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EXECUTIVE SUMMARY

Interstate Power and Light Company (IPL), an Alliant Energy company, maintains the closed Main Ash
Pond associated with the former M.L. Kapp Generating Station (KAP). Closure and capping of the
Main Ash Pond was completed in January 2018. The pond was used to manage coal combustion
residuals (CCR) and wastewater from the power plant, which burned coal and natural gas to
generate electricity. KAP was decommissioned in 2020.

IPL samples and tests the groundwater in the area of the closed ash pond to comply with U.S.
Environmental Protection Agency (USEPA) standards for the Disposal of CCR from Electric Utilities, or
the “CCR Rule” (Rule). Groundwater samples from some of the wells installed to monitor the ash
pond contained molybdenum at levels higher than the Groundwater Protection Standards (GPS)
defined in the Rule. This metal occurs naturally and can be present in CCR.

IPL has prepared this Assessment of Corrective Measures (ACM) Report in response to the
groundwater sampling results at KAP. The ACM process is one step in a series of steps defined in the
Rule and shown below.

Assessment of Implementation

Detection Assessment Selection of
Monitoring Monitoring Y — Remedy

Action
40 CFR 257.94 40 CFR 257.95 T 5 6 G 25y 40 CFR 257.98

Corrective of Corrective

To prepare the ACM, IPL has worked to understand the following:

Types of soil and rock deposits in the area of KAP.

Depth of groundwater.

Direction that groundwater is moving.

Potential sources of the molybdenum in groundwater.

The area where molybdenum levels are higher than the USEPA standards.

The people, plants, and animals that may be affected by levels of molybdenum in
groundwater that are above the GPS.

IPL has recently installed a new monitoring well and is currently working through permitting and
access agreements to install additional monitoring wells to further identify the nature and extent of
impacts to groundwater. Because the time allowed by the Rule to prepare the ACM is limited, work to
improve the understanding of the items listed above is still ongoing.

IPL has identified appropriate options, or Corrective Measures, to bring the levels of molybdenum in
groundwater below USEPA standards. In addition to stopping the discharge of CCR and KAP
wastewater to the ponds, these corrective measures include:

e Alternative 1 - No Further Action (Comparison Purposes Only)
e Alternative 2 - Cover Upgrade with Monitored Natural Attenuation (MNA)
e Alternative 3 - Gradient Control

Assessment of Corrective Measures www.scsengineers.com
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e Alternative 4 - In-Situ Treatment with Chemical Amendment
o Alternative 5 - Groundwater Management with Barrier Wall
e Alternative 6 - Excavate and Dispose Off Site

IPL has included a “No Further Action” alternative for comparison purposes only. This alternative will
not be selected as a remedy because it does not meet the requirement of 40 CFR 257.96(a) to
remediate the groundwater impact and restore the affected area.

The ACM includes a preliminary evaluation of all six options using factors identified in the Rule.

Based on what is currently known, the groundwater impacts at KAP are limited, but are not
completely understood. IPL will continue to work on understanding groundwater impacts at KAP, and
will use this information to select one of the Corrective Measures identified above.

IPL will provide semiannual updates on its progress in evaluating Corrective Measures to address the
groundwater impacts at KAP. IPL may also amend this ACM prior to the Selection of Remedy to
incorporate additional information relevant to the options identified in this report.

Before a remedy is selected, IPL will hold a public meeting with interested and affected parties to
discuss the ACM.

For more information on Alliant Energy, please view the annual Corporate Responsibility Report at
http://www.alliantenergy.com/sustainability.

Assessment of Corrective Measures www.scsengineers.com
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1.0 INTRODUCTION AND PURPOSE

The Assessment of Corrective Measures (ACM) at the former Interstate Power and Light
Company (IPL) M.L. Kapp Generating Station (KAP) was prepared to comply with U.S.
Environmental Protection Agency (USEPA) regulations regarding the Disposal of Coal Combustion
Residuals (CCR) from Electric Utilities [40 CFR 257.50-107], or the “CCR Rule”(Rule). Specifically,
the ACM was initiated and this report was prepared to fulfill the requirements of 40 CFR 257.96,
including:

e Prevention of further releases
e Remediation of release
e Restoration of affected areas

This ACM Report summarizes the remedial alternatives for addressing the Groundwater Protection
Standard (GPS) exceedances identified in the Notification of Groundwater Protection Standard
Exceedance dated July 13, 2020.

1.1 ASSESSMENT OF CORRECTIVE MEASURES PROCESS

As discussed above, this ACM Report has been prepared in response to GPS exceedances observed
in groundwater samples collected at KAP. The ACM process is one step in a series of steps defined in
the CCR Rule and depicted in the graphic below. To date, IPL has implemented a detection
monitoring program per 40 CFR 257.94 and completed assessment monitoring at KAP per 40 CFR
257.95. An ACM is now required based on the groundwater monitoring results obtained through April
2020. With the ACM completed, IPL is required to select a corrective measure (remedy) according to
40 CFR 257.97. The remedy selection process must be completed as soon as feasible, and, once
selected, IPL is required to start the corrective action process within 90 days.

Implementation

Assessment of

Detection Assessment . Selection of .
o o Corrective of Corrective

Monitoring Monitoring Measures Remedy Action
40 CFR 257.94 40 CFR 257.95 40 CFR 257.96 40 CFR 257.97 40 CFR 257.98

The process for developing the ACM is defined in 40 CFR 257.96 and is shown in the graphic below.
IPL is required to discuss the ACM results in a public meeting at least 30 days before selecting a
remedy. To facilitate the selection of a remedy for the GPS exceedances at KAP, IPL continues to
investigate and assess the nature and extent of the groundwater impacts. Information about the site,
the groundwater monitoring completed, the groundwater impacts as they are currently understood,
and the ongoing assessment activities are discussed in the sections that follow.

Assessment of Corrective Measures www.scsengineers.com
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Continue Screen/Evaluate

Initiate ACM Groundwater Potential Corrective Flace sy il mlel) Gzl

Operating Record in Public Meeting

40 CFR 257.96(a) Monitoring Measures 40 CFR 257.96(d) 40 CFR 257.96(e)

40 CFR 257.96(b) 40 CFR 257.96(c)

1.2 SITE INFORMATION AND MAP

KAP is located along the west bank of the Mississippi River, in the city of Clinton, in Clinton County,
lowa (Figure 1). The address of the closed ash pond site is 3301 E. Highway 67 S, Clinton, lowa. The
KAP Main Ash Pond CCR unit is a closed inactive surface impoundment. Closure and capping of the
Main Ash Pond was completed in 2017. A Notification of Completion of Closure pursuant to 40 CFR
257.102(d) was issued by Alliant Energy on January 17, 2018.

A map showing the CCR Unit and all background (or upgradient) and downgradient monitoring wells
with identification numbers for the CCR groundwater monitoring program is provided as Figure 2.

2.0 BACKGROUND
2.1 REGIONAL GEOLOGIC INFORMATION

The uppermost geologic formation beneath KAP that meets the definition of the “uppermost
aquifer,” as defined under 40 CFR 257.53, is the surficial alluvial aquifer. The alluvial aquifer is
composed of glacial drift, sand, silt, and clay. Immediately underlying the surficial alluvial aquifer is
the Silurian bedrock aquifer which consists of limestone and dolomite (Wahl et al., 1978). A map of
the regional geology in the area is included in Appendix A.

The Mississippi River and associated alluvial aquifers are a major source of surface water and
shallow groundwater in the area.

Regional information indicates that groundwater flow within the Silurian dolomite and limestone is to
the south-southeast. A map of regional flow is included in Appendix A.

2.2 SITE GEOLOGIC INFORMATION

Soils at the site are primarily sand, silt, and clay to a depth of approximately 25 to 70 feet below
ground surface (bgs) and overlie weathered limestone bedrock. During drilling of CCR wells MW-301
through MW-306, the unconsolidated materials were identified as consisting primarily of sand, lean
clay, and sandy silt. The boring log for the recently installed piezometer MW-304A shows alternating
deposits if sand, lean clay, and silt to 70 feet bgs. At off-site CCR well MW-307, unconsolidated
materials encountered during drilling were identified as primarily clayey sand, silty sand, and silty

Assessment of Corrective Measures www.scsengineers.com
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clay. Limestone bedrock was encountered at MW-306 at a depth of 10 feet below ground surface
(bgs), but was not encountered in any of the other monitoring well borings. The boring logs for the
KAP monitoring wells MW-301 to MW-307 and MW-304A are provided in Appendix B.

Shallow groundwater at the site generally flows to the east, but water levels and flow directions are
variable. Shallow groundwater flow at the site is influenced by water levels in a surficial ditch to the
south and a small creek to the east. The groundwater flow pattern for April 2020 is shown on
Figure 3. The groundwater flow pattern for October 2020 is shown on Figure 4. The groundwater
monitoring well network summary is provided in Table 1. The groundwater data for the CCR
monitoring wells are provided in Table 2.

Two geologic cross sections were prepared using information from on-site monitoring well borings.
The cross section locations are provided on Figure 5 and the cross sections are shown on Figure 6
and Figure 7. Water levels measured at site monitoring wells are identified on the cross section.
Bedrock was observed at MW-306.

2.3 CCR RULE MONITORING SYSTEM

The original groundwater monitoring system established in accordance with the CCR Rule consists
of one upgradient (background) monitoring well and five downgradient monitoring wells. The
background well is MW-306. The five downgradient compliance wells are MW-301, MW-302,
MW-303, MW-304, and MW-305. These wells were installed in February 2018. Piezometer
MW-304A, nested with existing monitoring well MW-304, was installed in February 2021. Well
MW-304A was installed to provide information on the vertical extent of groundwater impacts and to
evaluate vertical gradients. The CCR Rule wells are installed in the upper portion of the surficial
alluvial aquifer. Well depths range from approximately 22 to 55 feet bgs.

New background monitoring well MW-307 was installed on April 15, 2020. The new background well
was added because the analytical results to date for the on-site upgradient well (MW-306) suggest
that that this well may not represent natural background groundwater conditions at the site. The new
well also provides additional information on groundwater flow direction in the site vicinity.

The initial results from new well MW-307 appear to indicate that the water quality at MW-306 may
be affected by CCR management and not representative of natural background conditions. For most
sampling dates since monitoring began, water levels have indicated that MW-306 is upgradient from
the ash pond closure area; however, analytical results suggest that this location may have been at
least occasionally downgradient from the ash pond in the past.

Based on this information, IPL anticipates that new background upper prediction limits (UPLs) will be
calculated based on monitoring results from MW-307 after four rounds of background monitoring
have been completed. The GPS values for lithium and molybdenum had previously been established
based on background quality at MW-306. Based on the new background monitoring well results, the
GPS values for the CCR unit have been modified to equal the values from 40 CFR 257.95(h)(2). This
change in GPS values does not result in the identification of additional parameters at statistically
significant levels (SSLs) above the GPS for the assessment monitoring results to date.

Assessment of Corrective Measures www.scsengineers.com
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3.0 NATURE AND EXTENT OF GROUNDWATER IMPACTS
3.1 POTENTIAL SOURCES

The potential sources of groundwater impacts are the material disposed in the former CCR unit at
KAP. Based on a review of existing site documents, materials disposed in the Main Ash Pond include
former KAP coal yard material, material removed from the former emergency ash settling pond in
2015, and the Main Ash Pond. The coal yard and emergency ash pond were closed in 2015 prior to
the effective date of the CCR Rule, and the Main Ash Pond was closed in 2017 (Figure 2). The
information provided here is summarized from the Construction Documentation Report dated
January 2018.

3.2 GROUNDWATER ASSESSMENT

3.2.1 Groundwater Depth and Flow Direction

Depth to groundwater as measured in the site monitoring wells varies from 6 to 22 feet bgs due to
topographic variations across the facility and seasonal variations in water levels. Groundwater flow
at the site is generally to the east and water levels fluctuate seasonally due to the proximity to the
nearby creek and the Mississippi River.

3.2.2 Groundwater Protection Standard Exceedances Identified

The ACM process was triggered by the detection of molybdenum at statistically significant levels
exceeding the GPS in samples from the following compliance wells:

e Molybdenum: MW-302, MW-304, MW-305

This statistical evaluation of the assessment monitoring results was based on the first four sampling
events for the Appendix IV assessment monitoring parameters, including complete sampling events
in December 2019, and February, April, and October 2020. There was a resampling event for
MW-304 in July 2020. The complete results for these sampling events are summarized in Table 3.

USEPA’s Unified Guidance for Statistical Analysis of Groundwater Monitoring Data at Resource
Conservation and Recovery Act (RCRA) Facilities (EPA 530-R-09-007, March 2009) recommends the
use of confidence intervals for comparison of assessment monitoring data to fixed GPS values.
Specifically, the suggested approach for comparing assessment groundwater monitoring data to
GPS values based on long-term chronic health risk, such as drinking water Maximum Contaminant
Levels (MCLs), is to compare the lower confidence limit around the arithmetic mean with the fixed
GPS.

A Lower Confidence Limit (LCL) evaluation was completed for each Appendix IV parameter that has
been detected at a concentration exceeding the GPS in at least one sample result since assessment
monitoring was initiated, which includes arsenic and molybdenum. The LCLs were calculated with
Sanitas™ statistical software using historical concentrations measured since assessment monitoring
was initiated for each well. At least four results are required. The evaluation is provided in

Appendix D.

Assessment of Corrective Measures www.scsengineers.com
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Based on the LCL evaluation, the only SSLs above the GPS are:
e Molybdenum: MW-302, MW-304, MW-305

Although the LCL for molybdenum for MW-301 was below the GPS, all four individual results
exceeded the GPS and it is likely that with additional monitoring data molybdenum will be
determined to be at an SSL for this well. Molybdenum results for MW-303 and MW-306 (original
background well) have been above and below the GPS and it is too soon to tell whether an SSL
above the GPS will occur for these two wells.

The arsenic results to date for MW-303 do not represent an SSL above the GPS. In summary, as of
the October 2020 sampling event, SSLs exceeding the GPSs have been identified for the following
wells and parameters:

Assessment Location of Historic Range of Groundwater
Monitoring Appendix Detections at Wells Protection
GPS Exceedances
IV Parameters Exceeding GPS Standards (GPS)
Molybdenum (ug/L) MW’%’@_@’%%“' 320 - 1200 100

Mg/L = micrograms per liter
Note: Historic range includes results from assessment monitoring beginning in December 2019.

323 Expanding the Groundwater Monitoring Network

Piezometer MW-304A was installed in February 2021 downgradient of the CCR units and nested with
monitoring well MW-304. MW-304A was installed to expand the groundwater monitoring network at
KAP near the edge of the CCR unit boundaries and to fulfill the requirements of 40 CFR
257.95(g)(1), which requires additional characterization to support a complete and accurate
assessment of corrective measures. Groundwater samples were collected following installation of
the new piezometer. IPL is currently working through permitting and access agreements to install
additional monitoring wells to further identify the nature and extent of impacts to groundwater. The
information gathered from additional wells will be incorporated into future amendments of the ACM
and the final Selection of Remedy report.

The initial groundwater sampling of piezometer MW-304A was performed on February 22, 2021.
Laboratory results are not yet available.

3.24 MNA Data Collection and Evaluation

An evaluation of the potential for KAP to utilize MNA as a corrective action alternative will begin in
spring 2021. The tiered analysis approach in the USEPA guidance, “Monitored Natural Attenuation of
Inorganic Contaminants in Groundwater, Volume 1 - Technical Basis for Assessment” (USEPA,
2007), will be used as a guide for evaluating MNA as a potential corrective action alternative at KAP.

There are four tiers of analysis to be addressed in evaluating the site for MNA:

1. Demonstrate active contaminant removal from groundwater.

2. Determine mechanism and rate of attenuation.

3. Determine system capacity and stability of attenuation.

4. Design a performance monitoring program and identify an alternative remedy.

Assessment of Corrective Measures www.scsengineers.com
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Data collection activities during the assessment monitoring and ACM process to address the
objectives of Tiers 1 and 2 will include:

e Installation of additional downgradient assessment wells and deeper downgradient
piezometers to evaluate groundwater flow direction and horizontal and vertical
hydraulic gradients.

e Additional groundwater sampling events and analysis of data from all site wells to
evaluate contaminant distribution in groundwater.

e Analysis of general groundwater chemistry and field parameters in addition to the
Appendix Il and IV constituents to provide further characterization of groundwater
chemistry.

e Analysis of both total and dissolved constituents for selected parameters.

A hydrogeochemical conceptual model and summary of preliminary evaluation of groundwater
contaminant attenuation at KAP will be completed to assess the following:

e Likelihood of molybdenum to have been released from one or more sources (ponds) to
the confined alluvial aquifer beneath the site.

e Comparison of molybdenum concentrations in the shallow and deeper portions of the
aquifer to assess if potential downward vertical gradients may have carried
molybdenum to depths of at least 60 feet bgs.

e Estimate of the mass of molybdenum, dissolved in groundwater beneath the KAP site.

e The potential for natural attenuation within the aquifer based on the proximity of the
Mississippi River, immediately adjacent to KAP.

e Geochemical assessment for the presence of natural attenuation for molybdenum.

3.3 CONCEPTUAL SITE MODEL

The following conceptual site model describes the compounds and nature of constitutes above the
GPS, discusses potential exposure pathways affecting human health and the environment, and
presents a cursory review of their potential impacts. The conceptual site model for KAP has been
prepared in general conformance with the Standard Guide for Developing Conceptual Site Models for
Contaminated Sites (ASTM E1689-95). This conceptual site model is the basis for assessing the
efficacy of likely corrective measures to address the source, release mechanisms, and exposure
routes.

