumping from deep, high-capacity wells has caused a decline in the potentiometric
surface in the deep sandstone aquifers, reversing the vertical hydraulic gradient and inducing
downward flow through the Maquoketa shale.?¢ In the City of Brookfield, the location of the case
study described below, hydraulic gradients were downward under pre-development conditions

(Figure 4.1).
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Figure 4.1 Study map showing the extent of the Midwestern Cambrian-Ordovician aquifer system
(MCOAS), Waukesha County, and the city of Brookfield.
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4.2.2 Case study background

In 1987, the city of Brookfield, Wisconsin, drilled Well 24 with an uncased interval open
from the Sinnipee Group dolostone to the Mt Simon Formation sandstone (Figure 4.2a).
Construction of wells with open intervals extending over several bedrock formations below the
Magquoketa confining unit reduces the cost of casing while maximizing production, and is typical
of high-capacity wells in southeastern Wisconsin.?® Initial testing indicated elevated Ra activity
above the Maximum Contaminant Level. Further testing identified specific intervals of green shale
that were producing water with higher radium levels.?® The well was reconstructed to seal off a
“hot” zone from 300- and 330 m across the Eau Claire Formation at the bottom of the well casing
(Figure 4.2a). The reconstruction was deemed a success, measuring an average Ra activity of 63
mBgq/L (1.7 pCi/L) for eight samples collected within 24 hours after packer installation. However,
data held by the Wisconsin Department of Natural Resources (2023)* demonstrate a steady
increase in Ra activity at Well 24 over the past ~30 years. Ra activity was 189 mBq/L (5.1 pCi/L)
in 2018 (Figure 4.2b). Radium activities in other wells operated by the City of Brookfield have
also increased over the past two decades.'* The reason for these increases in Ra activity is

unknown.
4.3 Methods
4.3.1 Model design

The purpose of the model was to evaluate the contribution of several units with Ra-enriched
groundwater to public supply wells in southeast Wisconsin, including: 1) shale facies in the Eau
Claire Formation, and 2) the base of the Mt Simon Formation, where groundwater elevated in TDS

and Ra is “trapped” by an overlying fine-grained deposit. The numerical model was designed to
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be detailed enough to incorporate critical features (e.g., boundary conditions, unit thickness and
hydraulic conductivity) influencing groundwater flow in the Brookfield area, but general enough
to be representative of the aquifer system in southeast Wisconsin. The model was constructed
using the finite-difference code MODFLOW-2005,% 3! and the pre- and post-processor
Groundwater Vistas.?? The regional stratigraphy for southeast Wisconsin defined by Feinstein et
al. (2005)* was initially adopted and modified to provide greater resolution within the confined
aquifer (i.e., units below the Maquoketa Shale) and simulate a fine-grained deposit near the base

of the Mt Simon Formation.
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Figure 4.2 a) Conceptual model demonstrating original and reconstructed Brookfield Well 24. b) Radium
(Ra) activity at Brookfield Well 24 following reconstruction in 1987 to seal off a shale facies within the
Eau Claire Formation. MCL = maximum contaminant level.

The model grid includes 317 rows and 317 columns with uniform grid spacing of 30.54 m
x 30.54 m. The model was designed to represent the area containing the city of Brookfield
municipal wells, the 9.7 x 9.7 km (6 x 6 mi) Township of Brookfield. Recharge from precipitation
to the shallow aquifer system was not simulated (Figure 4.3). This model focused on the deep flow
system, where groundwater is recharged from constant head boundaries placed on the left and right

sides of the model which simulate the regional west-to-east flow direction. Pre-development (pre-
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1864) head values were used to simulate the effect of pumping on the flow field.?* The bottom of
the model is a no-flow boundary that represents the relatively impermeable, crystalline
Precambrian basement. No-flow boundaries were also placed in the front and back of the model,

approximately parallel to the regional groundwater flow direction.

The model consists of 13 layers of uniform thickness representing seven aquifers and two
confining units (Figure 4.3) simulated with the Layer Property Flow package. The thicknesses of
each layer were determined by averaging the thicknesses recorded in 17 geologic logs available
from wells in the City of Brookfield. Hydraulic conductivities were estimated by averaging the
calibrated minimum and maximum values reported in Feinstein et al. (2005);% Brookfield-specific
values were used if available for a given layer (Table 4.1). The top elevation is defined as the land
surface elevation. The uppermost layer is unconfined, and represents the unlithified glacial aquifer
and the Silurian dolostone aquifer. The second layer represents the Maquoketa Formation. The
third layer is the Sinnipee Group dolostone, which when present below the Maquoketa Formation,
acts together with the Maquoketa Formation to confine the underlying aquifers.?® Layers 4 and 5,
respectively, represent the St Peter Formation sandstone and the Wonewoc Formation sandstone.
Layer 6 represents the Eau Claire Formation, composed of sandstone and shale facies. Layers 7-
11 and 13 represent the Mt Simon Formation sandstone. Layer 12 simulates a fine-grained deposit
within the Mt Simon Formation reported as a 5 ft interval of red/green shale in 2 of the 4 geologic
logs that include the Mt Simon Formation. This deposit is not continuous and mappable, but has

been documented with a thickness of up to 15 ft in northern Illinois.**

Twenty-one wells were simulated with the Multi-Node Well 2 package.’* These were
distributed across the domain similar to the City of Brookfield well field. The primary well of

interest is located in the center of the model domain to minimize any potential boundary effects on
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model results. The initial heads were set equal to the top of layer one, and the model was run with

the Preconditioned Conjugate-Gradient 2 solver.*

No flow
West — East

No flow

—_—
Quaternary + Silurian aquifers
Macquoketa Formation confining unit
Sinnipee Group agulifer

St Peter Formation aquifer

Constant head

Wonewoc Formation aquifer boundaries
Constant head Eau Claire Formation aquifer
boundaries Mt Simon Formation aguifer

Mt Simon Formation aquifer
Mt Simon Formation aquifer
Mt Simon Formation aquifer
Mt Simon Formation aquifer
Confining unit

Mt Simon Formation aquifer 97 km

‘ No flow |

9.7 km

Figure 4.3 Model domain and boundary conditions. Layers in bold are radium-enriched stratigraphy. Model
layer thicknesses are not to scale.

4.3.2 Particle tracking

Reverse particle tracking around the well of interest was executed using MODPATH
version 7°% 37 to determine if flow paths to the well originated from the modeled Ra-rich
stratigraphy. Travel times from Ra-rich stratigraphy were also obtained and compared to the half-
lives of 2*®Ra and 2*Ra. The effective porosity for each layer was estimated using the maximum
values reported in Feinstein et al. (2005)* (Table 4.2). Three circles of ten particles with three
vertical release points were placed in each layer open to the well, as close as possible to the center
of the model cell. The radius of the particle circle was based on the size of the cells and the

principles of converging flow near a pumped well node.®
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Table 4.1 Hydrostratigraphic sequence, model layering, thicknesses, and assigned horizontal and vertical
hydraulic conductivities. The total thickness of layers 7-11 is 120 m.

Stratigraphic nomenclature
Kn Thickness Model

K, (m/d) Lithology
m/d truct
Group(s) Formation (m/d) (m) structure
Quaternary Sand & gravel, glacial
Silurian 0.53 0.012 110 Layer I till; dolostone
Maquoketa 0.046 0.000015 55 Layer?2 Shale
_— Galena
Sinnipee Platteville 0.012  0.00015 75 Layer 3 Dolostone
Ancell St Peter 1.1 0.0061 60 Layer4 Sandstone
Wonewoc 2.6 0.012 25 Layer5 Sandstone
Eau Claire 0.73 0.0012 45 Layer 6 Sandstone and shale
Mt Simon 1.1 0.0060 120 LAY T g dstone
Elk Mound ) ) 11
Fine-grained ) 446 0.000015 5 Layer12 Shale
deposit
Mt Simon 1.1 0.0060 25 Layer 13  Sandstone
Precambrian Not simulated Metamorphic, igneous

Table 4.2 Effective porosity values used for reverse particle tracking in MODPATH.

Model layer  Effective porosity
1,4-11, 13 0.1
2,3,12 0.01

4.3.3 Vertical flux and the contribution of groundwater from stratigraphic units to the well

The flux across the shale-rich layer (e.g., Eau Claire Formation) to the underlying unit was
obtained by plotting the mass balance by layer in the first layer of the underlying unit and using
the “top inflow” estimate. The percent contribution of groundwater from each layer to the well
was recorded in the .wel file. Hydrogeologic parameters such as hydraulic conductivity and layer
thickness were manually adjusted to test the sensitivity of model results to the hydrogeologic

parameters, and to ensure that results were not constrained by initial parameter estimates.
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4.4 Results

4.4.1 Contribution of groundwater from radium-enriched layers to the well

Two versions of the model were used to evaluate the effects of well construction on results.
One version simulated the original Brookfield Well 24 construction and one simulated the
reconstructed Brookfield Well 24. When the well has original construction with an open interval
from the Sinnipee Group to the Mt Simon Formation (layers 3-13), the Eau Claire (layer 6)
contributes 10% of the groundwater pumped (Table 4.3). The simulation with the reconstructed
well cased through the Eau Claire layer and open only to the Mt Simon (layers 7-13) results in no
direct contribution from the Eau Claire layer. The contribution of groundwater from layer 13,
below the fine-grained deposit, increases from 8.4% at the original well to 17% at the reconstructed
well. The percent of well water contributed from other model layers under these two well
construction scenarios is shown in Table C-1. The percent of water contributed from the base of
the Mt Simon Formation (layer 13) to the well was evaluated with different well construction
scenarios. The contribution from the base of the Mt Simon Formation decreases as the well casing
is constructed shallower and the open interval is extended across more units (Table 4.4).
Backfilling a well eliminates direct contribution from the base of the Mt Simon (layer 13) (Table

4.4).

Table 4.3 Percent of groundwater contributed from radium-enriched stratigraphy to original (open from
Sinnipee Group to Mt Simon Formation, layers 3-13) and reconstructed Brookfield Well 24 (open to Mt
Simon Formation, layers 7-13) with a steady-state pumping rate of 2,725 m*/d.

Well 24 construction  Eau Claire layer Bottom layer of Mt Simon
contribution (%) contribution (%)
Original 10 8.4

Reconstructed 0 17
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Table 4.4 Percent contribution from the base of the Mt Simon Formation to the well (layer 13), with
different well open intervals. The last two rows indicate scenarios where wells originally open to the fine-
grained deposit and bottom of the Mt Simon (layers 12-13) are backfilled.

Contribution from the

Well open interval ll\gosresl bottom layer of the Mt
Y Simon (%)

Fine-grained deposit to bottom layer of Mt Simon 12-13 99
Mt Simon 11-13 50
Mt Simon 10-13 24
Mt Simon 9-13 20
Mt Simon 8-13 17
Mt Simon 7-13 17
Eau Claire to Mt Simon 6-13 14
Wonewoc to Mt Simon 5-13 10
St Peter to Mt Simon 4-13 8.4
Sinnipee to Mt Simon 3-13 8.4
Sinnipee to Mt Simon 3-11 0
Mt Simon 7-11 0

4.4.2 Vertical flux from the Eau Claire layer to the Mt Simon layer

The median flux from the Eau Claire (layer 6) to the underlying Mt Simon (layer 7) of
1500 + 1202 m?/d at the reconstructed well is higher (p = 0.07) compared to the median flux of
106 + 6.8 m>/d at the original well, and increases with the pumping rate at the reconstructed well
(Figure 4.4). In contrast, the flux from the Maquoketa layer (layer 2) to the underlying Sinnipee
layer (layer 3) is higher when the well has original construction with an interval open from the
Sinnipee to the Mt Simon (layers 3-13), and increases with the pumping rate at the original well
(Table C-2). Another model version was created to evaluate the effectiveness of distributing the
pumping rate at the reconstructed well with two additional wells, to decrease the flux from the Eau
Claire layer to the underlying Mt Simon layer. Two additional wells were placed 1000 m west and
1000 m east of the reconstructed well, and the total pumping rate originally applied at the
reconstructed well was divided by three and assigned to all three wells. The additional wells were

constructed similarly to the reconstructed well, with an interval open to the Mt Simon (layers 7-
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13). The median flux from the Eau Claire layer to the underlying Mt Simon layer is not

significantly less than the median flux associated with pumping at the reconstructed well only (p

=0.4) (Figure 4.5).
o
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Figure 4.4 Flux from the Eau Claire (layer 6) to the underlying Mt Simon (layer 7) with increasing pumping
rate at Well 24, under conditions of original and reconstructed casing depths. In the simulation, the
additional 20 wells in the model are pumped at a rate of 2,725 m?/d.
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Figure 4.5 Flux from the Eau Claire (layer 6) to the underlying Mt Simon (layer 7) with pumping at the
reconstructed well only (‘one well’), and the pumping rate divided by three and assigned to the
reconstructed well and two additional wells with the same construction (open interval from layers 7-13;
‘three wells”).
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4.4.3 Travel times from radium-enriched stratigraphy to the well

The minimum, maximum, and average travel times from Ra-enriched stratigraphy to wells
of various construction were obtained using reverse particle tracking around the wells. The travel
times from the Eau Claire (layer 6) to the reconstructed well with an open interval to the Mt Simon
(layers 7-13) and steady-state pumping rate of 2,725 m>/d range from 0.69 days to 847 years with
an average of 188 years (Table 4.5). The average travel time from the base of the Mt Simon
Formation (layer 13) to a well with an interval open from the Sinnipee Group to the Mt Simon
above the fine-grained deposit (layers 3-11) and steady-state pumping rate of 2,725 m*/d is 293
years (Table 4.6). The average travel time from the base of the Mt Simon Formation decreases to
188 years when the casing is deepened and the well has an interval open only to the Mt Simon
above the fine-grained deposit (layers 7-11) (Table 4.7). Travel times from the Maquoketa layer
to a well with an open interval from the Sinnipee Group to the Mt Simon Formation (layers 3-13)
were also obtained (Table C-3). In all cases, the travel times are faster when the pumping rate at

the well is increased.

Table 4.5 Travel times from the Eau Claire (layer 6) to a well with an interval open to the Mt Simon (layers
7-13) for four simulations with increasing pumping at the well of interest. In all simulations, the additional
20 wells in the model have pumping rates of 2,725 m*/d.

Total pumping rate Min travel time  Max travel time  Avg travel time
(m*/day) (days) (years) (years)
54,501 177 831 408
57,225 0.69 847 188
59,950 0.34 558 136

62,675 0.23 405 112
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Table 4.6 Travel times from the base of the Mt Simon (layer 13) to a well with an interval open from the
Sinnipee to the Mt Simon located above the fine-grained deposit (layers 3-11) for four simulations with
increasing pumping at the well of interest. In all simulations, the additional 20 wells in the model have
pumping rates of 2,725 m¥/d.

Total pumping rate Min travel time  Max travel time  Avg travel time
(m*/day) (years) (years) (years)
54,501 N/A N/A N/A
57,225 7.7 572 293
59,950 3.9 539 240
62,675 2.7 511 213

Table 4.7 Travel times from the base of the Mt Simon (layer 13) to a well with an interval open only to the
Mt Simon located above the fine-grained deposit (layers 7-11) for four simulations with increasing pumping
at the well of interest. In all simulations, the additional 20 wells in the model have pumping rates of 2,725
m’/d.

Total pumping rate Min travel time  Max travel time  Avg travel time
(m*/day) (years) (years) (years)
54,501 N/A N/A N/A
57,225 4.0 570 188
59,950 2.0 538 145
62,675 1.3 513 125

4.4.4 Sensitivity analysis

Hydrogeologic parameters including the horizontal and vertical conductivity of the Eau
Claire, Mt Simon, and fine-grained deposit, as well as the thickness of the Eau Claire, fine-grained
deposit, and base of the Mt Simon, were manually adjusted to test the sensitivity of model results
to the respective hydrogeologic parameters. The sensitivity analysis was executed in both versions
of the model version (original and reconstructed wells). All wells were simulated with a steady-
state pumping rate of 2,725 m?/d. Results are consistent over the range of values applied in the
sensitivity analysis (Tables C-4 and C-5), indicating that model results are not sensitive to

reasonable ranges in parameters (C-1).
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4.5 Discussion
4.5.1 Flow paths and travel times support contribution from radium-enriched stratigraphy

Radium-enriched stratigraphic units in the MCOAS considered in this model include shale
facies within the Eau Claire Formation and old, saline groundwater trapped near the base of the
Mt Simon Formation. Reverse particle tracking delineates flow paths to the well, and confirms that
groundwater pumped from the well can originate from the modeled Ra-enriched layers. Radium
isotopes may undergo advective transport from these areas within the groundwater system to wells,
depending on the isotope half-life, geochemical conditions, and fluxes. Radium-228 has a
relatively short half-life of 5.75 years, and is therefore not likely to be transported far from its 2**Th
parent nuclide before undergoing decay. This is supported by reverse particle tracking results,
where the half-life of ?®Ra is much shorter than the average travel times for all simulations (Tables
4.5-4.7). However, the 2?Ra half-life is longer than the minimum travel times from the Eau Claire
to the underlying Mt Simon layer, indicating potential >**Ra transport to the well in this scenario
(Table 4.5). In contrast, 2>°Ra has a relatively long half-life of 1600 years, and is therefore more
likely to be affected by geochemical conditions (e.g., low dissolved oxygen, high TDS) and be
transported away from the site of 2*°Th decay. Particle tracking results support this conclusion,
where the 2*°Ra half-life is longer than the minimum, maximum, and average travel times for all

simulations.
4.5.2 Well reconstruction strategies to avoid Ra-enriched stratigraphy

When wells in Wisconsin exceed the Ra MCL, several well reconstruction strategies are often
employed to reduce Ra activity before resorting to expensive Ra treatment systems. One of these

strategies is reconstructing the well to extend well casing past shale-rich units with elevated solid
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phase concentrations of Ra and parent isotopes U and Th. For example, the water utility in
Cambria, Wisconsin, reduced Ra activity to acceptable levels by extending casing through fine-
grained intervals of the Tunnel City Formation. The initial 10% flow contribution from the shale-
rich Eau Claire layer to Well 24 simulated with original construction may explain the elevated Ra
activity when the well was first drilled. While sealing off the Eau Claire Formation eliminates the
direct contribution of groundwater from the shale facies to the well, changes in well construction
influence other conditions in the groundwater system. For example, sealing off the Eau Claire
Formation induces a strong vertical hydraulic gradient that becomes larger as pumping at the well
is increased, increasing the flux from the Eau Claire layer to the underlying Mt Simon layer and
resulting in faster travel times from the Eau Claire layer to the well. Distributing pumping at the
reconstructed well with two additional wells does not reduce this flux, highlighting the importance
of well construction. This increased flux has implications for Ra activities observed at public
supply wells because compared to the Eau Claire Formation, the Mt Simon Formation is a
relatively clean sandstone with a low Ra sorption capacity. However, this model does not consider
the dilution of groundwater transported from the Eau Claire layer into the Mt Simon layer. The
volume of water transported from the Eau Claire layer over a period of one year at the 2,897 m*/d
flux generated from a pumping rate of 8,175 m>/d at the reconstructed well (Figure 4.4) would be
only ~2.3% of the total volume of water in the underlying Mt Simon layer (4.7E+07 m®). A
transport model is needed to be able to simulate dilution and other processes and determine the
increase in Ra activity in the underlying Mt Simon Formation with increased pumping over time.
This well reconstruction strategy also approximately doubles the contribution of groundwater from
the base of the Mt Simon Formation, which has elevated concentrations of Ra and TDS. Both of

these factors are potential explanations for the increase in Ra activity at Well 24 over the 30 years
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following well reconstruction to avoid the shale facies within the Eau Claire Formation, and
suggest that extending casing past shale facies may not be an effective long-term strategy for

reducing Ra activity at public supply wells.

Another strategy used to reduce Ra activity in public supply wells in southeast Wisconsin is
backfilling the bottom of the well to reduce the contribution from the base of the aquifer system
(Mt Simon), where saline, Ra-enriched groundwater may be present. While backfilling the well
eliminates the direct contribution of groundwater from the base of the Mt Simon Formation (Table
4.4), model results indicate that increased pumping at wells with open intervals above the fine-
grained deposit can yield faster travel times from the base of the Mt Simon Formation to the well
(Table 4.6, Table 4.7). The travel times from the base of the Mt Simon Formation to these wells
are also affected by the geology, with faster travel times as the fine-grained deposit is thinner and
has higher hydraulic conductivity (transmissivity). An alternative strategy to avoid groundwater
contribution from the base of the Mt Simon may be to initially construct wells with shallower
casing depth (Table 4.4). However, this would likely result in groundwater contribution from the
Ra-rich Eau Claire (layer 6). Overall, well reconstruction to avoid the base of the Mt Simon (e.g.,
backfilling) may not be an effective long-term strategy depending on the pumping rates and
hydrogeologic properties of the fine-grained deposit, and may result in tradeoffs including

decreased well yield.
4.5.3 Model limitations and future work

There are several assumptions and limitations associated with these simulations. The model
only considers shale facies within the Eau Claire Formation and saline groundwater at the base of
the Mt Simon Formation as sources of Ra-enriched groundwater, and does not consider Ra that

may originate in dolostone or sandstone units (e.g., ***Ra produced from 2**Th in arkosic
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sandstone). It is also assumed that the Ra activity is homogeneous in the Ra-enriched stratigraphy,
and has already been mobilized from solid phases to groundwater as a result of aquifer
geochemical conditions such as low dissolved oxygen concentrations, high TDS, or low sorption
capacity. Furthermore, the model only considers pure advection. In reality, Ra transport will be
more controlled by molecular diffusion or advection, depending on several factors such as
hydraulic conductivity of stratigraphic units and pumping rates at the well. It is anticipated that
advection will be more important in the sandstone units with high hydraulic conductivity.
Diffusion will be more important in shale units with low hydraulic conductivity, but advective
transport from these units may become more important as pumping at the well increases (i.e.,
fluxes increase). Sorption is an important process dictating Ra transport, and retardation should
therefore be incorporated for each model layer with geochemical conditions and sorption capacity

1n mind.

The next step in this work will be developing a transport model using USGS-MT3D?* % to
incorporate diffusion, dispersion, and retardation and simulate Ra activity at a well with similar
well construction and pumping rates used in the groundwater flow model (Appendix C-2, Tables
C-6 to C-10). Studies examining diffusion at the aquitard (shale)-aquifer interface highlight the
need for high-resolution (i.e., cm-scale) models, which will increase the computing demands.*! #?
High resolution is necessary in the z-direction to capture transport at the aquitard-aquifer interface
due to the abrupt contrast in hydraulic conductivity, where transport in shale is dominated by
diffusion and transport in sandstone is dominated by advection. Empirical data will be used to
validate the model (e.g., temporal datasets of Ra activities and groundwater withdrawals associated

with wells in Waukesha County). Nonetheless, results from this groundwater flow model help

improve understanding of the contribution of groundwater from Ra-enriched stratigraphic units,
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and evaluate factors affecting the success of well reconstruction strategies to reduce Ra activity.
Complicating factors include multiple stratigraphic units with Ra-enriched groundwater within the
MCOAS. Additionally, changes in well construction and pumping rates alter hydraulic gradients
and the relative contribution from these units to pumped groundwater. Some changes in
construction to improve groundwater quality and reduce Ra activity may result in decreased well

yield, highlighting potential tradeoffs associated with well reconstruction strategies.

4.6 Conclusions

While the regional geochemical conditions associated with elevated Ra activities are well
understood, less is known about how well construction and pumping rates may affect Ra activities
observed at public supply wells. The developed groundwater flow model considers advective
transport of groundwater from hypothesized sources of Ra within the MCOAS to public supply
wells in southeastern Wisconsin, USA, including shale facies and saline groundwater at the base
of the MCOAS. Changes in well construction and pumping patterns can alter hydraulic gradients,
enhance groundwater exchange between units of different geochemistry, and change the relative
contributions from Ra-enriched stratigraphy to public supply wells. Results suggest that well
reconstruction to extend casing below shale facies may not be an effective long-term strategy for
reducing Ra activity at public supply wells. Completing wells below shale facies in the Eau Claire
Formation eliminates direct flow from the Eau Claire Formation to the well. However, this
increases the flux of groundwater from the Eau Claire Formation to the underlying Mt Simon
Formation, while also enhancing contribution from old, saline groundwater at the base of the Mt
Simon Formation. While well reconstruction (e.g., backfilling the well) to avoid the base of the

Mt Simon Formation eliminates direct contribution from old, saline groundwater at the base of the
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aquifer, groundwater from this region of the aquifer may still be transported to the well depending

on pumping rates and the hydrogeologic properties of the fine-grained deposit.

While these findings begin to evaluate the effectiveness of well reconstruction strategies
to reduce Ra activity, they also highlight the need to simulate Ra activities in the aquifer with a
transport model that can be used to further investigate transport from shale facies to underlying
sandstones with low sorption capacity. These future modeling efforts should incorporate diffusion,
dispersion, and retardation, and have high enough resolution to accurately capture Ra transport at
the shale-aquifer interface and determine under what conditions transport will be dominated by
diffusion or advection. These modeling efforts could then be extended to investigate the transport
of other geogenic contaminants associated with shale mineralogy (e.g., uranium, arsenic). There
are many considerations when reconstructing a well to reduce Ra activity, as it changes the source
area of groundwater that flows to the well. Thus, reconstruction can lead to increased contribution
of groundwater from other Ra-rich stratigraphy and may decrease well yield. Overall, treatment of
groundwater elevated in Ra offers a low-risk, long-term solution compared to well reconstruction

strategies designed to minimize Ra in pumped groundwater.
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Chapter 5

Conclusions

5.1 Summary

In this dissertation, radium (Ra) activity in the Midwestern Cambrian-Ordovician aquifer
system (MCOAS) is examined in relation to aquifer hydrogeochemical changes arising from
natural and human-induced factors. A combination of field and modeling-based approaches are
used to investigate Ra mobility when aquifer hydrogeochemical conditions evolve due to 1) the
aquifer system transitioning from unconfined to confining conditions, 2) anthropogenic
hydrocarbon spills to the subsurface, and 3) alteration of well construction and pumping rates.
Collectively, this work identifies mobilization and sequestration mechanisms impacting Ra

activity at local and regional aquifer scales.

In Chapter 2, groundwater samples are characterized along a regional flow path to identify
geochemical factors responsible for elevated Ra activity at a complex hydrogeologic setting in
east-central Wisconsin. Here, the MCOAS transitions from regionally unconfined to confined
conditions and overlies crystalline Precambrian basement with erratic topography. Radium
activities increase as the aquifer system becomes locally confined downgradient, and groundwater
transitions from a younger, (Mg, Ca)-HCOs-type to an older, Ca-(SO4, Cl)-type. Multiple Ra
mobilization mechanisms are identified, including the dissolution or absence of iron and
manganese (hydr)oxide minerals and associated decrease in sorption capacity, and cation
competition for sorption sites due to increasing TDS levels along the flow path. An interesting

result of this study is that wells with long open boreholes and 'mixed' redox processes have the
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highest Ra activity. These wells likely receive a larger portion of the old, anoxic water from

transmissive Cambrian sandstones, emphasizing the influence of well construction on Ra activity.

In Chapter 3, the impact of shifting hydrogeochemical conditions resulting from a hydrocarbon
spill on Ra activity is explored at a research site in south-central Wisconsin, where the MCOAS is
regionally unconfined. Radium occurrence has not been studied in this setting, despite prior
research demonstrating the mobilization of other geogenic contaminants in hydrocarbon-
contaminated aquifers. The site is contaminated with a mixture of chlorinated solvents, ketones,
and aromatics that have together migrated to the Tunnel City Group as a dense non-aqueous phase
liquid (DNAPL). Multi-level systems are used to target groundwater sampling in the Tunnel City
Group. Within the dissolved phase plume, an increase in TDS and decreases in oxidation-reduction
potential and pH are observed in comparison to background conditions. >*Ra activities are up to
10 times higher than background activity 60 m downgradient of the source zone. Correlations
suggest that both the absence or dissolution of iron and manganese (hydr)oxides and cation
competition for sorption sites contribute to the elevated Ra activities. 600 m downgradient and
near the middle of the dissolved phase plume Ra activities return to near background. Modeling
results demonstrate the importance of Ra re-sorption to available surface sites, including clays
within the plume and Fe and Mn (hydr)oxides further downgradient. The elevated Ra activities
within the plume suggest that Ra should be routinely evaluated alongside other geogenic

contaminants at hydrocarbon-contaminated sites.

In Chapter 4, a steady-state groundwater flow model is developed to investigate how changes
in well construction and pumping rates influence the contribution of groundwater from several
hypothesized Ra sources to public supply wells drawing from the MCOAS in southeastern

Wisconsin. Shales are enriched in Ra and parent isotopes U and Th; therefore, public water systems
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in southeast Wisconsin are often advised to extend well casing past these facies (e.g., within the
Eau Claire Formation) to reduce Ra activity in pumped groundwater. Results indicate the direct
contribution from the Eau Claire layer is eliminated when the casing is extended; however, the
change in well construction induces a strong downward hydraulic gradient that enhances flux from
the Eau Claire to the underlying Mt Simon layer, a relatively clean sandstone with few sorption
sites. Increased pumping at the reconstructed well enhances this flux, suggesting that increased
groundwater use may lead to more contribution from Ra-enriched groundwater from the Eau Claire
Formation. Additionally, the contribution of groundwater from the base of the Mt Simon
Formation, elevated in TDS and radioactivity, approximately doubles with well reconstruction.
These findings highlight how well field management can alter groundwater flow paths and enhance
the exchange of groundwater between stratigraphic units with different geochemistry and Ra

activity.

Together, these investigations demonstrate the impact hydrogeochemical conditions have
on Ra mobility in groundwater, as well as how Ra mobility may change as hydrogeochemical
conditions evolve as a result of both natural and human-induced processes. This research
highlights the influence of multiple factors on aquifer hydrogeochemical conditions (e.g., redox,
TDS, pH) and Ra activity in the MCOAS, including natural factors such as groundwater flow
paths, confinement, and aquifer mineralogy, as well as anthropogenic factors such as the release
of organic pollutants to the subsurface and well field management (e.g., construction, location).
While these studies were conducted only in the MCOAS, the findings improve the fundamental
understanding of Ra occurrence in subsurface systems and how environmental and human-

controlled processes can influence Ra occurrence in groundwater.
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5.2 Suggestions for future research

Several research questions remained unresolved in light of these findings. Further investigation
is needed to determine potential reasons for increasing Ra activity in aquifer systems, such as the
MCOAS in Wisconsin. A more detailed study examining well drilling trends (e.g., completion
depth) and groundwater use in eastern Wisconsin over the past two decades would help determine
if the construction of deeper wells or long-term water withdrawals are responsible for the recent
increase in Ra activity. Additionally, the impact of other anthropogenic contaminants on Ra
occurrence in the MCOAS is not well understood. For example, the Maquoketa shale is absent and
the MCOAS is regionally unconfined in western Wisconsin; this increases the likelihood of
migration of anthropogenic contaminants (e.g., nitrate, sodium chloride) to the deep aquifer

system, and their potential interaction with Ra.

Furthermore, additional studies are needed to determine how other types of hydrocarbon-
contaminated aquifers may affect Ra occurrence in groundwater. There are numerous sites across
the U.S. contaminated with complex organic mixtures that differ from the composition examined
in Chapter 3 of this dissertation, including sites contaminated by landfills and wastewater treatment
plants. While Ra did not occur at levels above the Maximum Contaminant Level at the site
examined here, it may be more extensively mobilized in other aquifers within the MCOAS or in

other aquifer systems with a lower sorption capacity than the units examined in this work.