3.3.1 Nature of Constituents Above GPS

To describe the nature of the constituents in groundwater at KAP, we have reviewed information
regarding molybdenum in groundwater, and how that groundwater may impact potential receptors
through the exposure pathways discussed in Section 3.3.2.

Assessment of Corrective Measures www.scsengineers.com
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Molybdenum
Molybdenum (Mo) is a transitional metal that is naturally present in soil. Molybdenum is naturally
present in coal and can be present in CCR after the coal is combusted.

Molybdenum has industrial uses in metal alloys and chemical applications (London Metal Exchange
[LME], 2007). Molybdenum is also an essential trace dietary element (Schwarz et al., 2013).
Significant dietary sources of molybdenum include meats, green beans, eggs, sunflower seeds,
wheat flour, lentils, cucumbers, and cereal grain (Emsley, 2001).

Acute toxicity has not been seen in humans, and the toxicity depends on the chemical state.
Although human toxicity data are unavailable, animal studies have shown that chronic ingestion of
more than 10 milligrams per day (mg/day) (10,000 micrograms per day [ug/day]) of molybdenum
can cause diarrhea, growth retardation, infertility, low birth weight, and gout; it can also affect the
lungs, kidneys, and liver (Coughlan, 1983) (Barceloux, Barcerloux 1999).

Molybdenum Exposure

Agency for Toxic Substances and Disease Registry (ATSDR) prepared a Toxicological Profile for
Molybdenum, dated May 2020. A copy of the draft profile is provided in Appendix C. The report
offered the following with respect to molybdenum in surface water and groundwater:

e |t has been reported that concentrations of molybdenum in surface waters are generally
less than 1.0 yg/L, and drinking water and groundwaters contain about 1.0 ug/L.
Concentrations as high as 1,400 pg/L have been detected in drinking waters in areas
impacted by mining and milling operations.

e USEPA has determined that exposure to drinking water containing 0.08 mg/L (80 pg/L)
is not expected to cause effects that are harmful to children exposed for 1 or 10 days.
Lifetime exposure to drinking water containing 0.04 mg/L (40 ug/L) is not likely to cause
adverse health effects.

The concentrations of molybdenum detected to date in samples from the site monitoring wells range
from below the detection limit to 290 pg/L. The GPS for molybdenum is 100 ug/L. The GPS
established by the USEPA for molybdenum is based on non-carcinogenic, child-based limits.

3.3.2 Potential Receptors and Pathways

As described in Section 3.3, ASTM E1689-95 provides a framework for identifying potential receptors
(people or other organisms potentially affected by the groundwater impacts at KAP) and pathways
(the ways groundwater impacts might reach receptors). In accordance with ASTM E1689-95, we
have considered both potential human and ecological exposures to groundwater impacted by the
constituents identified in Section 3.2.3:

Human Health
In general, human health exposure routes to contaminants in the environment include ingestion,
inhalation, and dermal contact with the following environmental media:

Groundwater

Surface Water and Sediments
Air

Soil

Biota/Food

Assessment of Corrective Measures www.scsengineers.com
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If people might be exposed to the impacts described in Section 3.0 via one of the environmental
media listed above, a potential exposure route exists and is evaluated further. For the groundwater
impacts at KAP, the following potential exposure pathways have been identified with respect to
human health:

e Groundwater - Ingestion and Dermal Contact: The potential for ingestion of, or dermal
contact with, impacted groundwater from KAP exists if water supply wells are present in
the area of impacted groundwater and are used as a potable water supply. Based on a
review of the lowa Department of Natural Resources (IDNR) GeoSam well database and
information provided by KAP:

— No water supply wells have been identified downgradient or sidegradient in the
vicinity of the CCR units.

o Surface Water and Sediments - Ingestion and Dermal Contact: The potential for
ingestion of or dermal contact with impacted surface water and sediments exists if
impacted groundwater from KAP has interacted with adjacent surface water and
sediments, to the extent that the constituents identified in Section 3.2.3 are present in
these media at concentrations that represents a risk to human health.

o Biota/Food - Ingestion: The potential for ingestion of impacted food exists if impacted
groundwater from KAP has interacted with elements of the human food chain. Based on
our review of existing land use and the location of known groundwater impacts within
developed areas of Clinton County and the City of Clinton, no hunting or farming likely
occurs within the current area of known groundwater impacts. Elements of the food
chain may also be exposed indirectly through groundwater-to-surface interactions, which
are subject to additional assessment.

Based on the lack of groundwater exposure, only the surface water, sediment, and biota/food
exposure pathways were retained for further consideration. However, the implementation of
potential corrective measures may introduce secondary exposure pathways that are discussed in
Section 6.0 and will be evaluated further as a corrective measure is selected for KAP.

Ecological Health

In addition to human exposures to impacted groundwater, potential ecological exposures are also
considered. If ecological receptors might be exposed to impacted groundwater, the potential
exposure routes are evaluated further. Ecological receptors include living organisms, other than
humans, the habitat supporting those organisms, or natural resources potentially adversely affected
by CCR impacts. This includes:

e Transfer from an environmental media to animal and plant life. This can occur by
bioaccumulation, bioconcentration, and biomaghnification:

— Bioaccumulation is the general term describing a process by which chemicals are
taken up by a plant or animal either directly from exposure to impacted media (soil,
sediment, water) or by eating food containing the chemical.

— Bioconcentration is a process in which chemicals are absorbed by an animal or plant
to levels higher than the surrounding environment; and
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— Biomagpnification is a process in which chemical levels in plants or animals increase
from transfer through the food web (e.g., predators have greater concentrations of a
particular chemical than their prey)

e Benthic invertebrates within adjacent waters.

Based on the information presented in Section 3.2.3 and the location of the Mississippi River
adjacent to the current area of known groundwater impacts, both of these ecological exposure
routes must be evaluated further. Both potential ecological exposure pathways require groundwater-
to-surface-water interactions for the exposure pathway to be complete. An evaluation will be
performed to assess the groundwater-to-surface-water interactions at KAP.

The surface water/sediment, biota/food, and ecological exposure assessment is presently
incomplete as the concentrations within surface water and sediment are presently unknown. The
concentrations within groundwater are likely higher and not representative of the surface water
subject to dermal contact and ingestion. Similarly, the concentrations within groundwater are likely
higher than those interfacing the ecological receptors. Evaluation of constituent concentrations in
sediment and surface water may be estimated through calculations and/or additional sampling.

4.0 POTENTIAL CORRECTIVE MEASURES

In this section, we identify potential corrective measures to meet the ACM goals identified in
40 CFR 257.96(a), which are to:

e Prevent further releases
e Remediate releases
e Restore affected areas to original conditions

The development of corrective measure alternatives is described further in the following sections.
Corrective measure alternatives developed to address the groundwater impacts at KAP are
described in Section 5.0. The alternatives selected are qualitatively evaluated in Section 6.0.

4.1 IDENTIFICATION OF CORRECTIVE MEASURES

As described in the USEPA Solid Waste Disposal Facility Criteria Technical Manual (USEPA, 1998),
corrective measures generally include up to three components, including:

e Source Control
e Containment
e Restoration

Within each component, there are alternative measures that may be used to accomplish the
component objectives. The measures from one or more components are then combined to form
corrective measure alternatives (discussed in Section 5.0) intended to address the observed
groundwater impacts. Potential corrective measures were identified based on site information
available during development of the ACM for the purpose of meeting the goals described in
Section 4.0.

Each component and associated corrective measures are further identified in subsequent
paragraphs. The corrective measures are evaluated for feasibility and combined to create the
corrective action alternatives identified in this section, and further evaluated in Section 5.0. We
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continue to evaluate site conditions and may identify additional corrective measures based on new
information regarding the nature and extent of the impacts.

4.1.1 Source Control

The source control component of a corrective measure is intended to identify and locate the source
of impacts and provide a mechanism to prevent further releases from the source. For KAP, source
control has already been provided through the closure of the existing CCR units at the facility, which
included the consolidation of CCR materials into a single closure area and the installation of a
vegetated low permeability soil cover that meets performance standards defined in the CCR Rule for
final cover systems. Closure activities at KAP were completed in 2018, and were already underway
when the groundwater impacts that required IPL to initiate the ACM were identified in October 2018.
Although more time may be required to see a groundwater quality response to the closure activities
completed in 2018, additional source control measures, or enhancements to existing source control
measures, are identified below:

o Cover upgrade. A cap upgrade would further reduce infiltration and prevent transport of
CCR constituents from unsaturated CCR materials into the groundwater.

o [Excavate and dispose at a licensed off-site disposal area. Remove all CCR from the site
and haul to a licensed landfill to prevent further releases from the closure area.

Water movement through the CCR materials is the mechanism for CCR impacts to groundwater,
including surface water that moves vertically through the CCR materials via infiltration of
precipitation and surface water runoff. Based on the available information for this site, both of the
additional source control measures have potential to prevent further releases caused by infiltration if
GPSs are not achieved by the closure activities completed in 2018, thus are retained for
incorporation into alternatives for further evaluation. However, IPL continues to monitor and
investigate the nature and extent of groundwater impacts and, with new information, source control
measures may be added or removed from consideration.

4.1.2 Containment

The objective of containment is to limit the spread of the impacts beyond the source. The need for
containment depends on the nature and extent of impacts, exposure pathways, and risks to
receptors. Containment may also be implemented in combination with restoration as described in
Section 4.1.3.

Containment may be a recommended element of a corrective measure if needed to:

e Prevent off-site migration of groundwater impacts.
o Cease completion of a confirmed exposure pathway (e.g., water supply well).

Aquifer characteristics that favor containment include:

Water in the affected aquifer is naturally unsuited for human consumption.

¢ Contaminants are present in low concentration with low mobility.
Low potential for exposure pathways to be completed, and low risk associated with
exposure.

e Low transmissivity and low future user demand.
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The following containment measures have potential to limit the spread of continued or remaining
groundwater impacts at this site, if necessary:

e Gradient Control with Pumping. Gradient control includes a measure to alter the
groundwater velocity and direction to slow or isolate impacts. This can be accomplished
with pumping wells and/or a trench/sump collection system. If groundwater pumping is
considered for capturing an impacted groundwater plume, the impacted groundwater
must be managed in conformance with all applicable federal and state requirements.

e Gradient Control with Phytotechnology. Gradient control with phytotechnology relies on
the ability of vegetation to evapotranspire sources of surface water and groundwater.
Water interception capacity by the aboveground canopy and subsequent
evapotranspiration through the root system can limit vertical migration of water from the
surface downward. The horizontal migration of groundwater can be controlled or
contained using deep-rooted species, such as prairie plants and trees, to intercept, take
up, and transpire the water. Trees classified as phreatophytes are deep-rooted,
high-transpiring, water-loving organisms that send their roots into regions of high
moisture and can survive in conditions of temporary saturation.

¢ Chemical Stabilization. Stabilization refers to processes that involve chemical reactions
that reduce the leachability of molybdenum. Stabilization chemically immobilizes impacts
or reduces their solubility through a chemical reaction. The desired results of stabilization
methods include converting metals into a less soluble, mobile, or toxic form. Chemically,
this may include precipitation or alteration to render molybdenum less mobile in the
environment. Evaluation of an appropriate commodity amendments, in situ molybdenum
treatment, focusing on in situ sorptive and reduction-oxidation (redox)-based
precipitation remedies that may include zero valent iron, colloidal activated carbon, and
adjusting the redox potential of the zone of impact will occur during the remedy selection
process.

Based on the currently available information for this site, MNA processes that are actively
attenuating the molybdenum impacts to groundwater are yet to be identified and assessed. Thus,
active containment may be required for this site due to the potential for CCR to be in contact with
groundwater. IPL will continue to investigate the nature and extent of the groundwater impacts and
MNA at KAP.

4.1.3 Restoration

Restoration is the process through which groundwater quality is restored to meet GPSs. This can be
accomplished by way of MNA or intensively addressed by groundwater treatment with or without
extraction.

MNA can be a viable remedy or component of a remedial alternative for groundwater impacted with
metals. MNA requires ongoing involvement and potentially intense characterization of the
geochemical environmental to understand the attenuation processes involved, and to justify reliance
on them and regular, long-term monitoring to ensure the attenuation processes are meeting
remedial goals.

MNA is not a “do-nothing” alternative; rather it is an effective knowledge-based remedy where a
thorough engineering analysis provides the basis for understanding, monitoring, predicting, and
documenting natural processes. To properly employ this remedy, there needs to be a strong
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scientific basis supported by appropriate research and site-specific monitoring implemented in
accordance with quality controls. The compelling evidence needed to support proper evaluation of
the remedy requires that the processes that lower metal concentrations in groundwater be well
understood.

If active treatment is implemented, water may be treated in-situ, on-site, or off-site. The need for
active treatment depends on the nature and extent of impacts, exposure pathways, and risks to
receptors. If there are no receptors, or when active treatment is not required for the reasons
discussed in Section 4.1.2, then MNA is an appropriate option. If existing or future impacts require a
more rapid restoration of groundwater quality, then active restoration may be needed.

Treated groundwater may be re-injected, sent to a local publicly owned treatment works (POTW), or
discharged to a local body of surface water, depending on local, state, and federal requirements.
Typical on-site treatment practices for metals include coagulation and precipitation, ion exchange, or
reverse osmosis. Off-site wastewater treatment may include sending the impacted groundwater that
is extracted to a local POTW or to a facility designed to treat the contaminants of concern.

The removal rate of groundwater constituents such as molybdenum will depend on the rate of
groundwater extraction, the cation exchange capacity of the soil, and partition coefficients of the
constituents sorbed to the soil. As the concentration of metals in groundwater is reduced, the rate at
which constituents become partitioned from the soil to the aqueous phase may also be reduced. The
amount of flushing of the aquifer material required to remove the metals and reduce their
concentration in groundwater below the GPS will generally determine the time frame required for
restoration. This time frame is site-specific.

In-situ methods may be appropriate, particularly where pump and treat technologies may present
adverse effects. In-situ methods may include biological restoration requiring pH control, addition of
specific micro-organisms, and/or addition of nutrients and substrate to augment and encourage
degradation by indigenous microbial populations. Bioremediation requires laboratory treatability
studies and pilot field studies to determine the feasibility and the reliability of full-scale treatment.

Based on current information, MNA is retained for incorporation into alternatives for further
evaluation. Other restoration measures are included in the alternatives analysis as the investigation
of the nature and extent of groundwater impacts at KAP continues.

5.0 CORRECTIVE MEASURE ALTERNATIVES

We have identified the following corrective measure alternatives for the groundwater impacts at KAP:

Alternative 1 - No Further Action

Alternative 2 - Cover Upgrade with MNA

Alternative 3 - Gradient Control

Alternative 4 - In-Situ Treatment with Chemical Amendment
Alternative 5 - Groundwater Management with Barrier Wall
Alternative 6 - Excavate and Dispose Off-Site

These alternatives were developed by selecting components from the reasonable and appropriate
corrective measures components discussed above. Each of the corrective measure alternatives
meet the requirements in 40 CFR 257.97(b)(1) through (5) based on the information available at the
current time. We may identify additional alternatives or eliminate alternatives based on the
continued evaluation of site conditions.

Assessment of Corrective Measures www.scsengineers.com
M.L. Kapp Closed Surface Impoundment 12



http://www.scsengineers.com/

5.1 ALTERNATIVE 1 - NO FURTHER ACTION

Closure of the CCR units at KAP was already complete when the groundwater impacts that required
IPL to initiate the ACM process were identified. Closure activities at KAP included consolidation and
capping of CCR in a single closure area (Figure 2) in accordance with the requirements for closure in
place in 40 CFR 257.102(d). The closure included the installation of a cover system that limits
infiltration of surface water into the CCR as described in Section 4.1.1. The cap limits exposure of
CCR material to precipitation/surface water infiltration, which is currently believed to be the primary
mechanism for mobilization of constituents to the environment and resulting GPS exceedances.

Closure activities were completed in January 2018, and additional time is required to monitor the
response in groundwater conditions to the closure activities and determine whether the final cover
system results in decreases in constituent concentrations below the GPS. This alternative assumes
that post-closure monitoring of groundwater will continue as described in Section 2.4 of the
Post-Closure Plan for the CCR units at KAP issued in January 2018.

IPL is committed to implementing corrective measures as required under the Rule, and the No
Further Action alternative is included as a baseline condition and a point of comparison for the other
alternatives. The consideration of this alternative assumes the monitoring of groundwater continues
under this action.

5.2 ALTERNATIVE 2 - COVER UPGRADE WITH MNA

Alternative 2 includes an upgrade to the existing cover that was constructed over the closure area in
2018 in accordance with the criteria set forth in in 40 CFR 257.102(d). Closure of the CCR units at
KAP with CCR in place under a cap has already been completed. Under Alternative 2, the existing cap
will be enhanced to further reduce the overall permeability of the final cover in the event the final
cover system design prescribed in the CCR Rule and implemented in 2018 does not attain the GPS
for molybdenum. Cover upgrades include one, or a combination, of the following:

Increase the thickness of the infiltration layer (low-permeability clay layer).

e Increase the overall thickness of cover to promote evapotranspiration.
Installation of a geomembrane over the existing infiltration layer (i.e., upgrade to
composite cover).

e Installation of a drainage layer (e.g., geocomposite or granular soil layer) above the
infiltration layer.