Lastly, the developed groundwater flow model in Chapter 4 should be used to create a
smaller, high-resolution transport model that can be used to investigate Ra transport from Ra-rich
shales to underlying sandstones under pumping conditions at a well cased through the shale. The
model should incorporate additional processes including diffusion, dispersion, and retardation.

Continuation of these modeling efforts could provide an estimate for changes in Ra activity in the
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Mt Simon Formation due to Ra transport from an overlying shale facies over a relevant time scale
(e.g., 30 years) and draw additional conclusions regarding the effectiveness of reconstructing wells

past shale-rich formations to reduce Ra activities in public supply wells.
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Appendix A

Supplementary Information for Chapter 2
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8.0+0.5 0.710756 = 0.000008 8.9 +£0.005

32

Table A-2 Summary of standards used for 8’Sr/%Sr, [2*U/?*8U], and §**Sso4 analyses with MC-ICPMS.

Analysis Primary Standard Secondary Standard Additional standards
(24U NIST Natural Uranium  High Purity Standards CASS-6 Seawater
Uranium
NIST SRM 987 High Purity Standards
87Sr/%Sr S trgo ntiumty CASS-6 Seawater
5S04 High Purity Standards ~ Optima Sulfuric Acid  CASS-6 Seawater
Sulfur IAEA-S-1

Table A-3 MC-ICPMS measurements of the CASS-6 seawater standard compared to reported literature

values.
. Measured CASS-6 .

Analysis value (this study) Literature value Reference
[P4U%U] 1.145+0.027 1.145 Henderson (2002)!
87Sr/36Sr 0.709165 +0.000016  0.709167 +0.000009  Zaky et al. (2019)?

+21£0.13 Béttcher et al.

3*Ss04 +21.03+£0.34

(2007)}
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A-1 Supporting methods for HCA analysis

Measurements below the limit of detection were replaced by the detection limit.*
Parameters were analyzed for frequency distribution, and parameters demonstrating a non-normal
distribution were log-transformed. All data was centered by subtracting the mean and standardized
by dividing by the standard deviation of the respective parameter using the scale() function in R.>
® The HCA analysis using Euclidian distance and Ward’s Link cluster method was performed in
R using the agnes() function in the ‘cluster’ package.” The results were visualized as a dendrogram
using the fviz_dend() function in the ‘factoextra’ package (Figure A-1).® The phenon line, the line
at which the number of clusters is defined, was selected at a height at which the dendrogram was
divided into the minimum amount of groups that explain the majority of variation in

hydrogeochemical properties associated with samples.’
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Figure A-1 Dendrogram showing the results of the hierarchical cluster analysis. Cluster 1 (blue) is
comprised of 10 samples, Cluster 2 (yellow) is comprised of 9 samples, and Cluster 3 (red) is comprised of
13 samples. The dashed line is the phenon line.
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Figure A-2 Well depth vs. a) strontium (Sr) concentration, and b) combined Ra (***Ra + ??!Ra) activity, for
groundwater sample clusters. The dashed line in (a) indicates the U.S. EPA Health Reference Level of 1.5
mg/L for Sr, while the dashed line in (b) indicates the U.S. EPA Maximum Contaminant Level of 185
mBg/L for combined Ra. p = Spearman rank correlation coefficient, p = significance level.
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Figure A-3 Sulfate (SO4) concentration vs. §**Ssos value for groundwater sample clusters. Samples with
8%Sso4 values ~0%o indicate sulfide oxidation as the source of sulfate, while samples with §**Ssos values
~20%o indicate Silurian gypsum as the source of sulfate.
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Figure A-4 1/Sr concentration vs. ¥’Sr/**Sr value for groundwater sample clusters. The linear trend
indicates two-component mixing, with the first component demonstrating high Sr concentrations and high
87Sr/%6Sr ratios and the second component demonstrating low Sr concentrations and low ¥7Sr/%Sr ratios.
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Figure A-5 Mn concentration vs. a) strontium (Sr) concentration and b) combined Ra (*Ra + ?®Ra)
activity, for groundwater sample clusters. The dashed line in (a) indicates the U.S. EPA Health Reference
Level of 1.5 mg/L for Sr, while the dashed line in (b) indicates the U.S. EPA Maximum Contaminant Level
of 185 mBq/L for combined Ra. p = Spearman rank correlation coefficient, p = significance level. The
moderate correlations between Mn and Sr suggest that the absence or dissolution of Mn (hydr)oxides is an
important Sr mobilization mechanism at the study site.
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Figure A-6 Fe concentration vs. a) strontium (Sr) concentration and b) combined Ra (*?°Ra + 22®Ra) activity,
for groundwater sample clusters. The dashed line in (a) indicates the U.S. EPA Health Reference Level of
1.5 mg/L for Sr, while the dashed line in (b) indicates the U.S. EPA Maximum Contaminant Level of 185
mBg/L for combined Ra. p = Spearman rank correlation coefficient, p = significance level. The moderate
correlation between Fe and Ra in Cluster 3 samples suggests that the absence or dissolution of Fe
(hydr)oxides is an important Ra mobilization mechanism in these samples.
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Table A-4 Mineral saturation indices calculated in PHREEQC.

Mineral

ID# Dolomite  Calcite Aragonite  Gypsum Barite Celestine  Strontianite
Cluster 1

1 0.89 0.36 0.21 -1.5 0.38 -1.2 -0.55

2 0.37 0.16 0.01 -1.6 -0.08 -1.3 -0.65

3 0.18 0.08 -0.07 -1.4 0.15 -0.75 -0.45

4 0.27 0.15 0.00 -1.2 0.25 -0.71 -0.46

5 0.23 0.13 -0.02 -1.3 0.16 -0.70 -0.42

6 -0.20 -0.10 -0.26 -1.8 -0.21 -1.6 -1.1

7 -0.08 -0.02 -0.18 -1.7 -0.21 -1.5 -0.95

8 0.78 0.32 0.17 -1.9 -0.34 -1.7 -0.65

9 0.50 0.24 0.08 -1.8 0.08 -1.4 -0.48

10 0.05 0.01 -0.14 -2.0 -0.09 -14 -0.51

Cluster 2

11 0.47 0.31 0.15 -1.6 -0.30 -3.1 2.3

12 0.13 0.14 -0.02 -2.0 -0.69 2.9 -1.9

13 0.18 0.12 -0.03 -2.0 -0.45 -3.1 2.2

14 -0.04 0.04 -0.12 -1.8 0.13 -3.0 -23

15 -0.51 -0.16 -0.31 -2.0 -0.01 2.7 -1.9

16 0.38 0.25 0.10 2.1 -0.35 -2.5 -1.3

17 0.79 0.37 0.21 -2.3 0.31 -1.8 -0.31

18 1.1 0.50 0.34 2.1 0.36 2.2 -0.75

19 0.82 0.27 0.12 -1.9 0.35 -1.7 -0.71
Cluster 3

20 -0.28 0.01 -0.14 -1.8 0.05 -0.99 -0.35

21 -0.36 -0.04 -0.19 -1.8 -0.24 -0.98 -0.38

22 -0.36 -0.07 -0.22 -2.0 -0.38 -1.4 -0.61

23 -0.24 -0.02 -0.17 -1.9 -0.17 -1.4 -0.64

24 -0.30 0.04 -0.11 -1.5 -0.13 -0.59 -0.14

25 -0.46 -0.02 -0.17 -1.3 -0.07 -0.18 -0.02

26 -0.96 -0.25 -0.40 -1.4 -0.01 -0.77 -0.77

27 -0.76 -0.23 -0.39 -1.1 0.09 -0.42 -0.68

28 0.15 0.21 0.06 -1.1 0.32 -0.38 -0.22

29 -0.06 0.12 -0.04 -1.2 0.14 -0.50 -0.36

30 -0.02 0.19 0.04 -1.3 0.12 -0.59 -0.25

31 -0.25 0.06 -0.09 -1.3 -0.04 -0.40 -0.21

32 0.35 0.30 0.15 -1.6 -0.02 -0.85 -0.06
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A-2 Discussion of SO4- and CI sources

Mechanisms that may be responsible for the increase in sulfate (SO4%") and chloride (CI")
concentrations include 1) dissolution of evaporites such as gypsum (CaSO4),'%!2 2) oxidation of
sulfides,!! 3) stagnation zones at the base of the aquifer,!> '* or 4) SO4*-rich brines transported
from the Michigan Basin during a Pleistocene flow reversal.!” ' In this study, dissolution of
gypsum contributing to SO4> concentrations is supported by undersaturation with respect to
gypsum for all samples, with a median SI of -1.7 + 0.33 (Table A-4), and a moderate correlation
between Ca?" and SO4* (p = 0.50, p < 0.005). Additionally, multiple samples from each of the
three sample clusters have §°*Ssos values near + 20%o, within the range reported for Silurian
gypsum (Figure A-3).'® Silurian evaporites do not occur locally within the MCOAS of eastern
Wisconsin, but are present in the nearby Michigan Basin.!! %16 Therefore, this §**Ssos signature
reflects the recharge of saline, SO4*-rich water to eastern Wisconsin from the Michigan Basin

during a Pleistocene glaciation flow-reversal event.!®

This event is further supported by the
moderate negative correlation (p = -0.69, p < 0.001) between &°*Ssos values and §'0 values.
However, due to the lack of vertically discrete data, it is unclear if concentrated brine remnants are
present at the base of the aquifer at the study site. Oxidation of sulfides as a source of SO4?" is

), 1517 resulting in SO4* concentrations as high as 230

indicated by low 8**Ssos values (~0 %o
mg/L. Sulfide minerals such as pyrite have been documented within Cambrian-Ordovician
bedrock of eastern Wisconsin, including a Sulfide Cement Horizon at the top of the St. Peter
sandstone.!®?° Additionally, the presence of a groundwater stagnation zone at the base of the
aquifer cannot be ruled out in the study area. Similar to the Brownsville well in Weaver and Bahr
(1991),'? the wells in the city of Fond du Lac are located on the flank of a substantial low in

t,21’ 22

Precambrian basemen with restricted recharge and an increased groundwater residence time

that has permitted increased dissolution of Cl-bearing minerals. These results suggest that
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enhanced mineral dissolution due to local confinement and a groundwater stagnation zone is likely
the dominant control on the composition shift. However, unconfined conditions also result in

sulfide oxidation that generates an additional source of SO4*".
A-3 Discussion of [**U/3U]J disequilibrium

The extreme disequilibrium of [**U/*¥U] is well-documented in the MCOAS, and is
attributed to it being a very deep and old hydrologic system, where the U roll front system is slow
and stable and U is dispersed over a large area by precipitation on quartz grains.? If this is the
case, the redox boundary would not be substantially advancing downgradient. Alternatively, the
extreme disequilibrium could be due to increased mobility of 2**U, resulting from a diffuse redox
boundary where there is considerable transport of **U before reprecipitation.?® It is possible that
variations in flow and geochemistry from the Pleistocene glaciation could have had an influence
on the [24U/2*U] ratio.!”-?* In this scenario, the episodic glacial recharge of oxic water could have
dissolved U-bearing minerals within the aquifer rocks, or in eroded and crushed shales or igneous
and metamorphic rocks transported by glaciers.?* ?° This would result in preferential leaching of
234U due to o-recoil effects, until reducing aquifer conditions were encountered or re-established
and U precipitated out of solution. If it is assumed that reducing conditions were resumed in the
aquifer after the glaciation, the subsequent [>**U/**¥U] ratio would remain until a different recharge

event brings in a new supply of oxic water.?
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Appendix B

Supplementary information for Chapter 3

B-1 Details of analytical methods
B-1.1 Groundwater sample collection and preservation

Groundwater samples were collected from Westbay® MLS (https://www.westbay.com)
using a MOSDAX sample probe with an onboard pressure transducer. The Westbay MLSs
sampled for this study each include between 1.2 and 1.9 m depth-discrete monitoring intervals
isolated by packers. Nine of the eleven monitoring intervals selected for sampling were less than
1.2 m in length and the other two were between 1.5 and 1.9 m in length. In preparation for
sampling, four 250-mL stainless steel sample containers were connected to the MOSDAX sample
probe and evacuated using a peristaltic pump. Once the containers were evacuated to a pressure <
2-3 psi the valve between the probe and the containers is shut using a MAGI I control module. The
probe and connected containers are then lowered down the Westbay multilevel system casing on
a wireline using a hand winch until they are about 1 m below the port providing access to the
monitoring interval of interest. At that point, an arm on the probe is extended using the control
module. The probe and connected containers are then lifted to a position about 0.3 m above the
port and then lowered back down until the arm engages with a grove in the casing that lands the
probe in the port. The MAGI control module is then used to extend a shoe that pushes the sample
probe against the port creating a hydraulic connection between the probe and the groundwater
outside the MLS casing in the monitoring interval. The ambient formation fluid pressure is
measured and then sample collection is initiated by opening the valve between the evacuated

containers and the probe. The valve is closed once the pressure in the system has equilibrated back
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to the original formation fluid pressure. The probe is disconnected from the port using the control
module and then the probe and sample containers are then lifted back to the surface using the
winch. Once at the surface the sample containers were opened and the groundwater was decanted
into laboratory containers. Field parameters including pH, ORP, TDS, and temperature were
measured with a Myron L Company Ultrameter II. Samples for metal and isotopic analysis were
filtered (0.45 pm) and preserved at pH < 2 with Optima grade hydrochloric acid (HCI), while
samples for other general chemical analyses were only filtered. All groundwater samples were

kept on ice in the field and stored at 4°C until analysis.
B-1.2 General chemical analyses

Groundwater samples were analyzed for alkalinity, metals, and anions at the University of
Wisconsin-Madison Core Facility for Advanced Water Analysis. A Mettler Toledo G-20 compact
titrator was used to measure total alkalinity within 24 hours of sample collection. Samples were
analyzed for metals with an Agilent 5110 inductively-coupled plasma optical emission
spectrometer. Concentrations of thorium (**2Th) and uranium (**%U) were measured with an
Agilent 8900 inductively-coupled plasma mass spectrometer. Anion (e.g., sulfate, chloride, nitrate)
concentrations were determined using a Thermo Scientific Dionex ICS-2100 ion chromatography
system with a Dionex IonPac AS-11 separation column and an lonPac AG-11 guard column.

B-1.3 Isotopic analyses

Analyses of radium (**®Ra/**°Ra), uranium ([>**U/**3U]), and strontium (}’St/*’Sr) isotopes
in groundwater samples were performed with a multi-collector inductively-coupled plasma mass
spectrometer (MC-ICPMS) at the Wisconsin State Laboratory of Hygiene Trace Elements
Laboratory. Samples were purified by ion exchange chromatography prior to analyses following

methods described in Mathews, et al. (2021, 2022)." ? Data for duplicate measurements are
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presented in Table B-4, and standards used for [>**U/***U] and *’Sr/%¢Sr measurements are
summarized in Table B-5. Prior to purification by ion exchange chromatography, samples for 2>’Ra
and 2*®Ra analysis were spiked with 100 pL of a ?®Ra solution purified from a Th solution (initial
226Ra/?*®Ra: 0.8197). The *?Ra spike was calibrated to the average literature values for rock
standards AGV-2, BCR-2, and TML.! The validity of calibration was then checked against
additional aliquots of AGV-2, BCR-2, TML, and SBC-1. The measured ?°Ra/**®Ra ratio was used
to calculate the amount of ??°Ra for each sample, converted from fg/g solution Ra activity to
mBg/L water. Further information about the spike calibration can be found in Mathews, et al.
(2021).! Prior to each 2*’Ra/**®Ra analysis, the MC-ICPMS ion counter detector was calibrated
with a dilute 2*8U tuning solution. Mass bias in the >*’Ra/?***Ra analysis was corrected by analyzing
a natural uranium solution for 2*8U/?*°U. City of Madison Well 19 water (MWU 19) and Pheasant
Branch spring water were used as internal standards for °Ra and ?**Ra analyses. The MWU 19
sample gave 2*Ra = 1.62 + 0.05 and ?**Ra = 2.06 + 0.07, in good agreement with the long-term
average of 1.60 + 0.06 and 2.03 £ 0.13 (n = 11). The Pheasant Branch sample gave **Ra = 0.20 +
0.01 and ?2®Ra = 0.70 + 0.04, in good agreement with the long-term average of 0.574 £ 0.315 (n =
8). The Pheasant Branch sample was also measured for ¥'Sr/%¢Sr, giving 0.709272 + 0.000007,
consistent with values measured for this spring in Hunt and Steuer (2000)* (listed as Frederick
Spring 1). Strontium and uranium isotope data for standards listed in Table B-5 are listed in Table

B-6.
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Table B-5 Standards used for [2*U/?*8U] and ¥Sr/%¢Sr analyses with MC-ICPMS.