The closure areas will also be subject to enhanced groundwater monitoring via MNA.

This alternative is expected to further reduce infiltration of surface water into the closure area.
Leaching of metals and migration within groundwater may be reduced, which may eliminate GPS
exceedances over time or accelerate the time required to obtain GPSs. MNA will assist to track if the
groundwater impacts are reduced.

53 ALTERNATIVE 3 — GRADIENT CONTROL

Alternative 3 includes gradient control measures to cease completion of any confirmed exposure
pathways, and limit the spread of groundwater impacts. Under Alternative 3, gradient control
measures will be installed to supplement the closure activities completed in 2018. Gradient control
measures such as phytotechnology, modified conductivity zones, and/or groundwater pumping may
be used to prevent the completion of an exposure pathway for groundwater containing molybdenum
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concentrations above the GPS to impact downgradient receptors. Alternative 3 may incorporate
groundwater collection to intercept groundwater contributing to confirmed exposure pathways and to
reduce the migration of groundwater impacts. With groundwater collection, impacted groundwater
would be extracted by pumping for treatment.

MNA is included with this alternative and will monitor groundwater impacts and the effects of
degradation mechanisms, if present, on groundwater concentrations over time. If MNA processes are
active and the aquifer has capacity to attenuate some of the impacts, less intensive gradient control
may be needed.

54 ALTERNATIVE 4 - IN-SITU TREATMENT WITH CHEMICAL
AMENDMENT

Alternative 4 includes adding a chemical amendment within the groundwater plume to reduce the
mobilization of molybdenum to cease completion of any confirmed exposure pathways and limit the
spread of groundwater impacts. Under Alternative 4, further leaching of metals and migration within
groundwater would be prevented by fixation using a chemical amendment.

5.5 ALTERNATIVE 5 - GROUNDWATER MANAGEMENT WITH
BARRIER WALL

Alternative 5 incorporates the use of a barrier wall to mitigate impacts from molybdenum. The barrier
wall consists of two different approaches:

e Impermeable barrier: Directs upgradient groundwater away from known groundwater
impacts.

e Permeable barrier: Intercepts impacted groundwater within a permeable zone to treat
impacted groundwater.

Further leaching of metals and migration within groundwater will be reduced and may be eliminated
over time as impacted groundwater is redirected and/or intercepted with a barrier wall to minimize
the spread of molybdenum in groundwater.

5.6 ALTERNATIVE 6 — EXCAVATE AND DISPOSE IN OFF-SITE
LANDFILL

Alternative 6 includes the removal of the existing final cover and excavation of all CCR within the
closure area. Under Alternative 6, CCR from the closure area will be excavated and transported to an
approved off-site landfill after the removal of the existing final cover. Further on-site releases from
the CCR sources will be prevented by removing the source materials from the site, which eliminates
the potential for ongoing on-site leaching of constituents into groundwater. MNA is included with this
alternative and will monitor groundwater impacts and the effects of degradation mechanisms, if
present, on groundwater concentrations over time.

6.0 EVALUATION OF CORRECTIVE MEASURE ALTERNATIVES

As required by 40 CFR 257.96(c), the following sections provide an evaluation of the effectiveness of
corrective measure alternatives in meeting the requirements and objectives outlined in 40 CFR
257.97. The evaluation addresses the requirements and objectives identified in 40 CFR
257.96(c)(1) through (3), which include:
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e The performance, reliability, ease of implementation, and potential impacts of
appropriate potential remedies, including safety impacts, cross-media impacts, and
control of exposure to residual contamination;

e The time required to begin and complete the remedy; and

e The institutional requirements, such as state or local permit requirements, or other
environmental or public health requirements that may substantially affect
implementation of the remedy.

In addition to the discussion of the items listed above, Table 4 provides a summary of the initial
evaluation of the alternatives including each of the criteria listed in 40 CFR 257.97.

6.1 ALTERNATIVE 1 - NO FURTHER ACTION

As described in Section 5.1, the No Further Action alternative is the current condition and serves as
a point of comparison for the other alternatives. This alternative has the potential to satisfy all five
criteria in 40 CFR 257.97(b)(1) through (5). IPL currently considers this unlikely. Based on the limited
likelihood of Alternative 1 to be selected, it has been retained for comparison purposes, and
evaluated with regard to the criteria in 40 FR 257.96(c) below:

o Performance, Reliability, Implementation, and Impacts.

— Performance - Ceasing wastewater discharges and closing the impoundments by
capping as completed in 2018 is expected to address infiltration, which is a key
contributor to groundwater impacts. However, this does not address CCR in contact
with groundwater.

— Reliability - The expected reliability of capping is good. Capping is a common practice
and standard remedial method for closure in place in remediation and solid waste
management. There is significant industry experience with the design and
construction of this method, which was incorporated into the requirements of 40 CFR
257.102(d). A deed notation is in place for closure with CCR left in place, which is a
reliable means of communicating the on-site conditions.

— Implementation - Nothing is required to implement Alternative 1.

— Impacts - No additional safety or cross-media impacts are expected with
Alternative 1. This alternative may not control current suspected routes of exposure
to residual contamination.

o Timing. No time is required to begin. The time required to attain the GPS for molybdenum
will be evaluated further during the remedy selection process, but is expected to take
between 5 and 10 years after closure construction is complete. Alternative 1 has the
potential to provide full protection within the 30-year post-closure monitoring period.

e |nstitutional Requirements. IPL must maintain the IDNR Closure Permit. The current
IDNR Closure Permit expires in 2047. A deed notice to this effect was recording in
December 22, 2017.
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6.2 ALTERNATIVE 2 - COVER UPGRADE WITH MNA

As described in Section 5.2, Alternative 2 includes an upgrade to the existing cover that was
constructed over the closure area in 2018 in accordance with the criteria set forth in in 40 CFR

257.102(d).

¢ Performance, Reliability, Implementation, and Impacts.

Performance - Enhancing the existing cap may further limit post-construction
infiltration through the cap, which may contribute to groundwater impacts. However,
seasonally high groundwater occasionally inundates the base of the CCR. MNA
monitoring will identify, if active, the natural attenuation processes that reduce mass,
toxicity, mobility, volume, or concentrations of the constituents of concern in
groundwater. In combination with the closure activities completed to date,
Alternative 2 is capable of and expected to attain the GPS for molybdenum.

Reliability — The expected reliability of an enhanced cap is good if infiltration is
driving groundwater impacts. However, seasonally high groundwater occasionally
inundates the base of the CCR. The potential cap enhancements described in
Section 5.2 are in common use for closure in place for remediation and solid waste
management. There is significant industry experience with the design and
construction of this method, which was incorporated into the requirements of 40 CFR
257.102(d). A deed notation is in place for closure with CCR left in place, which is a
reliable means of communicating the on-site conditions.

Implementation - The complexity of constructing the cap is low. The logistics of
designing and installing a cap upgrade increases the complexity of the alternative
due to the limited space available at the facility. The local availability of cap upgrade
materials will be evaluated further during remedy selection. The equipment and
personnel required to implement Alternative 2 are not specialized and are generally
readily available with the exception of the resources needed to install an upgrade
that involves geosynthetic components, which may not be available locally. The ease
of implementation and low-impact nature of MNA as a groundwater restoration
method must be evaluated against the effectiveness of passive groundwater
restoration, which is the subject of ongoing evaluations. An insufficient MNA
mechanism, insufficient site attenuation capacity, or changes in groundwater
conditions may require additional action to restore groundwater or prevent
cross-media impacts between groundwater and surface water.

Impacts - Safety impacts associated with the implementation of Alternative 2 are not
significantly different than other heavy civil construction projects. The level of
disturbance required to upgrade the cap may represent some increase in safety risk
due to site conditions and incoming/outgoing construction traffic. Cross-media
impacts are not expected because it is unlikely that CCR must be exposed to upgrade
the cap. The potential for exposure to residual contamination is low since CCR will
remain capped.

o Timing. An upgrade to the existing cap can be completed within 1 year of remedy
selection and issuance of required permits. The time required to attain the GPS for
molybdenum will be evaluated further during the remedy selection process, but is
expected to take between 5 and 10 years after closure construction is complete. The cap
upgrade may decrease the time to reach GPS due to reduced cover permeability.
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6.3

Alternative 2 is anticipated to provide full protection within the 30-year post-closure
monitoring period.

Institutional Requirements. The following permits and approvals are expected to be
required to implement Alternative 2:

— An amendment to the IDNR Closure Permit.
— State and local construction permits.
— State and local erosion control/construction storm water management permits.

State and local erosion control/construction storm water management permits may also
be required depending on the level of disturbance required to implement the alternative.

ALTERNATIVE 3 — GRADIENT CONTROL

As described in Section 5.3, Alternative 3 includes the installation of gradient control measures to
cease completion of any confirmed exposure pathways, and limit the spread of groundwater impacts.
This Alternative may include installing a groundwater pump and treat system or phytotechnology
grove to prevent the migration of and/or recover groundwater with molybdenum concentrations
greater than the GPS.

Performance, Reliability, Implementation, and Impacts.

— Performance - Gradient control measures can prevent the completion of an
exposure pathway for groundwater containing molybdenum concentrations above the
GPS. MNA monitoring will identify, if active, the natural attenuation processes that
reduce mass, toxicity, mobility, volume, or concentrations of the constituents of
concern in groundwater. Phytotechnology for gradient control or groundwater pump
and treat system may further reduce the potential for down-gradient migration of
groundwater impacts after closure. The risk to surface water receptors is unknown,
the potential for CCR to interact with groundwater remains although CCR was capped
during closure. Alternative 3 further reduces the risk of potential ongoing
groundwater impacts from that interaction between CCR and water. Phytotechnology
or groundwater pump and treat systems offer additional flexibility to address changes
in groundwater conditions or prevent cross-media impacts between groundwater and
surface water. In combination with the closure activities completed to date,
Alternative 3 is capable of and expected to attain the GPS for molybdenum.

— Reliability - Depending on the method selected, the reliability of gradient control is
good. There is significant industry experience with some gradient control methods
used in groundwater remediation. The expected reliability of both phytotechnology
and groundwater pump and treat are good. Groundwater pump and treat is a
common method used to limit the migration of impacted groundwater or remove
impacted groundwater to restore groundwater concentrations to levels below the
GPS. Phytotechnology is a more recent method, and proven method to limit the
migration of impacted groundwater or remove impacted groundwater to restore
groundwater concentrations to levels below the GPS

— A deed notation is in place for closure with CCR left in place, which is a reliable
means of communicating the on-site conditions.
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— Implementation - The complexity of constructing a gradient control system is
moderate. There is a high degree of logistic complexity due to the presence of a
high-traffic rail corridor adjacent to the Closure Area and off-site property owner
access. The materials, equipment, and personnel required to implement Alternative 3
may vary based on the method of gradient control selected. Some methods may be
more specialized with limited local availability. The development, operation,
maintenance and monitoring of adequate treatment for large volumes of
groundwater with relatively low concentrations of molybdenum likely increases the
complexity of implementing this alternative. There is no on-site capacity to treat
gradient control system discharge. If required, on-site capacity will need to be
developed. Off-site ability/willingness to accept discharge is currently unknown. The
ease of implementation and low-impact nature of MNA as a groundwater restoration
method must be evaluated against the effectiveness of passive groundwater
restoration, which is the subject of ongoing evaluations. An insufficient MNA
mechanism, insufficient site attenuation capacity, or changes in groundwater
conditions may require additional action to restore groundwater or prevent
cross-media impacts between groundwater and surface water.

— Impacts - No additional safety or cross-media impacts are expected with
Alternative 3. The potential for exposure to residual contamination is low since
residual CCR is capped. The active nature of a groundwater plume containment
provided by pumping may offer further reduction of risks if groundwater conditions
change. The potential exposure to contaminated groundwater is increased due to the
ex-situ groundwater treatment required and the potential for worker exposure and
spills.

e Timing. Gradient control may be completed within 1 to 3 years of remedy selection and
issuance of required permits, depending on the method of gradient control used and
treatment/discharge requirements. The time required to initiate this alternative and
attain the GPS for molybdenum will be evaluated further during the remedy selection
process, but is expected to take between 5 and 10 years once implemented. Gradient
control may decrease the time to reach GPS due to groundwater removal. Alternative 3 is
anticipated to provide full protection within the 30-year post-closure monitoring period.

o Institutional Requirements. The following permits and approvals are expected to be

required to implement Alternative 3:

— Downgradient property owner access agreements.

— Federal, state, and local floodplain/wetland permits.

— Receiving treatment facility approval or agency approval to construct the necessary
treatment facility.

— State and local well installation permits.

— National Pollutant Discharge Elimination System (NPDES) permitting for
post-treatment groundwater discharges.

— State and local construction permits.

— State and local erosion control/construction storm water management permits.

State and local erosion control/construction storm water management permits may also
be required depending on the level of disturbance required to implement the alternative.
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6.4 ALTERNATIVE 4 - IN-SITU TREATMENT WITH CHEMICAL
AMENDMENT

As described in Section 5.4, Alternative 4 includes adding a chemical amendment, in-situ to the area
surrounding the closed CCR unit to reduce the mobilization of molybdenum.

Performance, Reliability, Implementation, and Impacts.

Performance - Alternative 4 further reduces the potential for ongoing groundwater
impacts from that interaction between CCR and water. Application of the chemical
amendment is intended to address changes in groundwater conditions. The
application of a chemical amendment would be completed outside of the capped
area to maintain the integrity of the cap. Alternative 4 is capable of and expected to
attain the GPS for molybdenum.

Reliability - Based on a review of information in the Federal Remediation
Technologies Roundtable (FRTR) Technology Screening Matrix, amending source
material using site-specific chemistries can be an effective means of sequestering
metals to limit the future release to groundwater from residual source material. The
technology can be applied to source material and groundwater plumes. The approach
has been used at full scale to remediate inorganics (FRTR, 2020).

Implementation - The complexity of in-situ chemical amendment is moderate. The
equipment and personnel required to implement in-situ chemical amendment
application are specialized and may be in high demand. The ease of implementation
and low-impact nature of MNA as a groundwater restoration method must be
evaluated against the effectiveness of passive groundwater restoration, which is the
subject of ongoing evaluations. An insufficient MNA mechanism, insufficient site
attenuation capacity, or changes in groundwater conditions may require additional
action to restore groundwater or prevent cross-media impacts between groundwater
and surface water.

Impacts - Safety impacts associated with the implementation of Alternative 4 are not
significantly different than other construction projects. Although the risk to surface
water receptors is unknown based on available data, the additional source control
provided by Alternative 4 may offer further reduction of risks if groundwater
conditions change. The potential for exposure to residual contamination is low
because the CCR is capped, and groundwater impacts will be chemically stabilized.

e Timing. In-situ treatment with chemical amendment may be completed within 1 to
3 years of remedy selection and issuance of required permits, depending on the method
of in-situ treatment used the requirements. The time required to initiate this alternative
and attain the GPS for molybdenum will be evaluated further during the remedy selection
process, but is expected to take between 3 and 5 years once implemented. In-situ
treatment may decrease the time to reach GPS based on chemical amendment efficacy.
Alternative 4 is anticipated to provide full protection within the 30-year post-closure
monitoring period.
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o Institutional Requirements. The following permits and approvals are expected to be
required to implement Alternative 4:

Federal, state, and local floodplain permits.

Injection permits.

State and local erosion control/construction storm water management permits.
Federal and state wetland permitting may also be required.

6.5 ALTERNATIVE 5 - GROUNDWATER MANAGEMENT WITH
BARRIER WALL

As described in Section 5.5, Alternative 5 includes installing a barrier wall to prevent the migration of
groundwater with molybdenum concentrations greater than the GPS.

e Performance, Reliability, Implementation, and Impacts.

Performance - The barrier wall may further reduce the potential for ongoing
groundwater impacts after closure. The risk to surface water receptors is unknown,
the potential for CCR to interact with groundwater will remain although CCR was
capped during closure. Alternative 5 further reduces the risk of potential ongoing
groundwater impacts by reducing the interaction between CCR and water. Although it
acts passively, the barrier wall reduces the risk of groundwater exposure to CCR by
reducing contact. Alternative 5 is capable of and expected to attain the GPS for
molybdenum.

Reliability — A barrier wall at KAP may consist of an impermeable wall, a permeable
reactive barrier (PRB) due to the lack of an impermeable layer to key a low
permeability barrier wall into, or a combination commonly referred to as a
“funnel-and-gate.” The purpose of the barrier is to reduce contact of groundwater
with CCR. Additional information about the effectiveness of this alternative will be
better understood after collection of additional data from new monitoring wells. In
general the reliability of PRBs for containment of inorganics is favorable based on
information available in the FRTR Technology Screening Matrix (FRTR, 2020). The
reliability of a PRB requires the identification of a suitable reactive media for the
conditions at KAP and the ability to effectively locate the barrier, which are both likely
but require additional evaluations. PRB performance can diminish over time as
consumptive media is exhausted or hydraulic conditions change due to chemical
precipitation or biofouling. Long-term monitoring and maintenance is required to
ensure continued performance.

Implementation -The equipment and personnel required to install a barrier wall is
specialized and may be in high demand. Highly specialized and experienced
contractors are required to achieve proper installation. Dewatering required for
excavation and placement of barrier wall. Success with this remedy relies on
continued hydraulic conductivity of the selected barrier. Breaches or short-circuiting
can develop and must be monitored.