Analysis Primary Standard Secondary Standard Additional standards
[34U/5U] NIST Natural Uranium  High Purity . AGV-2, BCR-2, TML, SBC-1
Standards Uranium
gy T SRMOT High Purity AGV-2, BCR-2, TML, SBC-1

Standards Strontium

Table B-6 Analytical data for standards used for [2*#U/>*®U] and ¥’Sr/**Sr analyses with MC-ICPMS.

Standard  ¥’Sr/**Sr* 26 Abs. (**U)/(3*U)* 20 Abs.
AGV-2 (1) 0.703958 0.000007 1.002 0.001
AGV-2(2) 0.703968 0.000008 1.004 0.001
AGV-2(3) 0.703967 0.000006
BCR-2 (1) 0.704999 0.000010 1.012 0.001
BCR-2 (2) 0.704996 0.000011 1.011 0.001
BCR-2 (3) 0.705007 0.000008
SBC-1 (1) 0.724108 0.000008 1.010 0.002
SBC-1 (2) 0.724118 0.000006 1.008 0.001
SBC-1 (2) 0.724105 0.000008
TML (1) 0.705577 0.000007 1.009 0.001
TML (2) 0.705577 0.000008 1.008 0.001
TML (3) 0.705585 0.000008

aStrontium isotope ratios are reported relative to NBS987 Sr/%6Sr = 0.71024.
®Uranium activity ratios relative to the 2*U/**3U equilibrium value of Cheng et al. (2013).*
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*Not always present at study site.
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Sandstone

Interbedded sandstone, clay, and
conglomeratic mixture of shale, chert,
sandstone, and/or dolostone fragments
in fine to coarse sand or clay

Dolostone or sandy
dolostone

Silty sandstone with thin interbeds

| of siltstone and/or shale

Figure B-1 Generalized study site stratigraphy. Modified from Meyer et al. (2016).°
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Figure B-2 Depth profile of 2**U, Sr, and Ba concentrations, [2**U/?*%U], ¥Sr/**Sr, and Ra activities at
multi-level system (MLS) MP-24S. The bars above and below each data point indicate the length of each
sampling interval. Open data points indicate the measurement is below the limit of detection (LOD) and is
plotted as 0.5*LOD. Bgs = below ground surface, ASL = above sea level, TC = Tunnel City, RT =
Readstown, T = Tonti.
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Figure B-3 Depth profile of 228U, Sr, and Ba concentrations, [2*U/**8U], ¥’Sr/*¢Sr, and Ra activities at
multi-level system (MLS) MP-19S. The bars above and below each data point indicate the length of each
sampling interval. Open data points indicate the measurement is below the limit of detection (LOD) and is
plotted as 0.5*LOD. Bgs = below ground surface, ASL = above sea level.
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Figure B-4 Depth profile of 2*U, Sr, and Ba concentrations, [**U/**8U], ¥’Sr/*¢Sr, and ?*°Ra activities at
multi-level system (MLS) MP-16.! The bars above and below each data point indicate the length of each
sampling interval. Bgs = below ground surface, ASL = above sea level.
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Figure B-5 ??°Ra activity vs. total dissolved Mn concentration. Data from the background multi-level
system (MP-16) analyzed in Mathews, et al.! is plotted for comparison, but not included in the calculation
of correlation coefficients. Rs = Spearman rank correlation coefficient. p = significance level. *Multi-level
system MP-16 was sampled by Mathews, et al.!
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Figure B-6 **°Ra activity vs. dissolved organic carbon (DOC) concentration. Data from the background
multi-level system (MP-16) analyzed in Mathews, et al.! is plotted for comparison, but not included in the
calculation of correlation coefficients. Rs = Spearman rank correlation coefficient. p = significance level.
*Multi-level system MP-16 was sampled by Mathews, et al.!
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Figure B-7 Aqueous ¥’Sr/%Sr vs. A) Sr/Ca and B) 22°Ra activity. Data from the background multi-level
system (MP-16) analyzed in Mathews, et al.! is plotted for comparison, but not included in the calculation
of correlation coefficients. Rs = Spearman rank correlation coefficient. p = significance level. *Multi-level
system MP-16 was sampled by Mathews, et al.!
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Figure B-8 Inverse 2*®U concentration vs. [2*U/?%U]. 28U measurements less than the limit of detection
(LOD) are plotted as 0.5*LOD. *Multi-level system MP-16 was sampled by Mathews, et al.!

B-2 Description of sequential extraction procedure from Mathews et al.’

Sequential extractions were performed on pulverized Tunnel City Group core from
Sheboygan County, Wisconsin, using a rock-to-extractant ratio of 1:10. The first fraction targeted
water-soluble ions using an anoxic, synthetic groundwater consisting of a saturated solution of
trace-metal-grade calcium carbonate in ultrapure water and an adjusted initial pH of 8. The second
fraction used 1 M trace-metal-grade acetic acid added to the solid from the previous step, and
targeted carbonate minerals and sorbed metals (acido-soluble fraction). The last fraction targeted

reducible phases (e.g., Fe and Mn (hydr)oxides) using 0.04 M hydroxylamine hydrochloride in
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Figure B-9 Solid pha;elemental composition of MP-24S core as measured by portable X-ray

fluorescence. Elemental weight abundance is presented as either parts per million (mg/kg) or weight

percent (%), with 1% = 10,000 mg/kg. Measurements less than the limit of detection are plotted as zero.
BGS = below ground surface, AMSL = above mean sea level, cps = counts per second.
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Figure B-10 Solid phase elemental composition of MP-16 core as measured by portable X-ray
fluorescence. Elemental weight abundance is presented as either parts per million (mg/kg) or weight
percent (%), with 1% = 10,000 mg/kg. Measurements less than the limit of detection are plotted as zero.
BGS = below ground surface, AMSL = above mean sea level, cps = counts per second.
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B-3 Additional details of geochemical modeling and example PHREEQC codes for Ra co-
precipitation and sorption

Concerns with model accuracy and error due to the low initial Ra concentrations used in
PHREEQC were evaluated by increasing initial Ra concentrations by three orders of magnitude in
each of the models, and comparing results to output from the original models. Results were the
same for PHREEQC models evaluating Ra co-precipitation and sorption to illite. Model results
evaluating Ra sorption to hydrous iron oxides (HFO) and hydrous manganese oxides (HMO) were
different for the sample with the lowest initial Ra concentration (MP-24S Port 1 with initial Ra
concentration of 3.9x10'® M), indicating the model censored initial concentrations starting
somewhere between 3.9x107'¢ to 4.1x10'® M Ra. The results for this sample were corrected in
post-processing by multiplying the true initial Ra concentration by the fraction sorbed to HFO and
the fraction sorbed to HMO, as obtained by the model run with initial concentrations three orders
of magnitude higher.

B-3.1 Example PHREEQC model for Ra co-precipitation

TITLE Radium cycling in a hydrocarbon plume , MP-19S Port 4

# DATABASE C:\Program Files (x86)\USGS\Phreeqc Interactive 3.4.0-
12927\database\phreeqc.dat

# Program to evaluate radium co-precipitation with barite (BaSO4) and aragonite (CaCO3) solid
solutions

# Ra species and phases from thermodynamic database of Giffaut et al. (2014) Andra
thermodynamic database for performance assessment: ThermoChimie. Applied Geochemistry,
49: 225-236.

# Thermochimie SIT.DAT database for PHREEQC accessed at https://www.thermochimie-
tdb.com/pages/publi.php

# Thermodynamic data for Ra(SO4)(s) and Ra(CO3)(s) from Langmuir, Donald, and Riese, A.C.
(1985) The thermodynamic properties of radium: Geochimica et Cosmochimica Acta (49)1593-
1601.

SOLUTION MASTER SPECIES
#element species alk  gfw formula element gfw
Ra Ra+2 0 Ra 226.02

SOLUTION_SPECIES
#radium aqueous species



#Ra+2
Ra+2 = Ra+2
log k 0
#RaOH+
-1.000H+ + 1.000Ra+2 + 1.00H20 = RaOH+
log k -13.49
delta h 60.417 kJ/mol #85LAN/RIE
#Ra(OH)2
-2.00H+ + 1.000Ra+2 + 2.000H20 = Ra(OH)2
log k -28.07
delta h 112.197 kJ/mol
#RaCl+
+1.000Ra+2 + 1.000Cl- = RaCl+
log k -0.1 #85LAN/RIE
delta h 2.479 kJ/mol
#RaCl2
+1.000Ra+2 + 2.00CI- = RaClI2
log k -0.1
delta h 0.495 kJ/mol
#RaHCO3+

+1.000H+ + 1.000Ra+2 + 1.000CO3-2 = RaHCO3+

log k 10.92 #01ILE/TWE

#RaCO3

+1.000Ra+2 + 1.000CO3-2 = RaCO3
log k 2.5 #99SCH
delta h 4.496 kJ/mol

#RaSO4

+1.000Ra+2 + 1.000SO4-2 = RaSO4
log k 2.76
delta h 5.472 kJ/mol

#RaF+

+1.000Ra+2 + 1.000F- = RaF+
log k 0.48 #87BRO/WAN

#Starting solution composition: groundwater sample collected at MP-19S Port 4

SOLUTION 1 MP-19S Port 4
temp 11.48
pH 6.62
pe 0.92
redox pe
units  mg/l
density 1
Al 0.1 #guesstimate
Alkalinity 334 as Ca0.5(C0O3)0.5
Ba 104 ug/l
Br 0.002
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Ca 126

Cl 240

F 0.14

Fe 18.3

K 0.84

Mg 62.7

Mn 913 ug/l

N() 0.12

Na 8.9

Ra 7.99e-16 Mol/l

S(6) 84

Si 11.1 as Si

Sr 106 ug/l

-water 1 #kg
PHASES
#Radium solid phases from sit.dat and Langmuir and Riese, included in sit.dat
Ra(cr)

Ra =Ra+2 + 2e-

log k 98.44

delta h -528.025kJ
-analytical expression -0.0881751 042193.6000
Ra(NO3)2(s)
Ra(NO3)2 =2NO3- + Ra+2
log k -2.21
delta h 49.981 kJ
Ra(S0O4)(s)
Ra(SO4) = Rat+2 + SO4-2
log k -10.26 #Langmuir and Riese (1985) GCA(49)1593-1601
delta h -9.4 kcal #Langmuir and Riese (1985) GCA(49)1593-1601
-analytical expression -3.44327 0 -2032.41 000
RaClI2:2H20(s)
RaCl2:2H20 = 2Cl- + 2H20 + Ra+2
log k -0.73
delta h 32.221kJ
-analytical expression 4.91469 0 -1682.97 00 0
Ra(OH)2(s)
Ra(OH)2 + 2H+ = 2H20 + Ra+2
log k 30.99
delta h -149.762 kJ
-analytical expression 4.75269 0 7822.6500 0
Ra(CO3)(s)
Ra(C0O3) = CO3-2 + Ra+2
log k -8.3 #Langmuir and Riese (1985) GCA(49)1593-1601
delta h -2.8 kcal #Langmuir and Riese (1985) GCA(49)1593-1601
-analytical expression -5.95418 0-699.40700 0
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#Mineral phases from wateq4f.dat not included in phreeqc.dat
Magnesite
MgCO3 = CO3-2 + Mg+2
log k -8.029
delta h -6.169 kcal
Dolomite
CaMg(CO3)2 =2C03-2 + Cat+2 + Mg+2
log k -17.09
delta h -9.436 kcal
-Vm  64.5 cm3/mol
Dolomite(d)
CaMg(C0O3)2 =2C0O3-2 + Ca+2 + Mg+2
log k -16.54
delta h -11.09 kcal
Dolomite2
Ca0.5Mg0.5CO3 = C0O3-2 + 0.5Ca+2 + 0.5Mg+2
log k -8.5045 #-17.09/2
delta h -4.718 kcal #-9.436/2
Chlorite
Mg5AI12Si3010(0OH)8 + 16H+ = 2Al1+3 + 6H20 + 3H4Si104 + 5Mg+2
log k 68.38
delta h -151.494 kcal
Kmica
KAI3Si3010(0OH)2 + 10H+ = 3Al+3 + 3H4Si04 + K+
log k 12.703
delta h -59.376 kcal
Mirabilite
Na2S04:10H20 = 10H20 + 2Na+ + SO4-2
log k -1.114
delta h 18.987 kcal
Birnessite
MnO2 + 4H+ + 2e- = 2H20 + Mn+2
log k 43.601

#lron, manganese, and sulfate minerals from various sources
Schwert(1.75)

Fe808(OH)4.5(S04)1.75 + 20.5H+ = 8Fe+3 + 12.5H20 + 1.75S04-2

log k 18 #Bigham and others (1996, GCA 60:2111-2121)
Schwert(1.00)

Fe808(OH)6.0(S04)1.00 + 22H+ = 8Fe+3 + 14H20 + SO4-2

log k 9.6 #Majzlan and others (2004, GCA 68:1049-1059)
Fe(OH)2 (a)

Fe(OH)2 + 2H+ = Fe+2 + 2H20

log k 12.76 #sit.dat

delta h -99.096 kJ #sit.dat
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Mn-siderite
Fe0.95Mn0.05CO3 = CO3-2 + 0.95Fe+2 + 0.05Mn+2
log k -10.89
delta h -2.48 kcal
-Vm  29.2 cm3/mol
Rhodochrosite
MnCO3 = CO3-2 + Mn+2
log k -11.13
delta h -1.43 kcal
-Vm  31.1 cm3/mol
Manganite
MnOOH + 3H+ + e- = 2H20 + Mn+2
log k 25.34
# Mn+2 =Mn+3 + e-
# log k -25.51
# MnOOH + 3 H+ = Mn+3 + 2 H20 # combined above reactions from wateq4f.dat
# log k-0.17
Pyrochroite
Mn(OH)2 + 2H+ = 2H20 + Mn+2
log k 152
Basaluminite
Al4(OH)10SO4 + 10H+ = 4Al+3 + 10H20 + SO4-2
log k 22.7 #Wateq

Gypsum
CaS04:2H20 = Ca+2 + 2H20 + S04-2
log k -4.58

delta h -0.109 kcal

-analytical expression 68.2401 0 -3221.51 -25.0627 0 0

-Vm  73.9 cm3/mol #172.18/2.33 (Vm H20 = 13.9 cm3/mol)
Ettringite

Ca6AI2.02(S04)2.79(OH)12.48:26H20 + 12.48H+ = 2.02Al1+3 + 6Ca+2 + 38.48H20 +
2.79504-2

log k 61.82
# Myneni and others (1998, Chemical Geology, 148:1-19) log k  -112.9 (+ 12.48*14)
Epsomite

MgS04:7H20 = 7TH20 + Mg+2 + SO4-2

log k -2.14

delta h 2.82 kcal
Todorokite

Mn7012:3H20 + 24H+ + 10e- = 15H20 + 7Mn+2

log k 225.6759 #expressed as Mn+2, lInl.dat

Sylvite
KCl=Cl-+ K+
log k 09121

delta h 17.221 kJ #Robie, Hemingway, and Fisher (1978, USGS Bull 1452)
Celestine
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SrSO4 = SO4-2 + Sr+2

log k -6.63

delta h -1.037 kcal

-analytical expression -14805.9622 -2.4660924 756968.533 5436.3588 -40553604 0
SrSiO3

SrSiO3 + H20 = H2Si104-2 + Sr+2

log k -8.1162 # 14.8438 -22.96, lInl.dat

Barite
BaS04 = Ba+2 + SO4-2
log k -9.97

delta h 6.35 kcal
-analytical expression 136.035 0 -7680.41 -48.595 0 0

SOLID SOLUTIONS 1
(BaRa)SO4 ss
-comp] Barite 0
-comp2 Ra(SO4)(s) 0
-tempk 298.15
-Gugg nondim 2.34 0 #Guess, Glynn (2000), Table 1c (BaSr)SO4
(CaRa)CO3_ss
-compl Aragonite 0
-comp2 Ra(CO3)(s) 0
-tempk 298.15
-Gugg nondim 2.66 -1.16 #Guess, Glynn (2000), Table 2 (CaSr)CO3

USE solution 1
USE solid_solutions 1

TITLE MP-19S Port 4 Co-precipitation

SELECTED OUTPUT 1

-file MP-19S Port4 co-precip_only.sel

-simulation false

-distance false

-time false

-molalities Ra+2 RaCl+ RaCl2 RaCO3
RaF+ RaHCO3+ RaOH+ RaSO4
Ra(OH)2

-saturation_indices Anhydrite Aragonite Barite Birnessite
Calcite Celestine Dolomite(d) Dolomite2
Epsomite Fe(OH)3(a) Al(OH)3(a) Gypsum
Halite Manganite Rhodochrosite Schwert(1.75)
Siderite Strontianite Sylvite Witherite
Ra(SO4)(s) Ra(CO3)(s) Mirabilite Kaolinite
Illite

-solid_solutions  (BaRa)SO4 ss (CaRa)CO3 ss
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#User punch statements allow display of computed parameters in selected output
USER PUNCH 1
-headings pH Al.ug Mn.ug Sr.ug Ba.ug Ra.pg Ca.mg Mg.mg Fe.mg Na.mg K.mg SO4.mg
Alk.mg Cl.mg Br.mg NO3.mg F.mg Si.mg TDS.mg SC.uS IonStr.mol SR BaRa SO4ss
SI BaRa SO4ss SR _ccCaRa CO3ss SI ccCaRa CO3ss SR_CaRa CO3ss SI CaRa CO3ss
MOLES BaRaSO4 ss MOLES BaSO4 ss MOLES RaSO4 ss xBaSO4 xRaSO4 kBaSO4
kRaSO4 kssSO4 SRssS0O4 SIssSO4 MOLES CaRaCO3 ss MOLES CaCO3 ss
MOLES RaCO3 ss xCaCO3 xRaCO3 kCaCO3 kRaCO3 KssCO3 SRssCO3 SIssCO3
-start

10 PUNCH -LA("H+")

20 PUNCH TOT("AI")*GFW("AI")*1e6

30 PUNCH TOT("Mn")*GFW("Mn")*1e6

40 PUNCH TOT("St")*GFW("Sr")*1e6

50 PUNCH TOT("Ba")*GFW("Ba")*1e6

60 PUNCH TOT("Ra")*GFW("Ra")*1el2

70 PUNCH TOT("Ca")*GFW("Ca")*1e3

80 PUNCH TOT("Mg")*GFW("Mg")*1e3

90 PUNCH TOT("Fe")*GFW("Fe")*1e3

100 PUNCH TOT("Na")*GFW("Na")*1e3

110 PUNCH TOT("K")*GFW("K")*1e3

120 PUNCH TOT("S(6)")*(GFW("S")+4*GFW("O"))*1e3

130 PUNCH ALK*GFW("Alkalinity")*1e3

140 PUNCH TOT("CI")*GFW("CI")*1e3

150 PUNCH TOT("Br")*GFW("Br")*1e3

160 PUNCH TOT("N(5)")*(GFW("N")*3*GFW("O"))*1e3

170 PUNCH TOT("F")*GFW("F")*1e3

180 PUNCH TOT("Si")*GFW("Si")*1e3

190 TDS = 1e3*(TOT("Ca")*GFW("Ca") + TOT("Mg")*GFW("Mg") +
TOT("Na")*GFW("Na") + TOT("K")*GFW("K") + TOT("S(6)")*(GFW("S")+4*GFW("O")) +
TOT("CI")*GFW("CI") + TOT("Br")*GFW("Br") + TOT("F")*GFW("F") +
ALK*GFW("Alkalinity")+ TOT("N(5)")*(GFW("N")+3*GFW("0O")) +
TOT("Si")*(GFW("Si")+2*GFW("0")) + TOT("Fe")*GFW("Fe") + TOT("AI")*GFW("AI") +
TOT("Mn")*GFW("Mn"))

200 PUNCH TDS

210 PUNCH SC

220 PUNCH MU

230 SR _BaRa_ SO4ss = SR("Barite")+ SR("Ra(SO4)(s)")

240 SI_BaRa_SO4ss = LOG10(SR_BaRa_SO4ss)

250 PUNCH SR _BaRa SO4ss

260 PUNCH SI_BaRa SO4ss

270 SR _ccCaRa CO3ss = SR("Calcite") + SR("Ra(CO3)(s)")

280 SI ccCaRa CO3ss = LOGI0(SR _ccCaRa CO3ss)

290 PUNCH SR _ccCaRa CO3ss

300 PUNCH SI ccCaRa CO3ss

310 SR_CaRa CO3ss = SR("Aragonite") + SR("Ra(CO3)(s)")
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320 SI_CaRa CO3ss = LOG10(SR_CaRa_CO3ss)

330 PUNCH SR_CaRa_ CO3ss

340 PUNCH SI_CaRa CO3ss

350 MOLES BaRaSO4 ss=LIST S S("(BaRa)SO4 ss", count, comp$, moles)
360 [F MOLES BaRaS04 ss=0 THEN GOTO 470

370 MOLES BaSO4 ss=SUM S S("(BaRa)SO4 ss", "Ba")

380 MOLES RaSO4 ss=SUM S S("(BaRa)SO4 ss", "Ra")

390 xBaSO4 = MOLES BaSO4 ss/ MOLES BaRaSO4 ss

400 xRaSO4 = MOLES_RaS04 ss/ MOLES BaRaSO4 ss

410 kBaSO4 = 10N(LK_PHASE("Barite"))

420 kRaSO4 = 10n(LK_PHASE("Ra(SO4)(s)"))

430 KssSO4 = 10" (xBaSO4*log10(kBaSO4) + xRaSO4*log10(kRaS04))

440 REM SRssSO4 is sum of saturation ratios (IAP/K) of pure phases. SRssSO4 >1.0 indicates
solid solution should form. SRssSO4 = 1.0 indicates equilibrium with solid solution
450 SRssSO4 = SR("Barite") + SR("Ra(S04)(s)")

460 SIssSO4 = LOG10(SRssSO4)

470 PUNCH MOLES BaRaSO4 ss

480 PUNCH MOLES BaSO4 ss

490 PUNCH MOLES RaSO4 ss

500 PUNCH xBaS04

510 PUNCH xRaS0O4

520 PUNCH kBaS0O4

530 PUNCH kRaSO4

540 PUNCH KssSO4

550 PUNCH SRssSO4

560 PUNCH SIssSO4

570 MOLES CaRaCO3 ss=LIST S S("(CaRa)CO3 ss", count, comp$, moles)
580 IF MOLES CaRaCO3 ss=0 THEN GOTO 690

590 MOLES CaCO3 ss=SUM_S S("(CaRa)CO3 ss", "Ca")

600 MOLES RaCO3 ss=SUM S S("(CaRa)CO3 ss", "Ra")

610 xCaCO3 = MOLES_CaCO3 ss/MOLES CaRaCO3 ss

620 xRaCO3 = MOLES RaCO3 ss/MOLES CaRaCO3 ss

630 kCaCO3 = 10N(LK_PHASE("Calcite"))

640 kRaCO3 = 10"(LK_PHASE("Ra(CO3)(s)"))

650 KssCO3 = 10"(xCaCO3*log10(kCaCO3) + xRaCO3*log10(kRaCO3))

660 REM SRssCO3 is sum of saturation ratios (IAP/K) of pure phases. SRssCO3 >1.0 indicates
solid solution should form. SRssCO3 = 1.0 indicates equilibrium with solid solution.
670 SRssCO3 = SR("Aragonite") + SR("Ra(CO3)(s)")

680 SIssCO3 = LOG10(SRssCO3)

690 PUNCH MOLES CaRaCO3_ss

700 PUNCH MOLES_CaCO3 _ss

710 PUNCH MOLES RaCO3 ss

720 PUNCH xCaCO3

730 PUNCH xRaCO3

740 PUNCH kCaCO3

750 PUNCH kRaCO3
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760 PUNCH KssCO3

770 PUNCH SRssCO3

780 PUNCH SIssCO3
-end

END

B-3.2 Example PHREEQC model for Ra sorption to hydrous iron oxides (HFO) and
hydrous manganese oxides (HFO)

TITLE Radium cycling in a hydrocarbon plume, MP-19S Port 4

# DATABASE C:\Program Files (x86)\USGS\Phreeqc Interactive 3.4.0-
12927\database\phreeqc.dat

# Program to assess potential for radium sorption to hydrous Fe oxides (HFO) and hydrous
manganese oxides (HMO)

# Ra species and phases from thermodynamic database of Giffaut et al. (2014) Andra
thermodynamic database for performance assessment: ThermoChimie. Applied Geochemistry,
49: 225-236.

# Thermochimie SIT.DAT database for PHREEQC accessed at https://www.thermochimie-
tdb.com/pages/publi.php

# Thermodynamic data for Ra(SO4)(s) and Ra(CO3)(s) from Langmuir, Donald, and Riese, A.C.
(1985) The thermodynamic properties of radium: Geochimica et Cosmochimica Acta (49)1593-
1601.

SOLUTION MASTER SPECIES
#element #species alk  #gfw formula #element gfw
Ra Ra+2 0 Ra 226.02

SOLUTION_SPECIES
#Radium aqueous species

#Ra+2
Ra+2 =Ra+2
logk 0
#RaOH+
-1.000H+ + 1.000Ra+2 + 1.00H20 = RaOH+
log k -13.49
delta h 60.417 kJ/mol #85LAN/RIE
#Ra(OH)2
-2.00H+ + 1.000Ra+2 + 2.000H20 = Ra(OH)2
log k -28.07
delta h 112.197 kJ/mol
#RaCl+

+1.000Ra+2 + 1.000Cl- = RaCl+
log k -0.1 #8SLAN/RIE
delta h 2.479 kJ/mol



#RaCl2

+1.000Ra+2 + 2.00CI- = RaClI2

log k

-0.1

delta h 0.495 kJ/mol
#RaHCO3+

+1.000H+ + 1.000Ra+2 + 1.000CO3-2 = RaHCO3+
10.92 #01ILE/TWE

log k
#RaCO3

+1.000Ra+2 + 1.000CO3-2 = RaCO3

log k

2.5 #99SCH

delta h 4.496 kJ/mol

#RaS0O4

+1.000Ra+2 + 1.000SO4-2 = RaSO4

log k

2.76

delta h 5.472 kJ/mol

#RaF+

+1.000Ra+2 + 1.000F- = RaF+
log k 048 #87BRO/WAN

#Starting solution composition: groundwater sample collected at MP-19S Port 4
SOLUTION 1 MP-19S Port 4

temp 11.48

pH 6.62

pe 0.92

redox pe

units  mg/l

density 1

Al 0.1 #guesstimate
Alkalinity 334 as Ca0.5(C03)0.5
Ba 104 ug/l

Br 0.002

Ca 126

Cl 240

F 0.14

Fe 18.3

K 0.84

Mg 62.7

Mn 913 ug/l

N() 0.12

Na 8.9

Ra 7.99¢-016 Mol/l
S(6) 84

Si 11.1 as Si

Sr 106 ug/l

-water 1 #kg
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PHASES

#Radium solid phases from sit.dat and Langmuir and Riese, included in sit.dat

Ra(cr)

Ra =Ra+2 + 2e-

log k 98.44

delta h -528.025kJ

-analytical expression -0.0881751 042193.6 000
Ra(NO3)2(s)

Ra(NO3)2 =2NO3- + Ra+2

log k -2.21

delta h 49.981 kJ
Ra(S04)(s)

Ra(S0O4) = Rat+2 + SO4-2

log k -10.26 #99SCH, 85LAN/RIE

delta h -9.4 kcal

-analytical expression -3.44327 0-2032.41000
RaCl2:2H20(s)

RaCl2:2H20 = 2CI- + 2H20 + Ra+2

log k -0.73

delta h 32.221kJ

-analytical expression 4.91469 0-1682.9700 0
Ra(OH)2(s)

Ra(OH)2 + 2H+ =2H20 + Ra+2

log k 30.99

delta h -149.762 kJ

-analytical expression 4.75269 0 7822.6500 0
Ra(CO3)(s)

Ra(C0O3) = CO3-2 + Ra+2

log k -8.3 #85LAN/RIE

delta h -2.8 kcal

-analytical expression -5.95418 0 -699.407 00 0

#Mineral phases from wateg4f.dat not included in phreeqc.dat

Magnesite
MgCO3 = CO3-2 + Mg+2
log k -8.029
delta h -6.169 kcal
Dolomite
CaMg(C0O3)2 =2C03-2 + Ca+2 + Mg+2
log k -17.09
delta h -9.436 kcal
-Vm  64.5 cm3/mol
Dolomite(d)
CaMg(C0O3)2 =2C03-2 + Cat2 + Mg+2
log k -16.54
delta h -11.09 kcal
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Dolomite2
Ca0.5Mg0.5CO3 = CO3-2 + 0.5Ca+2 + 0.5Mg+2
log k -8.5045 #17.09/2
delta h -4.718 kcal #9.436/2
Chlorite
Mg5A12Si3010(0OH)8 + 16H+ = 2Al1+3 + 6H20 + 3H4Si04 + 5Mg+2
log k 68.38
delta h -151.494 kcal
Kmica
KAI13Si3010(OH)2 + 10H+ = 3Al+3 + 3H4Si04 + K+
log k 12.703
delta h -59.376 kcal
Mirabilite
Na2S04:10H20 = 10H20 + 2Na+ + SO4-2
log k -1.114
delta h 18.987 kcal
Birnessite
MnO?2 + 4H+ + 2e- = 2H20 + Mn+2
log k 43.601

#Iron, manganese, and sulfate minerals from various sources
Schwert(1.75)
Fe80O8(OH)4.5(S04)1.75 + 20.5H+ = 8Fe+3 + 12.5H20 + 1.75S04-2
log k 18 #Bigham and others (1996, GCA 60:2111-2121)
Schwert(1.00)
Fe8O8(OH)6.0(S04)1.00 + 22H+ = 8Fe+3 + 14H20 + SO4-2
log k 9.6 #Majzlan and others (2004, GCA 68:1049-1059)
Fe(OH)2 (a)
Fe(OH)2 + 2H+ = Fe+2 + 2H20
log k 12.76 #sit.dat
delta h -99.096 kJ #sit.dat
Mn-siderite
Fe0.95Mn0.05CO3 = CO3-2 + 0.95Fe+2 + 0.05Mn+2
log k -10.89
delta h -2.48 kcal
-Vm  29.2 cm3/mol
Rhodochrosite
MnCO3 = CO3-2 + Mn+2
log k -11.13
delta h -1.43 kcal
-Vm 31.1 cm3/mol
Manganite
MnOOH + 3H+ + e-=2H20 + Mn+2
log k 25.34
# Mn+2 =Mn+3 + e-
# log k -25.51



# MnOOH + 3 H+ = Mn+3 + 2 H20 # combined above reactions from wateq4f.dat
# log k-0.17
Pyrochroite
Mn(OH)2 + 2H+ = 2H20 + Mn+2
log k 15.2
Basaluminite
Al4(OH)10S04 + 10H+ = 4Al+3 + 10H20 + SO4-2
log k 227 #Wateq