Impacts - Safety impacts associated with the implementation of Alternative 5 are not
significantly different than other heavy civil construction projects. Although the risk to
surface water receptors is unknown based on available data, the enhanced nature of
the passive groundwater plume containment provided by Alternative 5 may offer
further reduction of risks if groundwater conditions change. The potential for
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exposure to residual contaminated source material is low because CCR is within the
closed CCR unit.

e Timing. The time required to design and install the barrier wall is estimated to be
approximately 2 to 3 years. Alternative 5 is anticipated to provide full protection within
the 30-year post-closure monitoring period.

¢ Institutional Requirements. The following permits and approvals are expected to be
required to implement Alternative 5:

Federal, state, and local floodplain permits.

State and local well installation permits.

State and local erosion control/construction storm water management permits.
Federal and state wetland permitting may also be required.

6.6 ALTERNATIVE 6 — EXCAVATE AND DISPOSE OFF SITE

As described in Section 5.6 Alternative 6 includes excavation of the installed cap and underlying CCR
from the site, and transporting for off-site disposal.

o Performance, Reliability, Implementation, and Impacts.

Performance - Removing and re-disposing CCR off site will eliminate the source
material exposed to infiltration and groundwater, which are key contributors to
groundwater impacts. The off-site disposal of CCR prevents further releases at KAP,
but introduces the possibility of releases at the receiving facility. MNA monitoring will
identify, if active, the natural attenuation processes that reduce mass, toxicity,
mobility, volume, or concentrations of the constituents of concern in groundwater.
Alternative 6 is capable of and expected to attain the GPS for molybdenum.

Reliability - The expected reliability of excavation and off-site disposal is good.
Off-site disposal facilities are required to meet the requirements in 40 CFR 257.70 or
other similar requirements, which have been used for solid waste disposal including
municipal and industrial waste for numerous years. There is significant industry
experience with the design and construction of these disposal facilities.

Implementation - The complexity of excavating CCR for off-site disposal is low. The
scale of CCR excavation (expected to exceed 580,000 cy), off-site transportation, and
the permitting/development of off-site disposal facility airspace makes this
alternative logistically complex. Significant dewatering will be required to excavate
CCR. Conditioning (e.g., drying) of excavated CCR is expected to facilitate off-site
transportation and re-disposal. Alternative 6 can likely be achieved through standard
dewatering and conditioning methods, but may be impacted by the space available
for these activities. Although the source area at KAP is eliminated, the development
of off-site disposal airspace will put a high demand on the receiving disposal facility,
which may not have the current physical or logistical capacity to receive large
volumes of CCR in a short period of time. The equipment and personnel required to
implement on-site and off-site aspects of Alternative 6 are not specialized and are
generally readily available, with the exception of the resources needed to install the
geosynthetic portions of the off-site composite liner and cover, which are not locally
available.
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7.0

— Impacts - Safety impacts associated with the implementation of Alternative 6 are not
significantly different than other heavy civil construction projects. However, the level
of disturbance required to excavate, transport, and re-dispose CCR and the traffic
required to import composite liner and cap material at the receiving disposal facility
are not typical and likely represent an increase in safety risk due to large volumes of
incoming/outgoing off-site construction traffic at both sites. A risk of cross-media
impacts is possible due to the large volume of CCR to be excavated and transported
from the site. Although the risk to surface water receptors is unknown, Alternative 6
nearly eliminates the potential interaction between CCR and water after closure. The
ease of implementation and low-impact nature of MNA as a groundwater restoration
method must be evaluated against the effectiveness of passive groundwater
restoration, which is the subject of ongoing evaluations. An insufficient MNA
mechanism, insufficient site attenuation capacity, or changes in groundwater
conditions may require additional action to restore groundwater or prevent
cross-media impacts between groundwater and surface water. The potential for
exposure to residual contamination on site is very low since CCR will be removed;
however, the off-site potential for exposure to CCR is increased due to the relocation
of the source material.

Timing. Removal of the KAP closed CCR unit can be completed within 1 to 2 years of
remedy selection. However, the time required to secure the off-site disposal airspace
required to complete this alternative, including potential procurement, permitting, and
construction, may extend this schedule significantly. The time required to attain the GPS
for molybdenum will be evaluated further during the remedy selection process, but is
expected to take between 2 and 10 years after closure construction is complete. The
level of source disturbance during construction may increase the time required to reach
GPS. The removal of CCR from KAP may decrease the time to reach GPS. Alternative 6 is
anticipated to provide full protection within the 30-year post-closure monitoring period.

Institutional Requirements. The following permits and approvals are expected to be

required to implement Alternative 6:

— An amendment to the IDNR Closure Permit is likely required to implement this
Alternative.

— Depending on the off-site disposal facility, approval of off-site disposal facility owner
or landfill permit for new off-site facility.

— State and local erosion control/construction storm water management and
dewatering permits.

— Transportation agreements and permits (local roads and railroads).

Depending on the off-site disposal facility, state solid waste comprehensive planning
approvals may also be required.

SUMMARY OF ASSESSMENT

An initial qualitative assessment of the advantages and disadvantages of each Corrective Measure
Alternative presented in Section 4.0 is provided in Table 4. Each of the identified Corrective Measure
Alternatives exhibits both favorable and unfavorable outcomes with respect to the assessment
criteria. In accordance with 40 CFR 257.97(c), the facility must consider all of the evaluation factors
and select a remedy that meets the standards of 257.97(b) as soon as feasible.
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We continue to advance additional data collection efforts to identify the appropriate corrective action
measure for the Site. We will continue to update Table 4 and develop a quantitative scoring matrix to
identify a preferred corrective action.
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Table 1. Groundwater Monitoring Well Network
M.L. Kapp Generating Station / SCS Engineers Project #25221050.00

Monitoring Well Location in Role in Monitoring
Monitoring Network Network

MW-301 Downgradient Compliance
MW-302 Downgradient Compliance
MW-303 Downgradient Compliance
MW-304 Downgradient Compliance
MW-304A Downgradient Delineation
MW-305 Downgradient Compliance
MW-306 Upgradient Background
MW-307 Upgradient Background

Created by: RM Date: 12/14/2020

Last revision by: RM Date: 2/5/2021

Checked by: NDK Date: 2/5/2021

Table 1, Page 1 of 1



Table 2. Groundwater Elevation
IPL - M.L. Kapp / SCS Engineers Project #25221050.00

Depth to Water in feet below top of well casing

Raw Data MW-301 MW-302 MW-303 MW-304 MW-304A MW-305 MW-306 MW-307
Measurement Date
March 28, 2018 14.48 14.92 15.03 15.07 NI 16.02 12.90 NI
May 22,2018 12.93 12.17 12.40 12.65 NI 13.26 11.36 NI
June 25,2018 13.56 13.50 15.16 21.35 NI 21.32 13.90 NI
July 25,2018 14.30 13.92 14.57 14.56 NI 15.08 12.86 NI
October 5, 2018 12.09 11.66 12.66 12.80 NI 13.45 11.37 NI
November 29, 2018 14.58 15.02 13.66 13.69 NI 13.91 11.55 NI
January 10, 2019 14.77 14.49 13.34 13.56 NI 13.76 11.36 NI
February 13, 2019 14.90 15.03 13.50 13.86 NI 14.15 11.43 NI
April 9, 2019 6.88 6.25 7.79 6.87 NI 7.37 5.54 NI
September 6, 2019 -- -- -- -- NI 15.18 -- NI
October 7, 2019 11.16 10.80 11.01 10.50 NI 10.72 8.55 NI
December 10, 2019 14.74 14.13 13.50 13.27 NI 13.71 11.34 NI
February 4, 2020 14.06 13.80 12.82 13.39 NI 13.75 11.52 NI
April 29, 2020 13.37 12.16 11.58 11.17 NI 12.20 10.13
June 4, 2020 13.51 13.25 12.64 12.93 NI 13.40 11.01 8.33
July 7, 2020 15.09 15.18 14.85 14.97 NI 15.39 12.88 9.54
August 7, 2020 -- - - - NI - - 10.33
October 22, 2020 14.71 16.90 16.58 16.80 NI 17.35 14.01 10.62
February 9, 2021 - - - - 21.41 - - -
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Table 2. Groundwater Elevation

IPL - M.L. Kapp / SCS Engineers Project #25221050.00

Ground Water Elevation in feet above mean sea level (amsl)

Well Number MW-301 MW-302 MW-303 MW-304 MW-304A MW-305 MW-306 MW-307
Top of Casing Elevation (feet amsl) 592.13 591.54 592.40 592.12 591.88 592.60 590.83 603.39
Screen Length (ft) 10.00 10.00 10.00 10.00 5.00 10.00 10.00 10.00
Total Depth (ft from top of casing) 25.20 26.10 27.78 27.25 55.00 27.30 27.20 19.46
Top of Well Screen Elevation (ft) 576.93 575.44 574.62 574.87 541.88 575.30 573.63 593.93
Measurement Date
March 28, 2018 577.65 576.62 577.37 577.05 NI 576.58 577.93 NI
May 22, 2018 579.20 579.37 580.00 579.47 NI 579.34 579.47 NI
June 25,2018 578.57 578.04 577.24 570.77 NI 571.28 576.93 NI
July 25,2018 577.83 577.62 577.83 577.56 NI 577.52 577.97 NI
October 5, 2018 580.04 579.88 579.74 579.32 NI 579.15 579.46 NI
November 29, 2018 577.55 576.52 578.74 578.43 NI 578.69 579.28 NI
January 10, 2019 577.36 577.05 579.06 578.56 NI 578.84 579.47 NI
February 13, 2019 577.23 576.51 578.90 578.26 NI 578.45 579.40 NI
April 9, 2019 585.25 585.29 584.61 585.25 NI 585.23 585.29 NI
September 6, 2019 -- -- -- -- NI 577.42 -- NI
October 7, 2019 580.97 580.74 581.39 581.62 NI 581.88 582.28 NI
December 10, 2019 577.39 577 .41 578.90 578.85 NI 578.89 579.49 NI
February 4, 2020 578.07 577.74 579.58 578.73 NI 578.85 579.31 NI
April 29, 2020 578.76 579.38 580.82 580.95 NI 580.40 580.70
June 4, 2020 578.62 578.29 579.76 579.19 NI 579.20 579.82 595.06
July 7, 2020 577.04 576.36 577.55 577.15 NI 577.21 577.95 593.85
August 7. 2020 -- -- -- -- NI -- -- 593.06
October 22, 2020 577.42 574.64 575.82 575.32 NI 575.25 576.82 592.77
February 9, 2021 -- -- -- -- 570.47 -- -- --
Bottom of Well Elevation (ft) 566.93 565.44 564.62 564.87 536.88 565.30 563.63 583.93
Notes:
-- Location not measured NI = Not Installed
Created by: NDK Date: 2/1/2021
Last rev. by: NDK Date: 2/16/2021
Checked by: ACW Date: 2/16/2021
Sci/Proj Mgr QA/QC: TK Date: 2/19/2021
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Table 3. Groundwater Analytical Results Summary - Assessment Monitoring
M.L. Kapp Generating Station / SCS Engineers Project # 25221050.00

Background Well Compliance Wells
uPL MW-306 MW-307 MW-301 MW-302 MW-303
Parameter Name UPL GPS
Fy—— Method 12/10/2019 | 2/4/2020 | 4/29/2020 | 10/22/2020| 7/7/2020 | 8/7/2020 | 10/22/2020 | 12/10/2019 | 2/4/2020 | 4/29/2020 |10/22/2020| 12/10/2019 | 2/4/2020 | 4/29/2020 | 10/22/2020 | 12/10/2019 | 2/4/2020 | 4/29/2020 | 10/22/2020
Boron, pg/L P 20,416 15,000 20,000 22,000 14,000 280 <80 130 12,000 13,000 10,000 13,000 6,100 5,900 4,700 5,700 3,200 4,000 4,200 3,800
Calcium, mg/L P 181 130 120 130 150 260 260 230 140 110 130 130 70 64 61 65 110 130 220 71
Chioride, mg/L P 121 74 75 76 110 53 55 50 37 37 48 50 14 16 17 14 16 1 6 23
Fluoride, mg/L P 0.40 <0.23 NA <0.46 <0.23 <0.23 <0.23 <0.23 <0.23 _ 035 J,F1]| <023 <0.23 — 037 J| <0.23 <0.23 — <0.23 0.67
Field pH, Std. Units NP 831 731 7.50 659 721 .57 745 6.63 .38 6.54 7.08 .70 797 779 8.45 837 935 7.26 733 997
Sulfate, mg/L P 639 390 500 560 340 15 17 21 320 360 250 310 240 250 230 260 350 380 590 260
;ZE'S,D:;S:/'I“ P 1,185 960 1,100 1,200 1,000 1,100 980 940 760 790 720 820 530 550 490 580 620 760 1,000 510
Appendix IV
Antimony, ug/L P 0.29 6 <21 NA <0.58 _ <0.51 <0.51 _ <21 _ <0.58 _ <11 _ <0.58 _ <0.53 _ <0.58 _
Arsenic, ug/L P 0.82 10 <0.75 <0.88 <0.88 <3.5 17 J| 11 J| 092 J| <075 <0.88 095 J | <35 6.7 6.1 8.6 73 92 4.0 58 20
Barium, ug/L P 61 2,000 49 53 59 71 320 330 330 120 72 140 76 80 58 66 63 47 48 96 50
Beryllium, ug/L DQ DQ 4 <0.27 NA <0.27 — <0.27 <0.27 — <0.07 _ <0.07 _ <0.07 — <0.27 _ <0.27 — <0.27 _
Cadmium, ug/L P 0.14 5 <0.039 0072 J | <0.039 <0.20 0098 J| 0.3 0.13 0.1 0.11 0095 J | 028 J| 013 0.13 0.12 0.16 0.045 _J | <0.039 <0.039 0093 J
Chromium, ug/L P 0.40 100 | <098 NA <1 _ <1 <1 — <0.98 NA <11 — <0.98 — <1 _ <0.98 _ <11 _
Cobalf, ug/L P 031 6 018 J| 026 J| 020 J| <036 63 1.9 24 52 45 35 4.4 0.67 016 J| 023 J| 029 J| 036 J| 046 J| 077 030 J
Fluoride, mg/L P 0.40 4 <0.23 NA <0.46 <0.23 <0.23 <0.23 <0.23 <0.23 _ 035 J,F1]| <023 <0.23 — 037 J| <0.23 <0.23 — <0.23 0.67
Lead, ug/L NP 0.19 15 <0.27 <0.07 <0.27 <0.44 012 J | <0.11 <0.11 <0.27 <0.27 <0.07 <0.44 0.6 <0.27 <0.27 <0.11 0.57 <0.27 <0.27 <0.11
Lithium, ug/L P 94 40 68 9 80 60 <25 <25 30 J| <11 44 J| 74 1 | <10 19 J| 12 40 J 12 17 26 44 14
Mercury, ug/L NP 0.14 2 <0.10 NA <0.10 _ <0.10 <0.10 F1| - <0.10 _ <0.10 _ <0.10 _ <0.10 _ <0.10 _ <0.10 _
Molybdenum, ug/L P 139 100 88 100 120 49 25 <1 <1 310 300 250 510 260 280 360 320 140 96 74 180
Selenium, ug/L P 45 50 16 1| <10 <1.0 _ <1.0 <1.0 _ <1.0 <1.0 <1.0 _ <1.0 <1.0 <1.0 _ 2 7| 23 J| <10 _
Thaliium, ug/L NP 0.13 2 <0.27 NA <0.26 _ <0.26 <0.26 _ <0.07 _ <0.26 _ <0.27 _ <0.26 — <0.27 — <0.26 —
Radium 226/228 P 1.4 5 0.61 0.0680 0.137 0.198 0.841 0.666 0.623 0.321 0.413 0.538 0.388 0.659 0.122 0.577 113 0.242 0.409 0.348 0.676
Combined, pClI/L

|:| Blue highlighted cell indicates the compliance well results exceeds the UPL and the LOQ.
|:| Yellow highlighted cell indicates the compliance well result exceeds the GPS.
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Table 3. Groundwater Analytical Results Summary - Assessment Monitoring
M.L. Kapp Generating Station / SCS Engineers Project # 25221050.00