Gypsum
CaS04:2H20 = Ca+2 + 2H20 + SO4-2
log k -4.58

delta h -0.109 kcal

-analytical expression 68.2401 0 -3221.51 -25.0627 0 0

-Vm  73.9 cm3/mol
Ettringite

Ca6Al2.02(S04)2.79(0OH)12.48:26H20 + 12.48H+ = 2.02Al1+3 + 6Ca+2 + 38.48H20 +
2.79504-2

log k 61.82
#Myneni and others (1998, Chemical Geology, 148:1-19) log k  -112.9 (+ 12.48*14)
Epsomite

MgS04:7H20 = 7TH20 + Mg+2 + SO4-2

log k -2.14

delta h 2.82 kcal
Todorokite

Mn7012:3H20 + 24H+ + 10e- = 15H20 + 7Mn+2

log k 225.6759 #expressed as Mn+2, llnl.dat

Sylvite
KCI=Cl- + K+
log k 0.9121

delta h 17.221 kJ #Robie, Hemingway, and Fisher (1978, USGS Bull 1452)
Celestine

SrSO4 = SO4-2 + Sr+2

log k -6.63

delta h -1.037 kcal

-analytical expression -14805.9622 -2.4660924 756968.533 5436.3588 -40553604 0
SrSi0O3

SrSiO3 + H20 = H2Si04-2 + Sr+2

log k -8.1162 #14.8438 - 22.96, lInl.dat

Barite
BaS04 = Ba+2 + SO4-2
log k -9.97

delta h 6.35 kcal
-analytical expression 136.035 0 -7680.41 -48.595 0 0

#Phase added for adsorption modeling
Fix H+
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H+=H+
logk 0

#Minerals are allowed to precipitate, but not dissolve
EQUILIBRIUM PHASES 1

Fe(OH)3(a) 0 0

Manganite 0 0

SURFACE _MASTER SPECIES
# Hydrous Ferric Oxide, Goethite or Fe(OH)3(a), monoprotic, diffuse double layer model of
Dzombak and Morel (1990)

Hfo s Hfo sOH #HFO, strong sites, equilibrium

Hfo w Hfo wOH #HFO, weak sites, equilibrium

Hfop s Hfop sOH #HFO, strong sites, specified
Hfop w Hfop wOH #HFO, weak sites, specified

# Hydrous Manganese Oxide, Birnessite or manganite, monoprotic, diffuse double layer model
of Tonkin et al. (2004)

Hmo x Hmo xOH  #HMO, strong sites, equilibrium

Hmo y Hmo yOH #HMO, weak sites, equilibrium

Hmop x Hmop xOH #HMO, strong sites, specified

Hmop y Hmop yOH #HMO, weak sites, specified
SURFACE_SPECIES
#Hydrous Ferric Oxide, Hfo, surfaces from Dzombak and Morel (1990, Surface Complexation
Modeling, Hydrous Ferric Oxide: New York, John Wiley & Sons, 393 p.)

#strong binding site—Hfo s
Hfo sOH = Hfo sOH

log k 0
H++ Hfo sOH = Hfo sOH2+

log k 7.29 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)
Hfo sOH = Hfo sO-+ H+

log k -8.93 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)
#weak binding site—Hfo w
Hfo wOH = Hfo wOH

logk 0
H++ Hfo wOH = Hfo wOH2+

log k 7.29 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)
Hfo wOH = Hfo wO- + H+

log k -8.93 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)

#Ra sorption by HFO equilibrium expressions by Sajih et al. 2014, GCA.146.150-163
(supplementary S3-S4)
Hfo sOH + Ra+2 = Hfo_sOHRa+2
log k 6.66
Hfo wOH + Ra+2 = Hfo wORa+ + H+
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log k -5.67

#Hydrous Manganese Oxide, Hmo, surfaces from Tonkin et al. (2004, Applied Geochemistry 19,
29-53, Table 4)
Hmo xOH =Hmo xOH #a=0.64, fraction of total sites as XOH

logk 0
H++ Hmo xOH =Hmo xOH2+

log k 2.35 #logKa2(XOH) (pKa range 2.269 to 2.422 at 95% CI; protons on right)
Hmo xOH =Hmo xO-+ H+

log k -6.06 #logKa2(XOH) (pKa range 6.017 to 6.096 at 95% CI; protons on right)
Hmo yOH =Hmo yOH #Il-a=0.36, fraction of total sites as YOH

logk 0
H++ Hmo yOH =Hmo yOH2+

log k 2.35 #logKa2(YOH) (pKa range 2.269 to 2.422 at 95% CI; protons on right)
Hmo yOH =Hmo yO-+ H+

log k -6.06 #logKa2(YOH) (pKa range 6.017 to 6.096 at 95% CI; protons on right)

#Ra surface species estimated using LFER and LOG_Kmoh after Tonkin et al. (2004, table5 &
fig. 15) and Porret-Davranche (2013, tables 2 and 3)

#LFER: log KXOMe+ = -1.372 + logKMOH * 0.273

#LFER: log KXOMeOH = -8.422 + logKMOH * 0.916

#LFER: log KYOMe+ =-11.987 + logKMOH * 2.198

#LFER: log KYOMeOH =-16.557 + logKMOH * 1.969

#Radium, log Kmoh =0.51

Hmo xOH + Ra+2 =Hmo xORa+ + H+ #KXOMe+

log k -1.2

H20 + Hmo xOH + Ra+2 = Hmo xORaOH +2H+ #KXOMeOH
log k -8

Hmo yOH + Ra+2 =Hmo yORa++ H+ #KYOMe+
log k -10.9

H20 + Hmo yOH + Ra+2 = Hmo yORaOH +2H+ #KYOMeOH
log k -15.6

#For specified fixed amount of surfaces, notation Hfop and Hmop is used
#Surface and speciation constants are repeated using above notation
#Hydrous Ferric Oxide (HFO) specified amount as Felll solid
#strong binding site—Hfop s
Hfop sOH = Hfop sOH
log k 0
H+ + Hfop sOH = Hfop sOH2+
log k 7.29 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)
Hfop sOH = Hfop sO- + H+
log k -8.93 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)
#weak binding site—Hfop w
Hfop wOH = Hfop wOH
logk 0
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H+ + Hfop wOH = Hfop wOH2+

log k 7.29 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)
Hfop wOH = Hfop wO- + H+

log k -8.93 #Dzombak and Morel, 1990 -logKal,int Table 5.7(pKa range 7.15 to 7.43)
#Ra sorption by HFO equilibrium expressions by Sajih et al. 2014, GCA.146.150-163
(supplementary S3-S4)
Hfop sOH + Ra+2 = Hfop sOHRa+2

log k 6.66
Hfop wOH + Ra+2 = Hfop wORa+ + H+

log k -5.67

# Hydrous Manganese Oxide, Hmo, specified amount as MnlII solid
Hmop xOH =Hmop xOH #a=0.64, fraction of total sites as XOH

logk 0
Hmop xOH + H+=Hmop xOH2+

log k 2.35 #logKa2(XOH) (pKa range 2.269 to 2.422 at 95% CI; protons on right)
Hmop xOH = Hmop xO-+ H+

log k -6.06 #logKa2(XOH) (pKa range 6.017 to 6.096 at 95% CI; protons on right)
Hmop yOH =Hmop yOH #1-a=0.36, fraction of total sites as YOH

logk 0
Hmop yOH + H+=Hmop yOH2+

log k 2.35 #logKa2(YOH) (pKa range 2.269 to 2.422 at 95% CI; protons on right)
Hmop yOH = Hmop yO-+ H+

log k -6.06 #logKa2(YOH) (pKa range 6.017 to 6.096 at 95% CI; protons on right)

# Surface complexation constants for specified HMO surface
#Ra surface species estimated using LFER and LOG_Kmoh after Tonkin et al. (2004, table5 &
fig. 15) and Porret-Davranche (2013, tables 2 and 3)
#LFER: log KXOMe+ = -1.372 + logKMOH * 0.273
#LFER: log KXOMeOH = -8.422 + logKMOH * 0.916
#LFER: log KYOMe+ =-11.987 + logKMOH * 2.198
#LFER: log KYOMeOH =-16.557 + logKMOH * 1.969
#Radium, LOG_Kmoh = 0.51
Hmop xOH + Ra+2 = Hmop xORa+ + H+

log k -1.2
Hmop xOH + Ra+2 + H20 = Hmop xORaOH + 2H+

log k -8
Hmop yOH + Ra+2 = Hmop yORa+ + H+

log k -10.9
Hmop yOH + Ra+2 + H20 = Hmop yORaOH + 2H+

log k -15.6

SURFACE 1

#Hydrous Ferric Oxide, Hfo, surfaces from Dzombak and Morel (1990, Surface Complexation
Modeling: New York, John Wiley and Sons, 393 p.)

#Autocatalytic surface produced by kinetic oxidation OF Fell and precipitation of Fe(OH)3(a)
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#HFO surface area 5.34E+4 m2/mol (=600 m2/g as FeEOOH * 89 g/mol) with 0.005 mol strong
sites, 0.2 mol weak sites (Dzombak and Morel, 1990, p. 92-94)

Hfo sOH Fe(OH)3(a)  equilibrium_phase 0.005 53400

Hfo wOH Fe(OH)3(a)  equilibrium_phase 0.2
#Specify HFO surface available in addition to autocatalytic
#Divide HFO conc. g/kg by 89 and then multiply strong sites by 0.005 and weak sites by 0.2
#HFO 20 g/kg is 20,000 mg/L as Felll, 5.62¢e-5 mol strong sites/mol HFO = 0.005 mol sites x 1
g/ 89 g/mol, 2.25¢-3 mol weak sites/mol HFO = 0.2 mol sites x 1 g/ 89 g/mol

Hfop sOH 5.62¢-006 600 20

Hfop wOH 0.000225

#Hydrous Manganese Oxide, Hmo, surfaces from Tonkin et al. (2004, Applied Geochemistry 19,
29-53, Table 4)
#Autocatalytic surface produced by kinetic oxidation of Mnll and precipitation of MnOOH
# HMO surface area 7.833E+4 m2/mol (= 746 m2/g * 105 g/mol);
#Xsites 0.141 mol/mol = 0.64*105 g/mol*2.1e-3 mol sites/g and Ysites 0.079 mol/mol =
0.36*105 g/mol*2.1e-3 mol sites/g

Hmo xOH Manganite  equilibrium_phase 0.141 78330

Hmo yOH Manganite equilibrium_phase 0.079
#Specify HMO surface available in addition to autocatalyic
#HMO conc 0.35 g/kg (350 mg HMO/L); Asp 746 m2/g; 2.1x10-3 mol total sites/g; MnO2:H20
=105 g/mol
## Xsites 1.34e-3 mol = 0.64 * 2.1e-3 mol sites/g * 1 g; Ysites 0.76e-3 mol/g =0.36 * 2.1e-3
mol sites/g * 1 g

Hmop xOH 0.000134 746  0.35

Hmop yOH 7.56e-005

-donnan 1e-010

USE equilibrium_phases 1

USE solution 1

USE surface 1

TITLE MP-19S Port 4 Sorption to HFO and HMO

SELECTED_ OUTPUT 1

-file MP-24S Port4 sorption Only HFO HMO.sel
-simulation false

-distance false

-time false

-molalities Rat+2 RaCl+ RaCl2 RaCO3

RaF+ RaHCO3+ RaOH+ RaSO4
Ra(OH)2 Hfo wORa+ Hfo sOHRa+2 Hfop wORa+
Hfop sOHRa+2 Hmo xORa+ Hmo xORaOH Hmo yORa+
Hmo yORaOH Hmop xORa+ Hmop xORaOH Hmop yORa+
Hmop yORaOH

-saturation_indices Anhydrite Aragonite Barite Birnessite
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Calcite Celestine Dolomite(d) Dolomite2
Epsomite Fe(OH)3(a) AI(OH)3(a) Gypsum
Halite Manganite Rhodochrosite Schwert(1.75)
Siderite Strontianite Sylvite Witherite
Ra(SO4)(s) Ra(CO3)(s) Mirabilite Kaolinite
Mlite

#User punch statements allow display of computed parameters in selected output
USER PUNCH 1
-headings pH Al.ug Mn.ug Sr.ug Ba.ug Ra.pg Ca.mg Mg.mg Fe.mg Na.mg K.mg SO4.mg
Alk.mg Cl.mg Br.mg NO3.mg F.mg Si.mg TDS.mg SC.uS IonStr.mol Ra Hfo Ra Hmo Ra sor
-start

10 PUNCH -LA("H+")

20 PUNCH TOT("AI")*GFW("Al")*1e6

30 PUNCH TOT("Mn")*GFW("Mn")*1e6

40 PUNCH TOT("St")*GFW("Sr")*1e6

50 PUNCH TOT("Ba")*GFW("Ba")*1e6

60 PUNCH TOT("Ra")*GFW("Ra")*1el2

70 PUNCH TOT("Ca")*GFW("Ca")*1e3

80 PUNCH TOT("Mg")*GFW("Mg")*1e3

90 PUNCH TOT("Fe")*GFW("Fe")*1e3

100 PUNCH TOT("Na")*GFW("Na")*1e3

110 PUNCH TOT("K")*GFW("K")*1e3

120 PUNCH TOT("S(6)")*(GFW("S")+4*GFW("O"))*1e3

130 PUNCH ALK*GFW("Alkalinity")*1e3

140 PUNCH TOT("CI")*GFW("C1")*1e3

150 PUNCH TOT("Br")*GFW("Br")*1e3

160 PUNCH TOT("N(5)")*(GFW("N")*3*GFW("O"))*1e3

170 PUNCH TOT("F")*GFW("F")*1e3

180 PUNCH TOT("Si")*GFW("Si")*1e3

190 TDS = 1e3*(TOT("Ca")*GFW("Ca") + TOT("Mg")*GFW("Mg") +
TOT("Na")*GFW("Na") + TOT("K")*GFW("K") + TOT("S(6)")*(GFW("S")+4*GFW("O")) +
TOT("CI")*GFW("CI") + TOT("Br")*GFW("Br") + TOT("F")*GFW("F") +
ALK*GFW("Alkalinity")+ TOT("N(5)")*(GFW("N")+3*GFW("O")) +
TOT("Si")*(GFW("Si")+2*GFW("0")) + TOT("Fe")*GFW("Fe") + TOT("AI")*GFW("AI") +
TOT("Mn")*GFW("Mn"))

200 PUNCH TDS

210 PUNCH SC

220 PUNCH MU

230 Ra_Hfo = MOL("Hfo_sOHRa+2")+MOL("Hfo wORa+")+ MOL("Hfop_sOHRa+2")+
MOL("Hfop wORa+")

240 Ra Hmo =

MOL("Hmo xORa+")+MOL("Hmo xORaOH")+MOL("Hmo yORa+")+*MOL("Hmo yORaO
H") +

MOL("Hmop xORa+")*MOL("Hmop xORaOH")+MOL("Hmop yORa+")+MOL("Hmop yO
RaOH")
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250 Ra_sor =Ra Hfo + Ra Hmo
260 PUNCH Ra_Hfo
270 PUNCH Ra_Hmo
280 PUNCH Ra_sor
-end

END
B-3.3 Example PHREEQC model for Ra sorption to illite
TITLE Radium cycling in a hydrocarbon plume, MP-19S Port 4

#DATABASE C:\Program Files (x86)\USGS\Phreeqc Interactive 3.4.0-
12927\database\phreeqc.dat

#Program to assess potential for Ra sorption to illite

#Ra species and phases from thermodynamic database of Giffaut et al. (2014) Andra
thermodynamic database for performance assessment: ThermoChimie. Applied Geochemistry,
49: 225-236.

#Thermochimie SIT.DAT database for PHREEQC accessed at https://www.thermochimie-
tdb.com/pages/publi.php

# Thermodynamic data for Ra(SO4)(s) and Ra(CO3)(s) from Langmuir, Donald, and Riese, A.C.
(1985) The thermodynamic properties of radium: Geochimica et Cosmochimica Acta (49)1593-
1601.