Background Well Compliance Wells
UPL MW-306 MW-307 MW-304 MW-305
Parameter Name UPL GPS
Appendix il Method 12/10/2019 | 2/4/2020 | 4/29/2020 |10/22/2020| 7/7/2020 | 8/7/2020 | 10/22/2020 | 12/10/2019 | 2/4/2020 | 4/29/2020 | 7/7/2020 | 10/22/2020 | 12/10/2019| 2/4/2020 | 4/29/2020 | 10/22/2020
Boron, ug/L P 20,416 15,000 20,000 22,000 14,000 280 <80 130 10,000 10,000 8,900 - 9.400 15,000 15,000 16,000 16,000
Calcium, mg/L P 181 130 120 130 150 260 260 230 89 85 81 - 86 160 160 190 190
Chloride, mg/L P 121 74 75 76 110 53 55 52 23 25 26 -- 23 17 19 18 15
Fluoride, mg/L P 0.40 <0.23 NA <0.46 <0.23 <0.23 <0.23 <0.23 <0.23 - 032 J - <0.23 <0.23 - 0.33 J [ <0.23
Field pH, Std. Units NP 8.31 7.31 7.50 6.59 7.21 6.57 7.45 6.63 7.31 7.31 6.48 6.81 7.07 7.19 7.20 6.41 7.30
Sulfate, mg/L P 639 390 500 560 340 15 17 21 330 310 290 - 340 620 590 690 760
fotal Dissolved P | 1185 960 1,100 1,200 1,000 1,100 980 940 660 620 590 - 660 1,100 1,100 1,200 1,300
Solids, mg/L
Appendix IV
Antimony, ug/L p* 0.29 6 <2.1 NA <0.58 - <0.51 <0.51 - <2.1 - <0.58 -- -- <2.1 - <0.58 -
Arsenic, ug/L p* 0.82 10 <0.75 <0.88 <0.88 <3.5 1.7 J 1.1 J 0.92 J 4.5 3.7 18 4.4 4.5 J 1.4 J 1.4 J 3.1 <3.5
Barium, ug/L P 61 2,000 49 53 59 71 320 330 330 86 78 420 -- 95 92 920 120 100
Beryllium, ug/L DQ DQ 4 <0.27 NA <0.27 - <0.27 <0.27 - <0.27 — <0.27 - - <0.27 —- <0.27 -
Cadmium, ug/L p* 0.14 5 <0.03% 0.072  J [ <0.03¢9 <0.20 0.098 J | 0.13 0.13 0.28 0.31 0.43 -- 0.39 J 0.25 0.24 0.26 0.34 J
Chromium, ug/L p* 0.40 100 <0.98 NA <1.1 - <1.1 <1.1 - <0.98 — <1.1 - - <0.98 —- <1.1 -
Cobalt, ug/L p* 0.31 6 0.18 J 0.26 J 0.20 J | <0.36 6.3 1.9 2.4 1.1 0.92 1.2 -- 1.00 J 0.57 0.55 0.68 0.69 J
Fluoride, mg/L P 0.40 4 <0.23 NA <0.46 <0.23 <0.23 <0.23 <0.23 <0.23 - 032 J - <0.23 <0.23 - 0.33 J [ <0.23
Lead, ug/L NP* 0.19 15 <0.27 <0.27 <0.27 <0.44 0.12  J | <0.11 <0.11 0.4 J | <0.27 0.51 -- <0.44 <0.27 <0.27 <0.27 <0.44
Lithium, ug/L P 94 40 68 69 80 60 <2.5 <2.5 3.0 J <11 <2.3 290 J - <10 19 J 16 20 22 J
Mercury, ug/L NP* 0.14 2 <0.10 NA <0.10 - <0.10 <0.10 FI -- <0.10 -- <0.10 - - <0.10 - <0.10 -
Molybdenum, ug/L P 139 100 88 100 120 49 2.5 <1.1 <1.1 820 950 1,200 - 930 650 680 720 580
Selenium, ug/L P 4.5 50 1.6 J <1.0 <1.0 - <1.0 <1.0 - <1.0 <1.0 <1.0 -- -- <1.0 <1.0 <1.0 --
Thallium, ug/L NP* 0.13 2 <0.27 NA <0.26 - <0.26 <0.26 - <0.27 - <0.26 - - <0.27 - <0.26 -
ROdIUm 226/228 P 1.4 5 0.61 0.0680 0.137 0.198 0.841 0.666 0.623 0.432 0.622 4.39 - 0.839 0.634 0.280 0.0301 0.750
Combined, pClI/L

:l Blue highlighted cell indicates the compliance well results exceeds the UPL and the LOQ.
I:l Yellow highlighted cell indicates the compliance well result exceeds the GPS.
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Table 3. Groundwater Analytical Results Summary - Assessment Monitoring
ML. Kapp Generating Station / SCS Engineers Project #25221050.00

Abbreviations:

UPL = Upper Prediction Limit LOD = Limit of Detection
ug/L = micrograms per Liter LOQ = Limit of Quantification
mg/L = milligrams per Liter -- = Not measured

GPS = Groundwater Protection Standard

* = UPL is below the LOQ for background sampling. For compliance wells, only results confirmed above the LOQ
are evaluated as potential SSIs above background.

Lab Notes/Qualifiers:
J =Result is less than the LOQ but greater than or equal to the LOD and the concentration is an approximate value.
F1= MS and/or MSD recovery exceeds control limits

Notes:

1. An individual result above the UPL or GPS does not constitute an SSI above background or statistically significant level
above the GPS. See the accompanying report text for identification of statistically significant results.

2. GPS is the United States Environmental Protection Agency (USEPA) Maximum Contamination Level
(MCLs), if established; otherwise, the values from 40 CFR 257.95(h)(2).

3. Interwell UPLs calculated based on results from background well MW-306.

Created by: RM Date: 2/1/2021
Last revision by: NDK Date: 3/3/2021
Checked by: ACW Date: 3/3/2021
Proj Mgr QA/QC: TK Date: 3/3/2021
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Table 4. Preliminary Evaluation of Corrective Measure Alternatives
M.L. Kapp Generating Station / SCS Engineers Project #25221050.00

Alternative #1

No Further Action

Alternative #2

Cover Upgrade with Monitored Natural Attenuation
(MNA)

Alternative #3

Gradient Control

Alternative #4

In-Situ Treatment with
Chemical Amendment

Alternative #5

Groundwater Management with
Barrier Wall

Alternative #6

Excavate and Dispose Off-Site

CORRECTIVE ACTION ASSESSMENT - 40 CFR 257.97(b)

257.97(b)(1)
Is remedy protective of human
health and the environment?2

Yes

Yes

Yes

257.97(b)(2)
Can the remedy attain the
groundwater protection standard?

Yes

Yes

Yes

257.97(b)(3)

Can the remedy control the
source(s) of releases so as to reduce
or eliminate, to the maximum extent

feasible, further releases of
constituents in appendix IV to this
part info the environment?2

Yes

Yes

Yes

257.97(b)(4)

Can the remedy remove from the
environment as much of the
contaminated material that was
released from the CCR unit as is
feasible?

Not Applicable - No release of CCR

Not Applicable - No release of CCR

Not Applicable - No release of CCR

Not Applicable - No release of CCR

Not Applicable - No release of CCR

Not Applicable - No release of CCR

257.97(b)(5)
Can the remedy comply with
standards for management of
wastes as specified in §257.98(d)?

Not Applicable

Yes

Yes

Yes

Yes

Yes

LONG- AND SHORT-TERM EFFECTIVENESS - 40 CFR 257.97(c)(1)

Same as Alternative #2. Long-term risk may be

257.97(c)(1)(i) Similar to Alternative #2. Long-term risk may be . . .
. . - S L . reduced by treatment of collected groundwater. . - S Similar to Alternative #3. Long-term risk may be . . IS e
Magnitude of reduction of existing T L Existing risk reduced by achieving GPS in a shorter N reduced with additional source control and in-situ . - . Material removed from the site eliminating existing risks
. Existing risk reduced by achieving GPS X R N . . Groundwater extraction and treatment presents an I N R reduced with additional containment offered by i
risks fimeframe than Alternative #1 if MNA is active. " . X . stabilization/fixation of CCR that may be in contact . from new releases at the Site.
additional risk and potential exposure pathways via N barrier wall.
R N with groundwater.
surface release or disruption of freatment processes.
257.97(c)(1)(ii) Potential reduction in release risk due fo fhe reduced Potential reduction in release risk by way of the cbility Residual risk of source material in contact with Same as Alternative #1 with further reduction in

Magnitude of residual risks in terms
of likelihood of further releases due
to CCR remaining following
implementation of a remedy

No reduction of existing risk for additional releases
Residual risk is limited for all alternatives due to limited
extent of impacts and lack of receptors

permeability of the final cover. Same as Alternative #1
with respect to CCR in potential contact with
groundwater.

However, limited as no additional overall risk reduction
is provided due to lack of current/anticipated future
receptors for groundwater impacts

to respond to potential future/ongoing releases from
CCR that might be in contact with groundwater
following closure.

However, limited to no overall risk reduction is provided
due to lack of current/anticipated future receptors for
groundwater impacts.

Potential reduction in release risk by way of chemical /
physical alteration of the source of impacts.

However, limited to no overall risk reduction is provided
due to lack of current/anticipated future receptors for
groundwater impacts.

groundwater is reduced by the containment of
groundwater impacts provided by barrier walls;
However, limited to no overall risk reduction is provided
due to lack of current/anticipated future receptors for
groundwater impacts.

release risk due to removal of impounded CCR from
site

However, limited as no additional overall risk reduction
is provided due to lack of current/anticipated future
receptors for groundwater impacts

257.97(c)(1)(iii)

The type and degree of long-term
management required, including
monitoring, operation, and
maintenance

30-year post-closure groundwater monitoring
Groundwater monitoring network maintenance and as
needed repair/replacement

Final cover maintenance (e.g., mowing and as-
needed repair)

Periodic final cover inspections

Additional corrective action as required based on post-
closure groundwater monitoring

Same as Alternative #1 with increased monitoring for
MNA parameters

Same as Alternative #1 with increased monitoring for
MNA parameters and monitoring, operation, and
maintenance of the gradient control system and any
discharge-related water treatment. If pump-and-treat
additional effort for groundwater pump operation and
maintenance (O&M), groundwater treatment system
O&M, and freatment system discharge
monitoring/reporting.

Same as Alternative #2

Same as Alternative #3 with additional monitoring of
wall performance.

No on-site long-term management required

Limited on-site post-closure groundwater monitoring
until GPSs are achieved

Receiving disposal facility will have same/similar long-
term monitoring, operation, and maintenance
requirements as Alternative #1
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Table 4. Preliminary Evaluation of Corrective Measure Alternatives
M.L. Kapp Generating Station / SCS Engineers Project #25221050.00

Alternative #1

No Further Action

Alternative #2

Cover Upgrade with Monitored Natural Attenuation
(MNA)

Alternative #3

Gradient Control

Alternative #4

In-Situ Treatment with
Chemical Amendment

Alternative #5

Groundwater Management with
Barrier Wall

Alternative #6

Excavate and Dispose Off-Site

LONG- AND SHORT-TERM EFFECTIVENESS - 40 CFR 257.97(c)(1) (continued)

257.97(c)(1)(iv)
Short-term risks - Implementation

Increased risk over Alternative #1 due to general

Similar to Alternative #1 with some increased
construction risk due to drilling, frenching, and

Similar to Alternative #1 with some increased potential

Similar to Alternative #1 with some increased

Increased risk to environment over Alternative #2 due

Excavation| None construction activities that are not anticipated to 5 R risk due to exposure during the application of the construction risk due to excavation or installation of the| to CCR excavation volumes (~580K cy) required for
excavation for groundwater pumping and treatment . X . .
expose CCR . chemical amendment. barrier walll. removal and off-site re-disposal
system construction.
N Incrleclsed risk 9ver AITerno.hve #1 from COhSTrUdlon .Slml\orjo Alternafive #1 with |r.wcreosed risk from Similar to Alternative #1 with increased risk from Similar to Alternative #1, with increased risk from Highest level of community and environmental risk due
Transportation| None traffic due to final cover disturbance and import of importing groundwater pumping and treatment . . 3 X I X . . .
. . importing chemical material for stabilization/treatment.| importing barrier wall system materials. to CCR volume export (~580K cy)
cover upgrade materials system materials.
Increased risk to community and environment due to
Similar to Alternative #1 with some increased potential re-disposal of large CCR volume (~580K cy) at another
Re-Disposal| None None Same as Alternative #3 risk due to exposure during the application of the Similar to Alternative #3 facility

chemical amendment.

Re-disposal risks are managed by the receiving
disposal facility

257.97(c)(1)(v)
Time until full protection is achieved

To be evaluated further during remedy selection
Closure and capping was completed in 2018
Groundwater protection timeframe to reach GPS
potentially 5 fo 10 years following closure construction,
achievable within 30-year post-closure monitoring
period

Similar to Alternative #1 with some potential for
decrease in time fo reach GPS due to reduced cover
permeability.

Increased understanding of timeframe based on MNA
monitoring results

Similar to Alternative #2 with potential for decrease in
time to reach GPS due to groundwater removal

Similar to Alternative #2.
Potential for reduction in time to reach GPS due to
chemical/physical stability of CCR.

Similar to Alternative #2.
Potential decrease in time to reach GPS upon
implementation of barrier wall.

Similar to Alternative #1

Potential for increase in time to reach GPS due to
significant source disturbance during construction
Potential decrease in time to reach GPS due to CCR
source removal

257.97(c)(1)(vi)

Potential for exposure of humans
and environmental receptors to
remaining wastes, considering the
potential threat to human health
and the environment associated
with excavation, transportation, re-
disposal, or containment

No change in potential exposure

Same as Alternative #1

Similar to Alternative #1 with potential for secondary
impacts from releases of extracted groundwater or
disruption in tfreatment.

Same as Alternative #1

Same as Alternative #1

No potential for on-site exposure to remaining waste
since no waste remains on site

Risk of potential exposure is transferred to receiving
disposal facility and is likely similar to Alternative #1

257.97(c)(1)(vii)
Long-term reliability of the
engineering and institutional

Long-term reliability of existing cap is good
Significant industry experience with methods/controls
Capping is common practice/industry standard for
closure in place for remediation and solid waste
management

Long-term reliability of enhanced cap is good
Significant industry experience with methods/controls
Capping is common practice/industry standard for
closure in place for remediation and solid waste
management

Similar to Alternatives 1 and 2.

Depending on the gradient control method selected,
the long-term reliability can be good

There is significant industry experience with some
potential gradient control methods used in

Same as Alternative #1.

Same as Alternative #1. Remedy relies on continued
hydraulic conductivity of the selected barrier.
Breaches or short circuiting can develop and must be

Success of remedy at KAP does not rely on long-term
reliability of engineering or institutional controls
Overall success relies on reliability of the engineering

controls iati i . i . instituti ivil ili

Deed notation in place for closure with CCR left in Deed notation in place for closure with CCR left in remedlohor} of groundv{mer |mpoc1s . . monitored and insfifutional controls af the receiving facility
Remedy relies upon active equipment that will require

place place e X .
additional operations and maintenance.

257.97(c)(1)(vii) N ) B Similar to Alternative #1, with reduced poferﬂ\cﬂ of Similar fo Alternative #1, with further reduction in Similar to Alternative #1, with reduced poferﬂ\o\ of
. Limited potential need for replacement of original cap . remedy replacement, but added expectation for . remedy replacement, but added expectation for .
Potential need for replacement of ) X S Same as Alternative #1 potential need for remedy enhancement due to ! 5 . 5 No potential need for remedy replacement
placed in 2018 if maintained. pump, conveyance system and freatment system . . potential replenishment of consumptive barrier
the remedy stabilized groundwater impacts.

replacement.

product.
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Table 4. Preliminary Evaluation of Corrective Measure Alternatives
M.L. Kapp Generating Station / SCS Engineers Project #25221050.00

Alternative #1

No Further Action

Alternative #2

Cover Upgrade with Monitored Natural Attenuation
(MNA)

Alternative #3

Gradient Control

Alternative #4

In-Situ Treatment with
Chemical Amendment

Alternative #5

Groundwater Management with
Barrier Wall

Alternative #6

Excavate and Dispose Off-Site

SOURCE CONTROL TO MITIGATE FUTURE RELEASES - 40 CFR 257.97(c)(2)

257.97(c)(2)(i)
The extent to which containment
practices will reduce further

Cap installed in 2018 will reduce further releases by
minimizing infiliration through CCR. CCR remains in
contact with Groundwater.

Same as Alternative #1 with possible reduction in
further release risk due to lower cap permeability/
reduced infiltration through CCR

Similar to Alternative #1, with reduction in the mobility
of arelease, or maintain within the site boundary.

Similar to Alternative #1 with further reduction due to
lower mobility of contaminants in residual source
material as a result of chemical amendment.

Similar to Alternative #1 with the added ability to
contain groundwater impacts if MNA mechanisms are
not active or site attenuation capacity is not

Removal of CCR prevents further releases at KAP
Receiving disposal site risk similar to Alternative #2

releases adequate.
Alternative relies on the identification and availability Z\Pir?j:gkjerek!(e::ric: \I?oe\l l?eingglglihon(snd Oé?r‘rl]cgg‘ye
257.97(c)(2)(ii) Alternative does not rely on freatment technologies for| of a suitable chemical amendment. Implementation 9y 1€.9., D

The extent to which freatment
technologies may be used

Alternative does not rely on freatment technologies

Alternative does not rely on treatment technologies for
source control

source control. With pump-and-treat, this alternative
relies on conventional pump and treat remediation.

of and contact with physical/chemical stabilizing
agent will require specialized field implementation
methods and health and safety measures.

reactive barrier material or slurry wall). Implementation
of and contact with barrier wall materials will require
specialized field implementation methods and health
and safety measures.

Alternative does not rely on treatment technologies for
source control

IMPLEMENTATION - 40 CFR 257.97(

c)(3)

257.97(c)(3)(i)
Degree of difficulty associated with
constructing the technology

No additional construction involved.

Low complexity construction
Moderate degree of design and logistical complexity
to complete cap upgrade

Moderate complexity construction

High degree of logistical complexity due to off-site
property owner access.

Moderate degree of logistical complexity;

Moderate to low level of dewatering effort -
dewatering required for material
excavation/placement and capping.

Moderate complexity construction for the installation
of extraction wells and conveyance to a site-specific
groundwater treatment plant.

Moderate complexity construction due to the
equipment required to apply the selected
amendment; requirements to ensure consistent
contact and dosing of amendment;

Medium degree of logistical complexity involving the
import of specialty chemicals;

High complexity construction;

Barrier wallls require specialty installation equipment
and knowledge. Highly specialized and experience
contractors required to achieve proper installation.
Moderate degree of logistical complexity;
Moderate to low level of dewatering effort -
dewatering required for material
excavation/placement.

Low complexity construction

High degree of logistical complexity including the
excavation and off-site transport of ~580K cy of CCR
and permitting/development of off-site disposal facility
airspace

Moderate to high level of dewatering effort -
dewatering required for excavation of full CCR volume

257.97(c)(3)ii)
Expected operational reliability of
the technologies

Not Applicable

High reliability based on historic use of capping as
corrective measure

Operational reliability depends on method of gradient
control required/selected, the level of exiracted
groundwater treatment required, and the location of
groundwater treatment. However, success of this
remedy relies on the successful operation of a site-
specific groundwater treatment plant.

Overall expected reliability is good based on industry
experience.

Similar to Alternative #2; however, success af KAP relies
on the successful application of specialty chemicals.

Similar to Alternative #3; however, success this remedy
relies on continued hydraulic conductivity of the
selected barrier. Breaches or short circuiting can
develop and must be monitored.

Success at KAP does not rely on operational reliability
of technologies

Overall success relies on off-site disposal facility, which
is likely same/similar fo Alternative #2

257.97 (c)(3){iii)
Need to coordinate with and obtain
necessary approvals and permits
from other agencies

No further approvals or permits required

Need is low in comparison to other alternatives;
State Closure Permit amendment likely required;
State and local erosion control/construction
stormwater management permits required

Need is high in comparison to other alternatives
State Closure Permit amendment likely required
Approval of downgradient site owner required
Approval of facility receiving gradient control
discharge for treatment required, or agency approval
to construct the necessary treatment facility is
required.

Well permitting for extraction well installation;
NPDES Permit for groundwater treatment and
discharge;

State and local erosion control/construction
stormwater management permits required;
Federal/State/Local Floodplain permitting likely
required.

Need is moderate in comparison to other alternatives;
Underground Injection Control Permit may be required
if chemical materials placed within groundwater.
State and local erosion control/construction
stormwater management permits required;
Federal/State/Local Floodplain permitting likely
required.

Need is moderate in comparison to other alternatives
State Closure Permit required;

Well permitting for barrier wall monitoring;
Federal/State/Local Floodplain permitting required;
State and local erosion control/construction
stormwater management permits required

Need is highest in comparison to other alternatives
State Closure Permit amendment likely required
Approval of off-site disposal site owner required

May require State solid waste comprehensive planning
approval

Local road use permits likely required

257.97(c)(3)(iv)
Availability of necessary equipment
and specialists

Not Applicable

Low level of demand for cap construction material

Moderate level of demand expected

Level of demand may vary based on method of
gradient control selected.

A site-specific, tfrained employee will be required to
operate the groundwater treatment system.

Specialized mixing equipment likely required to apply
chemical amendment and achieve required dosing.

Similar to Alternative #2;

Availability of the necessary specialized equipment
and extensive experience required for barrier
installation is potentially low or in high demand.

Availability of necessary equipment to develop
necessary off-site disposal facility airspace and
transport ~580K cy of CCR to new disposal facility will
be a limiting factor in the schedule for executing this
alternative

No liner or cover material demands for on-site
implementation of remedy

257.97(c)(3)(v)
Available capacity and location of
needed treatment, storage, and
disposal services

Not Applicable

Not Applicable

There is no on-site capacity to treat gradient control
system discharge

If required, on-site capacity will need to be developed
Off-site capacity to freat gradient control system
discharge may exist, but ability/willingness to accept
discharge is currently unknown

Capacity and location of freatment, storage, and
disposal services is unlikely to be a factor for this
alternative

Capacity and location of treatment, storage, and
disposal services is unlikely to be a factor for this
alternative

Off-site disposal capacity, facility logistical capacity, or
the time required to develop the necessary off-site
disposal and logistical capacity is a significant limiting
factor

COMMUNITY ACCEPTANCE - 40 CFR 257.97(c)(4)

257.97(c)(4)

The degree to which community
concerns are addressed by a
potential remedy
(Anticipated)

To be determined based on input obtained through
public meetings/outreach to be completed

To be determined based on input obtained through
public meetings/outreach to be completed

To be determined based on input obtained through
public meetings/outreach to be completed

To be determined based on input obtained through
public meetings/outreach to be completed

To be determined based on input obtained through
public meetings/outreach to be completed

To be determined based on input obtained through
public meetings/outreach to be completed
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Bedrock Aquifers

The bedrock hydrogeologic map (fig. 26) shows the aquifers and confining
beds that make up the bedrock surface in east-central lowa. Pennsylvanian
confining beds are the bedrock in the extreme southwest corner of the area, in
southeast Muscatine County and southwest Scott County, and in other small
outlying localities. The Mississippian aquifer is found beneath the surficial
deposits in most of the southwest part of the region. The Devonian confining
beds comprise the bedrock surface in an area about 25 miles wide extending
from the northwest corner to the south-central part of the report area. They
have been partly or completely removed in parts of the Belle Plaine and
Poweshiek buried bedrock channels.

Figure 26.—Bed

The Devonian aquifer is the bedrock in a broad belt that parallels the
northeast side of the Devonian confining beds. This belt is from 12 to 25 miles
wide and extends from northern Benton and Linn Counties to the southern
border of Muscatine County. The Devonian and Silurian aquifers are sepa-
rated by an irregular zone of relatively thin shale occurring near the base of the
Devonian and represented by a single line on figure 26.

The Silurian aquifer comprises the bedrock surface over most of the eastern
half of the area. In the extreme northeastern border area the Ordovician
confining beds are found at the bedrock surface. They also appear in several
buried bedrock channels where the Silurian aquifer has been removed locally
by erosion.
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Water levels in the Silurian aquifer range from less than 600 to more than
900 feet above sea level (fig. 45). In the eastern half of the area, the
potentiometric surface of the aquifer shows that it is locally recharged on
upland interstream divides and discharges into nearby streams. In Jackson,
Clinton, and Scott Counties, the potentiometric surface of the aquifer is
greatly affected by discharge into the Goose Lake and Cleona buried bedrock
channels (figs. 25 and 45). The high topographic relief in the extreme
northeastern comner of the area, where the Silurian rocks form a near-vertical
erosional escarpment, has caused the potentiometric surface to have a corre-
spondingly steep gradient. Where the Silurian rocks are overlapped by the
Devonian aquifer in the central part of the area, the flow regime is relatively
unaffected by local relief. The buried bedrock channels, particularly those in
which overlying Devonian rocks have been cut away, behave as subsurface
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drains which lower the potentiometric surface of the Silurian aquifer. This is
clearly shown in Linn County (fig. 45). In most places where both aquifers are
present, the potentiometric surface of the Devonian aquifer is higher than that
of the Silurian aquifer because the Devonian is receiving local recharge and is
partly separated from the underlying Silurian aquifer by discontinuous thin
shale beds. However, in some areas where the Devonian potentiometric
surface has been influenced by discharge into surface streams, the poten-
tiometric surface of the Silurian aquifer is higher than that of the Devonian
aquifer. In the west, where the Silurian aquifer is overlain by the Devonian
aquifer and is deeply buried, most wells are open to both aquifers and
independent water-level data on the Silurian aquifer therefore are not avail-
able. Although the Silurian aquifer is present in this area, it is not regarded as a
major source of water.
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Figure 45.—Potentionmetric surface of the Silurian aquifer
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SCS ENGINEERS

Environmental Consultants and Contractors

Route To:  Watershed/Wastewater []

SOIL BORING LOG INFORMATION

Waste Management []

Remediation/Redevelopment [ Other [J
Page 1 of 2
Facility/Project Name License/Permit/Monitoring Number Boring Number
IPL - Alliant M.L. Kapp SCS#: 25216127.00 MW-301
Boring Drilled By: Name of crew chief (first, last) and Firm Date Drilling Started Date Drilling Completed Drilling Method
Patrick Goetz
Direct Push Analytical 2/8/2018 2/8/2018 HSA
Unique Well No. DNR Well ID No. Common Well Name  [Final Static Water Level Surface Elevation Borehole Diameter
MW-301 Feet 589.3 Feet 8.3in
Local Grid Ongin - [] (estimated: [ ] ) or Boring Location [X] R , " Local Grid Location
State Plane 677,257 N, 2,528,287 E S/CIN Lat ON OE
SE 1/40of NE  1/4ofSection 22, T8l NR6 E Long : " Feet (] S Feet (1 W
Facility ID County Civil Town/City/ or Village
Clinton Clinton
Sample Soil Properties
S El w 5 Soil/Rock Description
. = = o . . 2]
Lo b= ',,'é 5 E And Geologic Origin For w o ela | _5 o . = £
35"%? . = Each Major Unit o |= ag -SEEEE‘.-.S-.’* o = E
E<|23] 2| & o |§w3 e |52|85|5E|28 2| BE
Sel|lae 8| = ] EelRElHE |86|8 0|8 B8 @ < Q
ZzE|Sx| m | A 5 |8 3BA|E |aal|S 0|80 E| A & O
B POORLY GRADED SAND, fine to coarse, tan, (fill). T
E Hydrovaced hole to 8 feet. Blind drilled to 8 feet. / %
:__l ~‘4 N
= NS
—2
—3
4 SP
=5
—6
—7
1 :_ 8 LEAN CLAY, dark gray, (10YR 4/1), soft, low plasticity,
= few organic fibers.
—9
stf] 48 —10 M
—11
C CL
- — 12
13 s
21| « — 14 & MW Depth to
- — = water at ~13
E s ML | | | | - feet.

I hereby certify that thg/information on this form is true and correct to the best of my knowledge.

Signature - Firm - SCS Engineers
2830 Dairy Drive Madison, WI 53711
&L

Tel: (608) 224-2830
Fax:




SCS ENGINEERS SOIL BORING LOG INFORMATION SUPPLEMENT

Environmental Consultants and Contractors Form 4400-122A
Boring Number MW-301 Page 2 of 2
Sample Soil Properties
S E| o 5 Soil/Rock Description
= = 2 I =
Lo g Bl 2| % And Geologic Origin For ela |egle = 2
sSlg gl of 2 . : “w |2 B2 |EE8|E8|lw _|E g
225z = | & Each Major Unit v |E |ZEBlE |[SE(E8Baldx g = B
Eel5 8l 2| B » 82325 |58|85|58|88 8| BE
zs5|lax| a | A D |CI[EA|E |aa|SO[ 05|~ 8| o & O
- SANDY SILT, fine grains, dark yellow-brown, (10YR 4/6), —
2. soft. (continued) ML =
i 16 [~ 50ORLY GRADED SAND, fine to coarse, brown, (10YR -
C 4/3). =
17 =
s3] 36 18 = w
19 sp =
.4 :_20 =
21 -
S4 36 = 22 I TEAN CLAY, dark gray, (10YR 4/1), soft, medium = w
= plasticity. CL ==
:_23 SILT, dark gray, (IOYR 4/1), stiff, trace organic fibers (wood
L chips). ML
: —24

End ol Boring at 24 feet.




SCS ENGINEERS SOIL BORING LOG INFORMATION

Environmental Consultants and Contractors

Route To:  Watershed/Wastewater [ Waste Management [
Remediation/Redevelopment [ Other [

Page 1 of 2

Facility/Project Name License/Permit/Monitoring Number Boring Number
IPL - Alliant M.L. Kapp SCS#: 25216127.00 MW-302
Boring Drilled By: Name of crew chief (first, last) and Firm Date Drilling Started Date Drilling Completed Drilling Method
Patrick Goetz
Direct Push Analytical 2/8/2018 2/8/2018 HSA
Unique Well No. DNR Well ID No. Common Well Name  |Final Static Water Level Surface Elevation Borchole Diameter
MW-302 Feet 588.6 Feet 8.31in
Local Grid Origin [] (estimated: [] ) or Boring Location [ s . , |Local Grid Location
State Plane 676,976 N, 2,529320E  s/C/N Lat 0N OE
SE 1/4of NE  1/40fSection 22, T8l N,R6 E Long E, ' 4 Feet (1 8 Feet 1 W
Facility ID County Civil Town/City/ or Village
Clinton Clinton
Sample Soil Properties
S E| W 5 Soil/Rock Description
g9 E = And Geologic Origin For g 2
sRIZEl 8| = 5 s «lg | Ela |BE|gs S §
SXE 2 = Each Major Unit o |= gl = SE|E B[R u|8 x| o = E
Eo (23| 3 a w |SwTFT P |SBEEHEEITI S A g
Sg|Q 8f = ] 5o 22 |f25|Q e &8 O o o
zS5|o|l m | o D |G a|BA|lR |aa|S 000~ 8] ~ = O
= POORLY GRADED SAND, fine to coarse, tan, (fill). W
:_ i Hydrovaced hole to 8 feet. Bling drilled to 8 feet.
—2 :
—3
9 —4 SP
—5
—6
—7
i 8 [TTEAN CLAY, dark yellow brown, (10YR 4/4), medium
= stiffness, low to medium plasticity.
—9
— 10
S1 48 B CL M
—11
H —12
E POORLY GRADED SAND, finc, yellow-brown, (10YR SP
— 13 d4). J -
- LEAN CLAY with finc sand, brown, (7.5YR 4/3), medium —
- plasticity, —
s2 0| 36 — 14 CL — M/W Depth to
C - water at ~14
- 15 - feet.

I hereby certify that ya(. information on this form is true and correct to the best of my knowledge.

Signature ) Firm - SCS Engineers Tel: (608) 224-2830
2830 Dairy Drive Madison, WI 53711 Fax:




SCS ENGINEERS SOIL BORING LOG INFORMATION SUPPLEMENT

Environmental Consultants and Contractors Form 4400-122A
Boring Number MW-302 Page 2 of 2
Sample Soil Properties
) . 5 Soil/Rock Description
£g| § | = And Geologic Origin For g 2
BEE% 3 = gl_ gl_ w | Ele [B5|& = Z g
L2 E 2 5 Each Major Unit o |8 ElE |SE|2 828« o = E
D o |Eulz kB |22|22|5558 8| BF
zE|2|l @ | o D |G3|BA|lm |GdalSo[dalm 8] a & O
- LEAN CLAY with fine sand, brown, (7.5YR 4/3), medium -
L plasticity, {continued) =
i —16 =
& CL =
—17 =
83 42 18 SANDY SILT, fine, dark gray, (10YR 4/1), soft, low - w
- plasticity. -
—19 =
- ML =
H —20 =
—21 -
E LEAN CLAY, soft, medium plasticity. =
safl 42 —22 = w
C CL =
—23 =
= 24 POORLY GRADED SAND, fine to coarse. SP

End of boring at 24 feet.




SCS ENGINEERS

Environmental Consultants and Contractors

Route To:  Watershed/Wastewater [
Remediation/Redevelopment [

SOIL BORING LOG INFORMATION

Waste Management (]
Other [

Page

1

of 2

Facility/Project Name
IPL - Alliant M.L. Kapp SCS#: 25216127.00

License/Permit/Monitoring Number

Boring Number

MW-303

Boring Drilled By: Name of crew chief (first, last) and Firm
Patrick Goetz

Date Drilling Started

Date Drilling Completed

Drilling Method

Direct Push Analytical 2/8/2018 2/8/2018 HSA
Unique Well No. |DNR Well ID No, Common Well Name  |Final Static Water Level Surface Elevation Borchole Diameter
MW-303 Feet 589.7 Feet 8.3
Local Grid Origin ] (estimated: [] ) or Boring Location [X] 5 . , |Local Grid Location
State Plane 676,590 N, 2529389 E S/C/N Lat ON OE
SE t/4of NE  1/4ofSection 22, T8l N,R6 E Long ! ! Feet (1 § Feet (1 W
Facility ID County Civil Town/City/ or Village
Clinton Clinton
Sample Soil Properties
& 8l . - Soil/Rock Description
) ol = g . o "
Lo E:' § g E And Geologic Origin For w o ela |e 2le o Iz g
EE'ED% 2 g Each Major Unit U |= —4% ) %géﬁﬂﬁgx = EE
Ex|g8| 8| B v w3 §SE|SEIEE(RS & | OF
Z&8|lAax| m | A D [OalBA|A |8al30|3 0|~ 8| &~ & O
- POORLY GRADED SAND, fine to coarse, tan, (fill). 4
:_ 1 Hydrovaced hole to 8 feet. Blind drilled to 8 feet. % %
- >/
—2
—3
—4 sp
=5
—6
7
] = LEAN CLAY, very dark brown, (10YR 2/2), stiff, medium .
= plasticity.
=9
st]] 48 —10 M
—11
- Same as above but dark gray (5YR 4/1) mottled with reddish CL
- brown (5YR 4/4).
¥ —12
13
20| 42 —14 MW Depth to
2 water at ~15
" 15 feet.

I hereby certify that the i}l'o/r;ﬁatiull on this form is true and correct to the best of my knowledge.

e~

Fim  SCS Engineers
2830 Dairy Drive Madison, WI 53711

Tel: (608) 224-2830

Fax:

Signature
7

2



SCS ENGINEERS SOIL BORING LOG INFORMATION SUPPLEMENT

Environmental Consultants and Contractors Form 4400-122A
Boring Number MW-303 Page 2 of 2
Sample ] Soil Properties
S E W = Soil/Rock Description
| B 0 . .. o
Lo & 3 g E And Geologic Origin For | ele |@ _g o 2 é
Bgﬁg L; g Each Major Unit o |E |ZElE [€5 éﬁ-g:-gx o EE
Ee|88 2| & o |Ew3 2o [SEEE|SE(88 Q| GF
Z&|3 | m =] 5 |dalgAla |am|S Ol 8alm 8 & & O
- POORLY GRADED SAND with silt, fine to medium sand, —]
- dark gray, (TYR 4/1). i
—16 =
B SP =
17 =
= 18 POORLY GRADED SAND, fine to coarse, brown, (7YR =
: 418). =
19 £
20 =
C sp H
21 g
22 E
E LEAN CLAY, very dark gray, (10YR 3/1), soft, medium =
—23 | plasticity, trace organic fibers (wood chips). =
24 CL =
=25 E

End of Boring at 25.5 feet.