SOLUTION MASTER SPECIES
#element #species alk  #gfw formula #element gfw
Ra Ra+2 0 Ra 226.02

SOLUTION_SPECIES
#Radium aqueous species
#Ra+2
Ra+2 = Ra+2
log k 0
#RaOH+
-1.000H+ + 1.000Ra+2 + 1.00H20 = RaOH+
log k -13.49
delta h 60.417 kJ/mol #85LAN/RIE
#Ra(OH)2
-2.00H+ + 1.000Ra+2 + 2.000H20 = Ra(OH)2
log k -28.07
delta h 112.197 kJ/mol
#RaCl+
+1.000Ra+2 + 1.000Cl- = RaCl+
log k -0.1 #85LAN/RIE
delta h 2.479 kJ/mol
#RaCl2
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+1.000Ra+2 + 2.00CI- = RaClI2
log k -0.1
delta h 0.495 kJ/mol

#RaHCO3+

+1.000H+ + 1.000Ra+2 + 1.000CO3-2 = RaHCO3+
log k 10.92 #01ILE/TWE

#RaCO3

+1.000Ra+2 + 1.000CO3-2 = RaCO3
log k 2.5 #99SCH
delta h 4.496 kJ/mol

#RaSO4

+1.000Ra+2 + 1.000SO4-2 = RaSO4
log k 2.76
delta h 5.472 kJ/mol

#RaF+

+1.000Ra+2 + 1.000F- = RaF+
log k 0.48 #87BRO/WAN

#Starting solution composition: groundwater sample collected at MP-19S Port 4
SOLUTION 1 MP-19S Port 4

temp 11.48

pH 6.62

pe 0.92

redox pe

units  mg/l

density 1

Al 0.1 #guesstimate

Alkalinity 334 as Ca0.5(C0O3)0.5

Ba 104 ug/l
Br 0.002

Ca 126

Cl 240

F 0.14

Fe 18.3

K 0.84

Mg 62.7
Mn 913 ug/l
N(G) 0.12

Na 8.9

Ra 7.99¢-16 Mol/l
S(6) 84

Si 11.1 as Si
Sr 106 ug/l
-water 1 #kg

PHASES



#Radium solid phases from sit.dat and Langmuir and Riese, included in sit.dat
Ra(cr)
Ra =Ra+2 + 2e-
log k 98.44
delta h -528.025 kJ
-analytical expression -0.0881751 042193.6000
Ra(NO3)2(s)
Ra(NO3)2 =2NO3- + Ra+2
log k -2.21
delta h 49.981 kJ
Ra(S04)(s)
Ra(SO4) = Rat+2 + SO4-2
log k -10.26 #99SCH, 85LAN/RIE
delta h -9.4 kcal #Langmuir and Riese (1985) GCA(49)1593-1601
-analytical expression -3.44327 0 -2032.41 000
RaCl2:2H20(s)
RaCl2:2H20 = 2ClI- + 2H20 + Ra+2
log k -0.73
delta h 32.221kJ
-analytical expression 4.91469 0 -1682.97 00 0
Ra(OH)2(s)
Ra(OH)2 + 2H+ = 2H20 + Ra+2
log k 30.99
delta h -149.762 kJ
-analytical expression 4.75269 0 7822.6500 0
Ra(CO3)(s)
Ra(CO3) =CO0O3-2 + Ra+2
log k -8.3 #Langmuir and Riese (1985) GCA(49)1593-1601
delta h -2.8 kcal #Langmuir and Riese (1985) GCA(49)1593-1601
-analytical expression -5.95418 0-699.40700 0

#Mineral phases from wateq4f.dat not included in phreeqc.dat
Magnesite
MgCO3 = CO3-2 + Mg+2
log k -8.029
delta h -6.169 kcal
Dolomite
CaMg(C0O3)2 =2C03-2 + Cat2 + Mg+2
log k -17.09
delta h -9.436 kcal
-Vm  64.5 cm3/mol
Dolomite(d)
CaMg(C0O3)2 =2C0O3-2 + Ca+2 + Mg+2
log k -16.54
delta h -11.09 kcal
Dolomite2

175



176

Ca0.5Mg0.5CO3 = CO3-2 + 0.5Cat+2 + 0.5Mg+2
log k -8.5045 #17.09/2
delta h -4.718 kcal #9.436/2
Chlorite
Mg5AI12Si3010(0OH)8 + 16H+ = 2Al1+3 + 6H20 + 3H4Si104 + 5Mg+2
log k 68.38
delta h -151.494 kcal
Kmica
KAI3Si3010(0OH)2 + 10H+ = 3Al+3 + 3H4Si04 + K+
log k 12.703
delta h -59.376 kcal
Mirabilite
Na2S04:10H20 = 10H20 + 2Na+ + SO4-2
log k -1.114
delta h 18.987 kcal
Birnessite
MnO2 + 4H+ + 2e- = 2H20 + Mn+2
log k 43.601

#lron, manganese, and sulfate minerals from various sources
Schwert(1.75)
Fe808(OH)4.5(S04)1.75 + 20.5H+ = 8Fe+3 + 12.5H20 + 1.75S04-2
log k 18 #Bigham and others (1996, GCA 60:2111-2121)
Schwert(1.00)
Fe808(OH)6.0(S04)1.00 + 22H+ = 8Fe+3 + 14H20 + SO4-2
log k 9.6 #Majzlan and others (2004, GCA 68:1049-1059)
Fe(OH)2 (a)
Fe(OH)2 + 2H+ = Fe+2 + 2H20
log k 12.76 #sit.dat
delta h -99.096 k] #sit.dat
Mn-siderite
Fe0.95Mn0.05CO3 = CO3-2 + 0.95Fe+2 + 0.05Mn+2
log k -10.89
delta h -2.48 kcal
-Vm  29.2 cm3/mol
Rhodochrosite
MnCO3 = CO3-2 + Mn+2
log k -11.13
delta h -1.43 kcal
-Vm  31.1 cm3/mol
Manganite
MnOOH + 3H+ + e- = 2H20 + Mn+2
log k 25.34
# Mn+2 =Mn+t3 + e-
# log k -25.51
# MnOOH + 3 H+ = Mn+3 + 2 H20 # combined above reactions from wateq4f.dat



177

# log k-0.17
Pyrochroite
Mn(OH)2 + 2H+ = 2H20 + Mn+2
log k 152
Basaluminite
Al4(OH)10SO4 + 10H+ = 4Al+3 + 10H20 + SO4-2
log k 22.7 #Wateq

Gypsum
CaS04:2H20 = Ca+2 + 2H20 + S0O4-2
log k -4.58

delta h -0.109 kcal

-analytical expression 68.2401 0 -3221.51 -25.0627 0 0

-Vm  73.9 cm3/mol #172.18/2.33 (Vm H20 = 13.9 cm3/mol)
Ettringite

Ca6AI2.02(S04)2.79(OH)12.48:26H20 + 12.48H+ = 2.02Al+3 + 6Ca+2 + 38.48H20 +
2.79504-2

log k 61.82
#Myneni and others (1998, Chemical Geology, 148:1-19) log k  -112.9 (+ 12.48*14)
Epsomite

MgS04:7H20 = 7TH20 + Mg+2 + SO4-2

log k -2.14

delta h 2.82 kcal
Todorokite

Mn7012:3H20 + 24H+ + 10e- = 15H20 + 7Mn+2

log k 225.6759 #expressed as Mn+2, llnl.dat

Sylvite
KCl=Cl-+ K+
log k 09121

delta h 17.221 kJ #Robie, Hemingway, and Fisher (1978, USGS Bull 1452)
Celestine

SrSO4 = SO4-2 + Sr+2

log k -6.63

delta h -1.037 kcal

-analytical expression -14805.9622 -2.4660924 756968.533 5436.3588 -40553604 0
SrSiO3

SrSi03 + H20 = H2Si04-2 + Sr+2

log k -8.1162 #14.8438 - 22.96, lInl.dat

Barite
BaS04 = Ba+2 + SO4-2
log k -9.97

delta h 6.35 kcal
-analytical expression 136.035 0 -7680.41 -48.595 0 0

#Phase added for adsorption modeling
Fix H+
H+=H+
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log k 0

SURFACE MASTER SPECIES
#Two site protolysis non electrostatic surface complexation and cation exchange model of
Bradbury and Baeyens (2005)

Mliteb w  Illiteb wOH #weak site b

SURFACE_ SPECIES
Illiteb_ wOH = Illiteb wOH
logk 0
#protolysis reactions
H+ + Illiteb wOH = Illiteb wOH2+
log k 8.5 #Bradbury and Baeyens (2009), Table 9
Mliteb wOH = Illiteb_ wO- + H+
log k -10.5 #Bradbury and Baeyens (2009), Table 9
#Surface complexation reaction
Illiteb wOH + Ra+2 = Illiteb wORa+ + H+
log k -5 #Bradbury and Baeyens (2005), Table 9.5

SURFACE 1
Illiteb wOH 0.04 #Bradbury and Baeyens (2009), Table 9, site capacity in mol/kg
-no_edl

EXCHANGE MASTER SPECIES
Mlite ex Illite ex-

EXCHANGE SPECIES
#exchange on planar sites
Illite_ex- = Illite ex-

logk 0
Illite_ex- + Na+ = Nalllite ex

logk 0
2Nalllite_ex + Ra+2 = Ra(Illite ex)2 + 2Na+

log k 1.04 #Bradbury and Baeyens (2009), Table 5
H+ + Nalllite ex = HIllite ex + Na+

log k 0 #Bradbury and Baeyens (2009), Table 5
Nalllite ex + K+ = KIllite ex + Na+

log k 1.1 #Bradbury and Baeyens (2009), Table 5
2Nalllite_ex + Mg+2 = Mg(Illite_ex)2 + 2Na+

log k 1.04 #Bradbury and Baeyens (2009), Table 5
2Nalllite_ex + Ca+2 = Ca(Illite_ex)2 + 2Na+

log k 1.04 #Bradbury and Baeyens (2009), Table 5
3Nalllite ex + Al+3 = Al(Illite_ex)3 + 3Na+

log k 1 #Bradbury and Baeyens (2009), Table 5

EXCHANGE 1



Nalllite ex 0.225
#Bradbury and Baeyens (2004), cation exchange capacity for Na-illite is 225 meq/kg

-pitzer exchange gammas true
USE exchange 1
USE solution 1
USE surface 1
TITLE MP-19S Port 4 Sorption to Illite

SELECTED OUTPUT 1

-file MP-19S Port4 sorption Only Illite no_equil.sel
-simulation false

-distance false

-time false

-molalities Ra+2 RaCl+ RaCl2 RaCO3

RaF+ RaHCO3+ RaOH+ RaSO4
Ra(OH)2 IlliteORa+ Ra(Illite ex)2
-saturation_indices Anhydrite Aragonite Barite Birnessite
Calcite Celestine Dolomite(d) Dolomite2
Epsomite Fe(OH)3(a) Al(OH)3(a) Gypsum
Halite Manganite Rhodochrosite Schwert(1.75)
Siderite Strontianite Sylvite Witherite
Ra(SO4)(s) Ra(CO3)(s) Mirabilite Kaolinite
Illite

USER PUNCH 1
-headings pH Al.ug Mn.ug Sr.ug Ba.ug Ra.pg Ca.mg Mg.mg Fe.mg Na.mg K.mg SO4.mg
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Alk.mg Cl.mg Br.mg NO3.mg F.mg Si.mg TDS.mg SC.uS IonStr.mol Ra_Illite.mol Ra_ex.mol

Ra SC.mol
-start

10 PUNCH -LA("H+")

20 PUNCH TOT("AI")*GFW("Al")*1e6
30 PUNCH TOT("Mn")*GFW("Mn")*1e6
40 PUNCH TOT("Sr")*GFW("Sr")*1e6
50 PUNCH TOT("Ba")*GFW("Ba")*1e6
60 PUNCH TOT("Ra")*GFW("Ra")*1el2
70 PUNCH TOT("Ca")*GFW("Ca")*1e3
80 PUNCH TOT("Mg")*GFW("Mg")*1e3
90 PUNCH TOT("Fe")*GFW("Fe")*1e3
100 PUNCH TOT("Na")*GFW("Na")*1e3
110 PUNCH TOT("K")*GFW("K")*1e3
120 PUNCH TOT("S(6)")*(GFW("S")+4*GFW("O"))*1e3
130 PUNCH ALK*GFW("Alkalinity")*1e3
140 PUNCH TOT("CI")*GFW("CI")*1e3
150 PUNCH TOT("Br")*GFW("Br")*1e3
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160 PUNCH TOT("N(5)")*(GFW("N")*3*GFW("O"))*1e3
170 PUNCH TOT("F")*GFW("F")*1e3
180 PUNCH TOT("Si")*GFW("Si")*1e3
190 TDS = 1e3*(TOT("Ca")*GFW("Ca") + TOT("Mg")*GFW("Mg") +
TOT("Na")*GFW("Na") + TOT("K")*GFW("K") + TOT("S(6)")*(GFW("S")+4*GFW("0")) +
TOT("CI")*GFW("CI") + TOT("Br")*GFW("Br") + TOT("F")*GFW("F") +
ALK*GFW("Alkalinity")+ TOT("N(5)")*(GFW("N")+3*GFW("0")) +
TOT("Si")*(GFW("Si")+2*GFW("0")) + TOT("Fe")*GFW("Fe") + TOT("AI")*GFW("Al") +
TOT("Mn")*GFW("Mn"))
200 PUNCH TDS
210 PUNCH SC
220 PUNCH MU
230 Ra_Illite = MOL("Ra(Illite_ex)2")+MOL("IlliteORa+")
240 PUNCH Ra Illite
250 Ra_ex = MOL("Ra(Illite_ex)2")
260 PUNCH Ra_ex
270 Ra_SC = MOL("IlliteORa+")
280 PUNCH Ra_SC
-end

END
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Appendix C

Supplementary information for Chapter 4

Table C-1 Percent contribution of groundwater from each stratigraphic unit to Brookfield Well 24 Original,
with an open interval from the Sinnipee Group to the Mt Simon Formation (layers 3-13), and to Brookfield
Well 24 Reconstructed, with an open interval to the Mt Simon Formation (layers 7-13), at a pumping rate
of 2,725 m¥/d.

Fine-

Well 24 Sinnipee St Peter Wonewoc Ea}l Mt Simon grained Bas; of
. Claire . Mt Simon
Construction  (layer 3) (layer4) (layer5) (layer 6) (layers 7-11) deposit (layer 13)
Y (layer 12) Y
Original 0.34 20 20 10 41 0.07 8.4
Reconstructed 0 0 0 0 83 0.14 17

Table C-2 Flux from Layer 2 (the Maquoketa Formation) to Layer 3 (the Sinnipee Group) when the well
of interest is constructed with an open interval from the Sinnipee Group to the Mt Simon Formation (layers
3-13, ‘original’), and an open interval to the Mt Simon Formation (layers 7-13, ‘reconstructed’) for four
simulations with increased pumping at the well of interest. In all simulations, the 20 background wells have
pumping rates of 2,725 m*/d.

Total pumping rate Flux, original Flux, reconstructed
(m*/day) (m*/d) (m*/d)
54,501 599 599
57,225 626 619
59,950 652 639
62,675 679 660

Table C-3 Travel times from the Maquoketa Formation (layer 2) to a well open from the Sinnipee Group
to the Mt Simon Formation (layers 3-13) obtained by reverse particle tracking around the well, for four
simulations with increased pumping at the well of interest. In all simulations, the 20 background wells have
pumping rates of 2,725 m*/d.

Total pumping rate Min travel time ~ Max travel time ~ Avg travel time
(m®/day) (days) (years) (years)
54,501 98.5 575 445
57,225 64 507 300
59,950 48 455 242

62,675 38 433 212
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Table C-4 Results from the sensitivity analysis for the model with the originally constructed well. Only
those simulations with changes from base runs to the Eau Claire layer contribution, fine-grained deposit
contribution, bottom layer Mt Simon contribution, and flux from the Eau Claire layer to the underlying Mt
Simon layer are included.