SCS ENGINEERS

Environmental Consultants and Contractors

Route To; Watershed/Wastewater [

Waste Management [

SOIL BORING LOG INFORMATION

Remediation/Redevelopment [ Other [
Page 1 of 2
Facility/Project Name License/Permit/Monitoring Number Boring Number
IPL - Alliant M.L. Kapp SCS#: 25216127.00 MW-304
Boring Drilled By: Name of crew chief (first, last) and Firm Date Drilling Started Date Drilling Completed Dirilling Method
Patrick Goetz
Direct Push Analytical 2/7/2018 2/7/2018 HSA
Unique Well No. DNR Well ID No. Common Well Name  |Final Static Water Level Surface Elevation Borehole Diameter
MW-304 Feet 589.4 Feet 8.3 in
Local Grid Origin  [] (estimated: [ ] ) or Boring Location [ " : , |[Local Grid Location
State Plane 676,306 N, 2,529,104 E  s/C/N Lat 0N O E
SE Vdof NE  1/4ofSection 22, T8 N,R6 E Long 2 : J Feet (] S Feet (0 W
Facility ID County Civil Town/City/ or Village
Clinton Clinton
Sample Soil Properties
RCI - Soil/Rock Description
e = 5] ) . %]
Lo z B g E And Geologic Origin For o gl o . _§ - 2 £
Esag L; g Each Major Unit o |E |4 ElE %%é@.’gﬁgx o EE
Exlgs| & | B v |23 2 |58|5E8|FE[B3| S| F
Z&8|ax| m [a] o |18 3BAlR |aalZE0l8AR 5| A & O
- POORLY GRADED SAND, fine to coarse, tan, (fill). % \\\‘
-, | Hydrovaced hole to 8 feet. Blind drilled to 8 feet %
- hH
= B DA
—2
-3
—4 sp
—5
—6
—7
| L8 LEAN CLAY, very dark brown, (7.5YR 2.5/2), stiff, trace
E organic fibers (wood chips) at 10 feet.
—9
stf] 48 —10 CL M
—11
i £ 12 LEAN CLAY with trace silt, very dark gray, (10YR 3/1),
C medium stiffness, medium plasticity.
—13
E CL
s2f| 48 —14 M
=15 =
I hereby certify that Mnfurmalion on this form is true and correct to the best of my knowledge.
Signature / - Fim  §CS Engineers Tel: (608) 224-2830
//’/ e 2830 Dairy Drive Madison, WI 53711 Fax:
7 7



SCS ENGINEERS

Environmental Consultants and Contractors

SOIL BORING LOG INFORMATION SUPPLEMENT
Form 4400-122A

Boring Number MW-304 Page 2 of 2
Sample Soil Properties
&S E w - Soil/Rock Description
g3l § | & And Geologic Origin For g e
s &ISE| S| = Ble Tmer w |o Ele [25|g« z g
22|E = | = Each Major Unit v | |ZElg [S5 28T o8 x| o o) E
Ex|g3| & | & v Fw3 S0 |SE(EE|EE[83 ]| GE
ZE|lax|l m | A o |8 S|l2AlE [a&[58[53355 8] ~ & O
- SANDY SILT, fine sand, brown, (L0YR 4/3), soft. =
e ML =
1 :_ 16 SILT, brown, (7.5YR 4/3), soft, low plasticity. é
—17 =
s3] 48 —18 = w Depth to
- — water at ~16
:_19 g feet.
= ML =
o —20 =
2 s
sall 12 —22 = w
—23 POORLY GRADED SAND, fine to coarse, dark -
- grayish/brown, (L0YR 4/2). —
4 —24 SP =
—25

End of Boring at 25.0 feet.




SCS ENGINEERS

Environmental Consultants and Contractors

SOIL BORING LOG INFORMATION

Route To: Watershed/Wastewater [] Waste Management O
Remediation/Redevelopment [] Other [
Page 1 of 4
Facility/Project Name License/Permit/Monitoring Number Boring Number
IPL-Alliant M.L. Kapp SCS#: 25220117.00 MW-304A
Boring Drilled By: Name of crew chief (first, last) and Firm Date Drilling Started Date Drilling Completed Drilling Method
Randy Radke rotary (air or
Cascade Drilling 21812021 2/9/2021 mud)
Unique Well No. DNR Well ID No. Common Well Name |Final Static Water Level Surface Elevation Borehole Diameter
MW-304A 17.8 Feet 589 Feet 6.0 in
Local Grid Origin [ | (estimated: [ ] ) or Boring Location [ ] . . , |Local Grid Location
State Plane N, E S/C/N Lat ON 0OE
SE 1/40of NE  1/40fSection 22, T8l N,R6 E Long ' ! Feet [1 S Feet [1 W
Facility ID County Civil Town/City/ or Village
Clinton Clinton, Iowa
Sample Soil Properties
& El o 5 Soil/Rock Description
s =S| E o . .. = "
L2 Z 'q‘é S E And Geologic Origin For v o cla |e Sle z E
0S| = © @] . . = =S| = 5 =
225 3| = < Each Major Unit O E 2§l = |85 28|28« o BE
Ex|58| 2| & »w |F23 o |§2|25|2E|22| 2| &
Z3|lmx| m | A D |Oa2AlE |aa|S0|d0lE &| & O
- Hydrovaced to ~8' below ground surface
—1
—2
—3
—4
—5
—6
—7
—38
L | :_ 9 - — L
] :_ 10 LEAN CLAY, dark gray to black with trace sand.
=11
—12
SL| | 60 - CL M Driller noted
—13 starting
- Depth was
C ~9 -10 feet
— 14 bgs.
L 15
I hereby certify that the information on this form is true and correct to the best of my knowledge.
Signature Firm  §CS Engineers Tel:

Fax:
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SCS ENGINEERS SOIL BORING LOG INFORMATION SUPPLEMENT

Environmental Consultants and Contractors Form 4400-122A
Boring Number MW-304A Page 2 of 4
Sample Soil Properties
K E|l - Soil/Rock Description
. = =1 (]
0|23 § = And Geologic Origin For - 8 o o z
52|28 O RS . ] wn | g 8 2Elg & R 15
<z|§z 5 | = Each Major Unit O |E |[_ElE |S5|EE|Z=B x| o 3 E
Ex|58| 2| & vw |F232 o |§2|25|2E|22| 2| &
Z3|2&| ™ =) D |Oa2AlE |aa|S0|J0lE &| & O
- LEAN CLAY, dark gray to black with trace sand. (continued) CL
—16 . .
- SANDY SILT, fine grain, gray to brown with trace gravel.
—17
S2( | 60 - M Switched to
—18 water @ 15'
- ML bes.
=19
— =20
—21 POORLY GRADED SAND, fine to coarse grain, grayish
C brown with gravel and cobbles.
=22
S3| | 60 - w
—23
24 SILTY SAND, fine grain, light brown to brwon with trace
C gravel and cobbles.
— —25
:_26 Same as above but less silt.
=27
S4| | 60 - WM From 22 to
—28 26' bgs, soil
C was wet,
C from 26 to
—29 30'
] :_ 30 Same as above but dense.
—31
—32
S5| | 60 - W
—33 POORLY GRADED SAND, fine grain, light brown to brown
C with lenses of silt and less dense than above.
—34
B :_35 Same as above.
36 POORLY GRADED SAND, fine to coarse grain, brown with
C gravel (36 to 39' bgs).
—37
s6| | 50 - W Slight
—38 petroleum
- odor at 35 to
C 40" bgs.
:_39 Same as above but fine grain with cobbles (39 TO 40' bgs).
— — 40
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SCS ENGINEERS SOIL BORING LOG INFORMATION SUPPLEMENT

Environmental Consultants and Contractors Form 4400-122A
Boring Number MW-304A Page 3 of 4
Sample Soil Properties
& El o - Soil/Rock Description
.~ =1 (]
0|23 § = And Geologic Origin For - 8 o o z
52|28 O RS . ] wn | g 8 2Elg & R 15
<z|§z 5 | = Each Major Unit O |E |[_ElE |S5|EE|Z=B x| o 3 E
Ex|58| 2| & vw |F232 o |§2|25|2E|22| 2| &
Z3|2&| ™ =) D |Oa2AlE |aa|S0ld0lE &| & O
- POORLY GRADED SAND, fine grain, light brown to brown SRR
C with lenses of silt and less dense than above. (continued)
T 41 Same as above but fine to coarse grain, brown with lots
- gravel and cobbles.
S7 57 :_42 SP w Stronger
- petroleum
C 43 odor from
= 40 to 44'
- bgs.
— 44 SANDY SILT, fine grain, brown with gravel and cobbles.
C ML
B 45 LEAN CLAY, dark brown with trace gravel and sticks, very
C dense.
— 46
—47
C L
S8 60 C C W
—48
—49
L C POORLY GRADED SAND, fine to medium grain, orangish
T —50 | brown, very trace gravel.
C SP
—51
C SANDY LEAN CLAY, dark brownish gray, very dense with
—52 | gravel.
SO | 72 =53 w
—54
—55
C CL
L 56
C Same as above but dark gray
=57
S10{ | 48 =58 w Soil from 59
C to 60' bgs
—59 reacts with
= SILTY SAND, fine grain, light gray to tannish orange, with & HCL.
C gravel (possibly weathered limestone bedrock). SM
B :_ 60 SILT, reddish orange.
—61
—62
SI1| | 60 - ML W
—63
— 64
L | 65
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SCS ENGINEERS SOIL BORING LOG INFORMATION SUPPLEMENT

Environmental Consultants and Contractors Form 4400-122A
Boring Number MW-304A Page 4 of 4
Sample Soil Properties
K E|l - Soil/Rock Description
. = =1 (]
£3g| 5 = And Geologic Origin For g 2z
s&I<E B = gie nen n | ela [25lg = Z £
<z|§z 5 | = Each Major Unit O |E |[_ElE |S5|EE|Z=B x| o 3 E
Ex|58| 2| & vw |F232 o |§2|25|2E|22| 2| &
Z3|2&| ™ =) D |Oa2AlE |da|S0ld0lE &| & O
- SILT, reddish orange. (continued)
C SILT, reddish orange.
—66
—67
s12| | 60 - ML w
— 68
—69
L | =70

End of Boring at 70' below ground surface.

Abandoned to 57' below ground surface with bentonite chips.

Monitoring well installed to a depth of 55' below ground
surface.




SCS ENGINEERS

Environmental Consultants and Contractors

Route To:  Watershed/Wastewater [
Remediation/Redevelopment [

Waste Managerment [
Other [

SOIL BORING LOG INFORMATION

Page 1 of 2
Facility/Project Name License/Permit/Monitoring Number Boring Number
IPL - Alliant M.L. Kapp SCS#: 25216127.00 MW-305
Boring Drilled By: Name of crew chief ([irst, last) and Firm. Date Drilling Started Date Drilling Completed Drilling Method

Patrick Goetz

Direct Push Analytical 2/7/2018 2/7/2018 HSA
Unique Well No. DNR Well ID No. Common Well Name  |Final Static Water Level Surface Elevation Borehole Diameter
MW-305 Feet 589.4 Feet 8.31in
Local Grid Origin - [[] (estimated: [] ) or Boring Location [X] : } , |Local Grid Location
State Plane 676,126 N, 2,528,763 E S/CIN Lat N OE
SE 1/4of NE  1/4ofSection 22, T8l N,R6 E Long : : Feet [ S Feet (] W
Facility 1D County Civil Town/City/ or Village
Clinton Clinton
Sample Soil Properties
& El o 5 Soil/Rock Description
, = =1 o
Lo g @ § "; And Geologic Origin For w e cla | .§ o L > %
EE:'EDE (; = Each Major Unit o[£ |4 ElE ggéﬁEﬁgx o 5 E
Ex(g 8| 8| & v |F23 20 |5E|EE|FE|RS K| OF
Z&8|ae| m | A > |[Sa[BA|E |dalSO|53|x 8 & O
- POORLY GRADED SAND, fine to coarse, tan, (fill). N N
:_ I Hydrovaced hole to 8 feet. Blind drilled to 8 feet. y z
- NN
—2
—3
—4 SP
—5
—6
—7
] 8 [TLEANCIAY, very dark brown, (7.5YR 2.5/2), soft, low |
- plasticity.
9 Same as above but with trace silt (10-11") and dark brown
B (7.5YR 3/3).
stf| 48 — 10 M
—11
of CL
- —12
— 13
s2|| 48 — 14 M
—15

I hereby cemfy that ,[u: infi allon on this form is true and correct to the best of my knowledge.

Fim  §CS Engineers
2830 Dairy Drive Madison, WI 53711

Tel: (608) 224-2830
Fax:




SCS ENGINEERS

Environmental Consultants and Contractors

SOIL BORING LOG INFORMATION SUPPLEMENT
Form 4400-122A

Boring Number MW-305 Page 2 of 2
Sample Soil Properties
&5l w < Soil/Rock Description
P = o
_a|28 E | = And Geologic Origin For . gl & 2
gEls8/ S| = S v g 818 |5§8|l5 8l |5 g
22 g 2 = e Each Major Unit U |5 Io5E [2E|&88Es|C % 8 BE
Eols5g| 8| & v |g232 8 |F5|EE|FE(83 S| oF
Z&8| 3~ m A p |dAalgAlE |aa|soi0a|m 8| &~ & O
C CL =
i 16 SANDY SILT with gravel, fine to medium sand, fine to =
[ coarse gravel, dark yellowish-brown, (10YR 4/6), —
= 17 sub-rounded gravel. ML ]
- POORLY GRADED SAND AND GRAVEL, fine to medium =
S3 42 — 18 | sand, fine to coarse gravel, dark yellowish-brown, (10YR = W Depth to
L. 4/4), subrounded grains. ] water at 16
- SP —
— 19 E feet.
il 20 " FOORLY GRADED SAND, finc, very pale brown, (10YR =
- 3/3), (sandstone bedrock).
—21 =
—22 g
S4 24 - SP = w
23 =
| :_24 =

End of Boring at 24.5 feet.




SCS ENGINEERS SOIL BORING LOG INFORMATION

Environmental Consultants and Contractors

Route To: ~ Watershed/Wastewater [ Waste Management [
Remediation/Redevelopment [ Other [

Page 1 of 2

Facility/Project Name License/Permit/Monitoring Number Boring Number
IPL - Alliant M.L. Kapp SCS#: 25216127.00 MW-306
Boring Drilled By: Name of crew chief (first, last) and Firm Date Drilling Started Date Drilling Completed Drilling Method
Patrick Goetz
Direct Push Analytical 2/7/2018 2/7/2018 HSA
Unique Well No. DNR Well ID No. Common Well Name |Final Static Water Level Surface Elevation Borehole Diameter
MW-306 Feet 588.1 Feet 8.31n
Local Grid Origin - [ (estimated: [ ] ) or Boring Location . , ,, |Local Grid Location
State Plane 675,687 N, 2,527,883 E S/C/N Lat ON OE
SE 1/4of NE  1/4ofSection 22, T8l N,R6 E Long ° b s Fect OJ S Feet (1 W
Facility ID County Civil Town/City/ or Village
Clinton Clinton
Sample Soil Properties
RC) - Soil/Rock Description
A=A S
Lo z B g - And Geologic Origin For o I cla | 5 5 = ;—-2)
225182 9| = Each Major Unit OlE€ |LElE |SE|ZE|lmx|8y«l s A&
Eg(£3| B | B » [Fw3 83 |§2|88|2E|83| &8 | TE
Z&8|a| m | A o |EaBA|lA |aa|SO8 S|~ 8| & & O
N POORLY GRADED SAND, fine to coarse, tan, (fill). N
“_'_ 1 Hydrovaced hole to 8 feet. Blind drilled to 8 feet. %
- N
2
—3
-4 SP
5
—6
—7
] - 8 [TSILTY SAND, brownish yellow, (10YR 6/6).
—9 M
S1 24 :_ 10 (Weathered Limestone Bedrock). _[_J M Hih:eﬁlsal
B = wi
1 = geoprobe at
- 1 switched to
- —12 T T HSA.
L LIMESTQ 'l
13 T
- T
. T I
. Ems|
‘ -
-_1 5 [

I hereby certify that the/information on this form is true and correct to the best of my knowledge.