Model with original well

Bottom Flux from
Eau Claire Fine-grained layer Mt Eau Claire
Hydrostratigraphic Layer Deposit Simon to Mt
unit and Contribution Contribution Contribution Simon
Hydrologic Hydrologic (%) (%) (%) (m?/d)
Characteristic Value Base run: Base run: Base run: Base run:
Varied Simulated  10% 0.07% 8.4% 103 m3/d
Eau Claire Layer
0.18 2.7 0.076 9.1 17
K (m/d) 1.1 15 0.067 8.0 17
0.000012 10 0.070 8.4 0.32
KV /d
(m/d) 0.0014 10 0.071 8.4 111
. 30 7.0 0.073 8.7 133
Thickness (m) 80 17 0.065 7.8 60
Fine-grained Deposit
0.000091 10 0.00014 8.4 104
K (m/d) 0.091 10 0.14 8.4 103
) 1 10 0.014 8.4 105
Thickness (m) 10 10 0.14 8.4 103
Mt Simon Layer
0.37 15 0.10 4.2 91
K
 (m/d) 1.8 7.7 0.054 1 97
0.000037 10 0.070 8.4 22

Ky (m/d) 0.012 10 0.071 8.4 108
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Table C-5 Results from the sensitivity analysis for the model with the reconstructed well. Only those
simulations with changes from base runs to the Eau Claire layer contribution, fine-grained deposit
contribution, bottom layer Mt Simon contribution, and flux from the Eau Claire layer to the underlying Mt
Simon layer are included.

Model with reconstructed well

Bottom Flux from
Eau Claire Fine-grained Layer Mt Eau Claire
Hydrostratigraphic Layer ~ Deposit ~ Simon  toMt
unit and Contribution Contribution Contribution Simon
Hydrologic Hydrologic (%) (%) (%) (m?/d)
Characteristic Value Base run: Base run: Base run: Base run:
Varied Simulated 0% 0.14% 17% 1034 m?/d
Eau Claire Layer
0.18 0 0.14 17 971
K (m/d) 1.1 0 0.14 17 1072
0.000012 0 0.14 17 44
KV /d
(m/d) 0.0014 0 0.14 17 1081
. 30 0 0.14 17 1122
Thickness (m) 80 0 0.14 17 894
Fine-grained Deposit
0.000091 0 0.00028 17 1035
K (m/d) 0.091 0 0.28 17 1033
) 1 0 0.028 17 1052
Thickness (m) 10 0 0.28 17 1027
Mt Simon Layer
0.37 0 0.41 16 1771
K;
 (m/d) 1.8 0 0.086 17 752
0.000037 0 0.14 17 239
Ky (m/d) 0.012 0 0.14 17 1071

C-1 Sensitivity analysis results

The results of the sensitivity analysis show that the contribution of groundwater from the
Eau Claire (layer 6) to the originally constructed well is sensitive to the Ky and thickness of the
Eau Claire layer and the Ky of the Mt Simon layers. The contribution of groundwater from the
fine-grained deposit to the original and reconstructed wells is sensitive to the Ky and thickness of
the fine-grained deposit, and the Ki of the Mt Simon layers. The Ki of the Mt Simon layers

influences the contribution of groundwater from the bottom layer of the Mt Simon to the original
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well, but does not have a significant effect on the contribution of groundwater from the bottom
layer of the Mt Simon to the reconstructed well. Lastly, the flux from the Eau Claire layer to the
underlying Mt Simon layer in the model with the originally constructed well is sensitive to the Ky,
Ky, and thickness of the Eau Claire layer, and Ky of the Mt Simon layers. In the model with the
reconstructed well, the flux from the Eau Claire layer to the underlying Mt Simon layer is sensitive

to the Ky of the Eau Claire layer, as well as the Ky and K, of the Mt Simon layers.
C-2 Solute transport modeling using MT3D-USGS
C-2.1 MT3D inputs

Dispersion, diffusion, and retardation were simulated using MT3D-USGS in steady-state
mode with the groundwater flow model discussed in Chapter 4.!> 2 Initial Ra concentrations were
set to 925 mBg/L (25 pCi/L) in layers considered Ra “sources.” These layers include the
Maquoketa Formation shale (layer 2), Eau Claire Formation sandstone (layer 6), the fine-grained
deposit within the Mt Simon Formation sandstone (layer 12), and the bottom layer of the Mt Simon
(layer 13). Specified constant concentration boundaries were used on the left and right sides of the
model, set as 925 mBq/L (25 pCi/L) in layers considered Ra sources and 0 mBq/L in all other
layers. Radium sources were simulated across the entirety of the respective shale layer, as whole-
rock Ra analysis of triplicate shale samples, including the Maquoketa Formation and Eau Claire
Formation, demonstrate small variability.>* Longitudinal dispersivity of 1 m was estimated from
the data of Gelhar et al. (1992)°, with horizontal transverse dispersivity assigned as one order of
magnitude lower than longitudinal dispersivity, and vertical transverse dispersivity assigned as
two orders of magnitude lower than longitudinal dispersivity.® The effective molecular diffusion
coefficient was estimated by correcting the molecular diffusion coefficient in open water by a

tortuosity factor.® A value of 8.85 x 10°'® m?/s was used for the Ra molecular diffusion coefficient
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in open water.” Tortuosity factors of 0.1 for clay and 0.7 for sand were obtained from de Marsily
(1986);® the tortuosity factor of 0.1 used for dolostone was scaled based on permeability relative

to clay and sand.

Chemical reaction data for calculation of the retardation factor (R¢) includes effective
porosity (Table 4.2), bulk density, and distribution coefficients (Kq). Bulk densities of modeled
units were estimated using data from the Wisconsin Geology and Natural History Survey.’ Radium
sorption was simulated with a linear isotherm in MT3D. Retardation factors for Ra reported in the
literature were converted to Kqg values entered in MT3D using estimated porosities and bulk
densities. A Ra R¢ value of 10* was used for the oxic upper aquifer (layer 1), within the range
reported for oxygenated, neutral pH groundwater.!%!> The Maquoketa Shale and lower aquifer
units (layers 2-13) were assumed anoxic due to confinement, and were therefore assigned a lower
Ra Rt value of 10°, consistent with reported values for anoxic groundwater.'? First-order decay of

226Ra and ??®Ra was also simulated by including half-lives of 1,600 and 5.75 years, respectively.
C-2.2 Preliminary MT3D results
C-2.2.1°*Ra

Simulations described for the MODFLOW flow model were also executed with MT3D-
USGS using the fully-implicit finite-difference solver to obtain average **’Ra and ?2®Ra activities
at the well in the center of the model under various well construction and pumping rates. The
steady-state weighted average 2?®Ra activity at the well was negligible (10-107 pCi/L, or 10-10
*mBg/L) for all scenarios, as the majority of ?®Ra decays over the simulation due to its short half-

life (5.75 years). This result provides support that 2®Ra is sourced from local >*Th, and thus is not
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transported far in the aquifer system. Therefore, the model results discussed below are only

reported for **°Ra.
C-2.2.2 Original vs. reconstructed well

When all Ra sources are simulated at a steady-state pumping rate of 2,725 m*/d, the steady-
state weighted average 2*°Ra activity is 148 mBgq/L (4.0 pCi/L) at the well with original
construction (open from Sinnipee Group to Mt Simon Formation, layers 3-13), and increases to
237 mBq/L (6.4 pCi/L) when the well is reconstructed to extend past the Eau Claire layer (open to

Mt Simon only, layers 7-11).
C-2.2.3 Radium source contributions

Radium sources were also simulated one at a time to evaluate their contribution to the
original and reconstructed well. The Eau Claire layer and the bottom layer of the Mt Simon are the
top contributors of Ra activity at both the original and reconstructed well, and the Ra activity
contributed from the bottom layer of the Mt Simon approximately doubles when the well is

reconstructed (Table C-6).

Table C-6 Average **°Ra activity observed at the original and reconstructed wells when **Ra sources are
simulated one at a time, at a steady-state pumping rate of 2,725 m*/d.

Simulated source 226Ra — original ~ ?*Ra — reconstructed
(mBg/L) (mBg/L)

Magquoketa Formation 4.4 0.36

Eau Claire Formation 74 81

Fine-grained deposit 0.52 1.4

Bottom of Mt Simon Formation 67 137
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C-2.2.4 Increased pumping rate at the reconstructed well

Radium activities were evaluated with increasing pumping rates at the reconstructed well.
When all sources are considered, 2*°Ra activities at the reconstructed well do not exhibit a trend as
the pumping rate at the reconstructed well is doubled and tripled (Table C-7). When Ra sources
are evaluated one at a time and pumping is increased at the reconstructed well, trends in 2*°Ra

activity observed at the well vary by source (Table C-8).

Table C-7 Average **°Ra activity observed at the reconstructed well when all *Ra sources are simulated
and the pumping rate at the well is increased.

Pumping rate at reconstructed 226Ra (mBg/L)
well (m?/d)
2,725 237
5,450 192
8,175 229

Table C-8 Average **°Ra activity observed at the reconstructed well when ??Ra sources are simulated one
at a time and the pumping rate at the well is increased.

Pumping rate at reconstructed well (m?/d)

Simulated source 2,725 5,450 8,175
226Ra (mBg/L)

Magquoketa layer 0.36 0.78 1.0

Eau Claire layer 81 81 93

Fine-grained deposit 1.4 0.52 19

Bottom layer of Mt 137 137 137

Simon

C-2.2.5 Distribution of pumping with additional wells

Total pumping was distributed across the reconstructed well and two additional wells with
either original or reconstructed well construction. The Ra activity at the reconstructed well rises

with the pumping rate for both scenarios (Table C-9).
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Table C-9 Average ?*°Ra activity observed at the reconstructed well when all 2°Ra sources are simulated
and the pumping rate at the reconstructed well is distributed with two additional wells of either original or
reconstructed well construction.

Construction of additional wells

Total pumping rate across Original Reconstructed
three wells (m*/d) 226Ra (mBg/L)
2,725 192 192
5,450 192 204
8,175 237 237

C-2.2.6 Backfilling wells to reduce radium activity

Well construction was varied to evaluate the effectiveness of constructing wells shallower
to reduce Ra activity at the well. The ?*°Ra activity decreases when both the original and
reconstructed well are backfilled to avoid contribution from the fine-grained deposit and the

bottom of the Mt Simon Formation (Table C-10).

Table C-10 Average **°Ra activity observed at the well when all 22°Ra sources are simulated and well
construction is changed to avoid the fine-grained deposit (layer 12) and bottom layer of the Mt Simon (layer
13).

Well open interval Model layers  **Ra (mBg/L)
Sinnipee to Mt Simon (Original) 3-13 148
Sinnipee to top of fine-grained 3-11 96
deposit

Entire Mt Simon (Reconstructed) 7-13 237
Mt Simon above fine-grained deposit 7-11 115

C-3 Numerical dispersion and the grid Peclet number

Oscillations in Ra activities are observed at the reconstructed well when pumping is
increased (e.g., Tables C-7, C-8) and may be an artifact of numerical dispersion often encountered
in numerical transport models.!* The grid Peclet number, P, can be calculated using Equation C-

1® and used to determine the criteria required to reduce numerical dispersion:
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R="=2 (€D

where v is the advective velocity, Ax is the model grid spacing, D is the molecular diffusion
coefficient, and ar is the longitudinal dispersivity. When P. < 2, physical dispersion dominates
over numerical dispersion.® Using a grid spacing of 30.54 m and a molecular diffusion coefficient
of 5.4E-05 m?/d, P, can be calculated for the model with the original well and the model with the
reconstructed well. A steady-state pumping rate of 2,725 m?/d is applied at all 21 model wells to
yield a flux from the Eau Claire layer to the underlying Mt Simon layer in m*/d. This flux can be
converted to v by dividing by the model area in m?. This yields a P, of 0.6 for the model with the

original well and 6 for the model with the reconstructed well.

The maximum v and corresponding maximum flux from the Eau Claire layer to the
underlying Mt Simon layer required to keep P. < 2 at the current model grid spacing can be
calculated by setting the P.= 2 and rearranging Equation C-1 to solve for v. Multiplying v by the
model area yields a maximum flux of 330 m?/d, where transport is dispersion (mechanical
dispersion + diffusion)-dominant at a flux < 330 m?/d, and advection-dominant at a flux > 330
m?/d. Similarly, the maximum grid spacing required to keep P. < 2 in the model with the
reconstructed well can be calculated by rearranging Equation C-1 to solve for Ax, which yields a
maximum grid spacing of 10 m; however, grid spacing will need to be smaller if pumping rate is

increased at the well (i.e., v increases). Therefore, a finer resolution model with grid spacing < 10

m could be implemented in future efforts.
C-4 Effect of hydraulic conductivity on advective flux from shale to the aquifer

The pumping rate at the reconstructed well is one important factor dictating the flux from

the shale-rich Eau Claire layer to the underlying Mt Simon sandstone layer. However, the
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hydraulic properties of the shale-rich unit, or the ratio of the hydraulic conductivity of the shale-
rich unit to the hydraulic conductivity of the underlying sandstone, is also likely important in
determining whether the flow regime from the shale-rich layer to the sandstone layer will be
dominated by advection or diffusion. In this study, the Ky of the Eau Claire Formation was modeled
as 0.0012 m/d, an estimate for southeastern Wisconsin. In other regions of southern Wisconsin
(e.g., Dane County) the Eau Claire Formation has a more laterally extensive shale facies and thus
has a lower K. Therefore, additional model runs were executed to decrease the vertical hydraulic
conductivity of the Eau Claire layer by two orders of magnitude (i.e., Ky = 0.00012 and 0.000012
m/d), to demonstrate corresponding changes in the flux from the Eau Claire layer to the underlying
Mt Simon layer (Figure C-1). The steady-state pumping rate at the well was held constant at 2,725
m?/d. For reference, a Ky of 0.000012 m/d is on the same order of magnitude as the Maquoketa
confining unit. These results demonstrate that the Ky of the Eau Claire layer or other shale-rich
units will be an important factor in determining whether transport from the shale-rich units to the

underlying aquifer will be advection or dispersion-dominant.
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Figure C-1 Flux from the Eau Claire (layer 6) to the Mt Simon (layer 7) as a function of the Eau Claire
vertical hydraulic conductivity (Ky). A constant steady-state pumping rate of 2,725 m?®/d is applied at each
well in the model; flux without pumping at the reconstructed well as well as the minimum flux of 330 m*/d
required to keep the grid Peclet number (P,) < 2 at current model conditions are shown for reference.

C-5 Conclusions and future work

While these modeling efforts begin to incorporate diffusion, dispersion, and retardation,
future efforts must address the observed oscillatory behavior (e.g., Tables C-7, C-8) and high mass
balance concentration errors associated with model results. In some situations, the model results
with simulated decay of *Ra are higher than results without simulated decay. These issues may
be a consequence of numerical dispersion often encountered with transport modeling.!* In some
cases, numerical dispersion may be limited by using a different solver package; however, the
steady-state approach used here can only be executed using the fully-implicit finite difference

solver in Groundwater Vistas. In particular, transport at the aquifer-aquitard interface examined in
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this work is complex. A smaller model with a simpler layer structure and fine resolution, especially
in the z-direction, is required to minimize numerical dispersion and capture Ra transport from
shale-rich layers to underlying aquifers. A cm-scale model may be required, as demonstrated by
another study in which MT3D was unable to simulate solute transport at an aquifer-aquitard
interface with 0.2 m grid spacing.'* An analytical solution could be used to assess the validity of
the results from the refined numerical model. While an analytical solution does not currently exist
for the specific initial and boundary conditions used in this current model, the model boundary
conditions could be revised such that the well of interest serves as a boundary condition, and an 2-

D analytical solution for radial flow in a confined aquifer with an extraction well can be applied.'>
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