Signature - Firm - SCS Engineers Tel: (608) 224-2830
2830 Dairy Drive Madison, WI 53711 Fax:




SCS ENGINEERS SOIL BORING LOG INFORMATION SUPPLEMENT

Environmental Consultants and Contractors Form 4400-122A
Boring Number MW-306 Page 2 of 2
Sample Soil Properties
S E w i Soil/Rock Description
£g| E| & And Geologic Origin For g 2
sB(<El 8| = ge —nst w e | Ele |2E|2s Ey 5
£ 2 ﬁ]g = 5 Each Major Unit v |8 |oElE |88 ég.’%’ﬁ.‘g* o E’E
Ex|28| 8| & v |Ew3 ¥ |58|EE[5E|RE S| BE
Z&E|lax| @ a D |gA|lgAlE |aa|So|ld3|E & & & O
(Weathered Limestone Bedrock). (continued) J_rl =
C 15
16 [ =
1 H
1 —
- 17 L B Depth to
T B water at ~17
D | — fect.
18 1 E
I B
T E
19 I =
| : 1 =
LIMESTONE-[—L =

=)
HH

_'
L
[T

(]
L]

i

N
£

= =3
[

IIIIIIJIIIIIIII|FiII|III!III|||1l||||’l|l|lill[l||‘|
|25
[=]

(]
Lh

End of Boring at 25 feet.




SOIL BORING LOG INFORMATION

Form 4400-122 Rev. 7-98
Route To: Watershed/Wastewater [] Waste Management O
Remediation/Redevelopment [] Other [
Page 1 of 2
Facility/Project Name License/Permit/Monitoring Number Boring Number
ML-Kapp SCS#: 25220117.00 MW-307
Boring Drilled By: Name of crew chief (first, last) and Firm Date Drilling Started Date Drilling Completed Drilling Method
Scott Zeien 4.25' hollow
Terracon 4/15/2020 4/15/2020 stem auger
Unique Well No. DNR Well ID No. Common Well Name |Final Static Water Level Surface Elevation Borehole Diameter
6.63 Feet 601.69 Feet 8.5" in.
Local Grid Origin [ ] (estimated: [ ] ) or Boring Location [X] . . , |Local Grid Location
State Pl 680017.03 N, 2524149.7E g/c/N Lat Feet [ N Feet ] &
NE 1/4of SW  1/40ofSection 15, T8l N,R6 E Long ' " Os Ow
Facility ID County County Code  |Civil Town/City/ or Village
Clinton Clinton, Iowa
Sample Soil Properties
< g @ 3 Soil/Rock Description
£g| | = And Geologic Origin F g 2
S2|<E 8| = e eolosie THEm L v | e ela [BS|g . z g
S22 g 2 = < Each Major Unit o £ |mEl&E |5 28|28« o 5 E
Ex|58| 2| & «w |F23 o |§2|25|2E|22| 2| &
Z3|2&| ™ =) D |Oa2AlE |aa|S 0|00l &| & O
B o CLAYEY SAND, fine grained, yellowish brown N
» (10YR, 5/6) with some silt and trace gravel, non- 3
—1 cohesive to slightly cohesive, slightly moist, and
C loose. sp
:_ 2 M Collected 2
C samples from the
- sidewall of the
g g g L hydrovac borhole
= SILTY SAND, fine grained, dark yellowish brown between 0 and 8
- (10YR, 3/4), trace gravel, cohesive, loose. feet bgs.
- —4
—s :
C SM
—6 w No recovery
- from 4-8 feet bgs
—7
B — 8 ["SILTY CLAY, dark brown to very dark brown (10YR, |
» 3/3 to 10YR, 2/2) with trace fine sand, cohesive, very
1 23 00 9 soft to soft. W
34 [
— =10
C cL
02 11
2 24 23 F w
— —12
N M +-——— -
3 24 34 [ 13 Same, with more sand, oxidized color. W
- CL
] =14 I SANDY LEAN CLAY; yellowish brown o grayish | _
= brown, slight green hue (10YR, 5/4 to 10YR, 5/2), CL
—15

I hereby certify that the information on this form is true and correct to the best of my knowledge.

MeghanBlodgettfor
MatthewCahalan

Signature Firm - §CS Engineers
W?,Q W g

Tel:
Fax:
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SOIL BORING LOG INFORMATION SUPPLEMENT

Boring Number MW-307 to 4400-122. Page 2 of
Sample Soil Properties
< g 2 2 Soil/Rock Description
£3g| 5 = And Geologic Origin Fo g &
s&I<E & = gie Lngm For n | ela [25lg = Z £
<z|§z 5 | = Each Major Unit O |E |_ElE |S5|EE|B=B x| o 3 E
Ex|53| 2| & »w |F232 o |§2|25|2E|22| 2| o5
Z3|lmx| m | A D |Oa2AlE |[aa|S0|J0lE &| & O
4 16 (2) g C cohesive, very soft to soft. =N w
— —16
00 =17
5 241 0o - W
— —18
00 =19
6 21 | o3 - W
C CLAYEY SAND, dark grayish brown, (10YR,
] —20 4/2), fine to medium grained, cohesive, very soft
C to soft.
7 19 | 00 21 | SILTY CLAY with sand, very dark grayish brown W
23 [ (10YR, 3/2), non-cohesive, very loose, sand is fine
o "\to medium grained. /1
— —22 1 POORLY GRADED SAND, fine to medium
grained, dark grayish brown (10YR, 4/2), some
clay, very loose.

End of boring at 22" bgs.
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Molybdenum - ToxFAQs ™

What is molybdenum?

Molybdenum is a metal found naturally in some minerals. Itis commonly found in the
environment in the form of molybdenum trioxide or molybdenum salts, such as sodium
molybdate or ammonium molybdate.

Molybdenum is used in the production of cast iron and stainless steel. Molybdenum is
also used in the production of biofuels, solar panels, catalysts, lubricants, and pigments.

How can | be exposed to molybdenum?

Because molybdenum is found naturally in the environment, you can be exposed to low levels of it every
day, mostly in food. This exposure is at a very low level that does not cause harm. In fact, a small amount
of this metal is a needed by the body.

Higher levels of molybdenum may be found in the air near industries that process or release it and near
mining and milling operations.

What happens when | eat or breathe molybdenum?

When you breathe in air containing molybdenum, molybdenum particles can get into your lungs. Some of
these particles can be coughed up and swallowed. Small particles can go deeper into the lungs and are
likely to pass through the lining of the lungs and enter the bloodstream.

Molybdenum in food and water can enter the blood after a few hours. The amount and the form of
molybdenum in the food or water will affect how much molybdenum enters your blood.

How can molybdenum affect my health?

Molybdenum is an essential nutrient required to maintain The levels of molybdenum
health. Exposure to excess levels can result in harmful normally found in the
effects. environment are lower than

levels known to cause health
Copper is also an essential nutrient; however, the amount problems.

of copper in the diet can influence how molybdenum can
affect the body. Copper levels that are too low can increase the harmful effects of molybdenum.

Studies in workers exposed to high levels of molybdenum for a long time show that breathing molybdenum
dust can cause lung problems.

Agency for Toxic Substances and Disease Registry

Division of Toxicology and Human Health Sciences




Molybdenum

\_

One way to learn about whether molybdenum will harm people is to do studies in lab animals. Most of
these studies have tested doses in animals that are higher than levels found in the environment. Studies
in lab animals breathing molybdenum trioxide found damage in the nasal cavity (inside of the nose). Kidney
and liver damage and reproductive and developmental effects (decreases in growth) have been found in
animals eating and swallowing higher than normal doses of molybdenum.

Can molybdenum cause cancer?
Lung cancer was found in some studies of mice that breathed high levels of molybdenum trioxide; these
levels are much higher than typically found in the environment.

The International Agency for Research on Cancer considers molybdenum trioxide to be possibly
carcinogenic (causing cancer) to humans.

Can | get a medical test to check for molybdenum?

Tests are available to measure molybdenum levels in the body. Molybdenum can be measured in the urine
and blood for several days after exposure. However, these tests cannot tell you how much molybdenum
you have been exposed to or predict if you will have any health problems. Doctor’s offices do not
routinely offer these tests.

How can | protect myself and my family from molybdenum?

If you live near a waste site contaminated with molybdenum, prevent children from eating or playing in the
dirt.

For more information: @

Call CDC-INFO at 1-800-232-4636, or submit your question online at
https://wwwn.cdc.gov/dcs/ContactUs/Form

Go to ATSDR’s Toxicological Profile for Molybdenum:
https://www.atsdr.cdc.gov/ToxProfiles/tp.asp?id=1482&tid=289

Go to ATSDR’s Toxic Substances Portal: http://www.atsdr.cdc.gov/substances/index.asp

Find & contact your ATSDR Regional Representative at http://www.atsdr.cdc.gov/DRO/dro_org.html

_J

May 2020 Page 2 of 2
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Toxicological Profile for
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May 2020

U.S. Department of Health and Human Services
Agency for Toxic Substances and Disease Registry
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DISCLAIMER

Use of trade names is for identification only and does not imply endorsement by the Agency for Toxic
Substances and Disease Registry, the Public Health Service, or the U.S. Department of Health and Human
Services.
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FOREWORD

This toxicological profile is prepared in accordance with guidelines* developed by the Agency for Toxic
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for these toxic substances described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a substance's toxicologic properties. Other pertinent literature is
also presented, but is described in less detail than the key studies. The profile is not intended to be an
exhaustive document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile
begins with a relevance to public health discussion which would allow a public health professional to
make a real-time determination of whether the presence of a particular substance in the environment
poses a potential threat to human health. The adequacy of information to determine a substance's health
effects is described in a health effects summary. Data needs that are of significance to the protection of
public health are identified by ATSDR.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a toxic substance to ascertain the levels of significant
human exposure for the substance due to associated acute, intermediate, and chronic
exposures;

(B) A determination of whether adequate information on the health effects of each substance
is available or in the process of development to determine levels of exposure that present
a significant risk to human health of acute, intermediate, and chronic health effects; and

(© Where appropriate, identification of toxicologic testing needed to identify the types or
levels of exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and
local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been
peer-reviewed. Staffs of the Centers for Disease Control and Prevention and other Federal scientists have
also reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel
and was made available for public review. Final responsibility for the contents and views expressed in
this toxicological profile resides with ATSDR.

Tehulettnayrec

Patrick N. Breysse, Ph.D., CIH
Director, National Center for Environmental Health and
Agency for Toxic Substances and Disease Registry
Centers for Disease Control and Prevention
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*|_eqislative Background

The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(i)(1) directs the Administrator of ATSDR to “...effectuate and implement the health related
authorities” of the statute. This includes the preparation of toxicological profiles for hazardous
substances most commonly found at facilities on the CERCLA National Priorities List (NPL) and that
pose the most significant potential threat to human health, as determined by ATSDR and the EPA.
Section 104(i)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list. In addition, ATSDR has the authority to prepare
toxicological profiles for substances not found at sites on the NPL, in an effort to “...establish and
maintain inventory of literature, research, and studies on the health effects of toxic substances” under
CERCLA Section 104(i)(1)(B), to respond to requests for consultation under section 104(i)(4), and as
otherwise necessary to support the site-specific response actions conducted by ATSDR.
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VERSION HISTORY

Date Description

May 2020 Final toxicological profile released
April 2017 Draft for public comment toxicological profile released



MOLYBDENUM Vi

CONTRIBUTORS & REVIEWERS
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MOLYBDENUM

CHAPTER 1. RELEVANCE TO PUBLIC HEALTH

1.1 OVERVIEW AND U.S. EXPOSURES

Molybdenum (Mo) is a naturally occurring trace element that can be found extensively in nature.
Molybdenum is a metal that exists as a dark-gray or black powder with a metallic luster or as a silvery-
white mass (NLM 2020a). It does not occur naturally in the pure metallic form, but principally as oxide
or sulfide compounds (Barceloux 1999; EPA 1979). Therefore, almost all exposure is to a molybdenum
compound rather than the actual metal. Important naturally occurring molybdenum compounds are the
minerals molybdenite, powellite, wulfenite, ferrimolybdite, and ilsemannite. In this toxicological profile,
“molybdenum” is used to refer to the element (molybdenum metal) and generically for substances or
compounds containing molybdenum. The most common forms used in commerce and found in the
environment are molybdenum trioxide and molybdate salts (sodium molybdate or ammonium
molybdate). Industrial applications of molybdenum nanoparticles have also been identified; however,
molybdenum nanoparticle exposure is not discussed in this toxicological profile because their physical-
chemical properties differ from that of larger molybdenum particles and the toxicological and

toxicokinetic properties of nanoparticles can vastly differ from those of larger particles.

Biologically, molybdenum plays an important role as a micronutrient in plants and animals, including
humans. It is used widely in industry for metallurgical applications; some of these applications include
high temperature furnaces, as a support wire for tungsten filaments in incandescent light bulbs, and as a

component of steel used in solar panels and wind turbines (EPA 1979; Stiefel 2011).

Molybdenum is more abundant in areas of natural mineral deposits and can be found in all environmental
media. Higher concentrations in air, water, and soil can be found near industrial operations due to
contamination. Molybdenum concentrations in ambient air have been reported to range from below
detection limits to 0.03 mg/m?® (EPA 1979). Concentrations of molybdenum in ambient air of urban
areas, 0.01-0.03 pg/m?, are higher than those found in rural areas, 0.001-0.0032 pg/m?. It has been
reported that concentrations of molybdenum in surface waters are generally <1.0 pg/L (USGS 2006) and
drinking water (USGS 2011) and groundwaters contain about 1.0 pg/L (USGS 2011). Near mining
activities, surface water molybdenum concentrations can be orders of magnitude higher (Frasacoli and
Hudson-Edwards 2018). Concentrations as high as 1,400 pg/L have been detected in drinking waters in
areas impacted by mining and milling operations (USGS 2011), far exceeding the U.S. Environmental
Protection Agency (EPA) health-based screening level of 40 pug/L (EPA 2018a). Globally, most soils
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contain molybdenum at concentrations between 0.6 and 3.5 ppm, although total concentrations in soils
can vary widely depending on geological composition or industrial contamination. The average
concentration of soils is generally 1-2 ppm. In the United States, it has been reported that the median

concentration of molybdenum in soils is 1.2-1.3 ppm, with a range of 0.1-40 ppm (EPA 1979).

The exposure to molybdenum to the general population is almost entirely through food. Foods derived
from above-ground plants, such as legumes, leafy vegetables, and cauliflower, generally have a relatively
higher concentration of molybdenum in comparison to food from tubers or animals. Beans, cereal grains,
leafy vegetables, legumes, liver, and milk are reported as the richest sources of molybdenum in the
average diet (Barceloux 1999). Drinking water coming from sources close to areas with high

molybdenum contamination from industrial effluents may contain a higher concentration of molybdenum.

1.2 SUMMARY OF HEALTH EFFECTS

Molybdenum is an essential nutrient; the nutritional requirement for adults is 45 pg/day (0.64 ug/kg/day)
(NAS 2001). Exposure to excess levels has been associated with adverse health outcomes. The most
sensitive effects appear to be respiratory effects following inhalation exposure to molybdenum trioxide,
and decreases in body weight, kidney damage, decreases in sperm count, and anemia following oral
exposure (see Figure 1-1). A systematic review of the available human and laboratory animal health
effects database resulted in the following hazard identification conclusions:

e Respiratory effects are a presumed health effect for humans for molybdenum oxides.

e Renal effects are a presumed health effect for humans.

e The data were inadequate to conclude whether hepatic, uric acid level, reproductive, or

developmental effects will occur in humans.

Respiratory Effects. Decreases in lung function, dyspnea, and cough were reported in a study of workers
exposed to fine or ultrafine molybdenum trioxide dust (Ott et al. 2004). Another study of workers at a
molybdenite roasting facility exposed to molybdenum trioxide and other oxides did not have alterations in
lung function (Walravens et al. 1979). In studies of rats and mice exposed to molybdenum trioxide for

2 years, hyaline degeneration of the nasal epithelium, squamous metaplasia of the epiglottis, and chronic
inflammation (rats only) were observed (NTP 1997). However, no effects were observed following a

13-week exposure to similar concentrations (NTP 1997).
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Figure 1-1. Health Effects Found in Animals Following Oral Exposure to

Molybdenum
Dose (mg/ka/day) Effects in Animals
| 51-75 Intermediate: Anemia in rabbits; decreased body weight gain in rats;

hyperplasia in renal proximal tubules in rats

| 26-50 Acute: Tooth enamel lesions in young rats
Intermediate: Decreased maternal body weight gain in rats

| 1-25 Acute: Decreased sperm concentration and increase in sperm abnormalities
in rats; abnormal oocytes in rats
Intermediate: Altered estrous cycle

0.06 mg/kg/day Q Intermediate MRL

Hepatic Effects. Liver effects, which consisted of decreases in glycogen content, increases in
aminotransferase activities, and increases in lipid content, have been observed at higher doses

(=300 mg/kg/day) that are often associated with body weight losses (Rana and Chauhan 2000; Rana and
Kumar 1980b, 1980c; Rana et al. 1980, 1985). No hepatic effects have been observed at lower

(<60 mg/kg/day) doses (Bersenyi et al. 2008; Murray et al. 2014a).

Renal Effects. Several studies have reported renal effects in rats exposed to >60 mg/kg/day (Bompart et
al. 1990; Murray et al. 2014a; Rana and Kumar 1980c, 1983; Rana et al. 1980). The effects included
hyperplasia of the renal proximal tubules, degeneration, increases in total lipid levels in the kidney, and

diuresis and creatinuria.

Reproductive Effects. Cross-sectional epidemiological studies have reported significant associations
between blood molybdenum levels and sperm concentration and morphology (Meeker et al. 2008) or
testosterone levels (Lewis and Meeker 2015; Meeker et al. 2010). No significant alterations in sperm
parameters or estrous cycling were observed in a 90-day rat study (Murray et al. 2014a) or in a
2-generation reproductive toxicity study (Murray et al. 2019). Studies providing limited information on
molybdenum doses and/or the copper content of the diet have reported reproductive effects. Decreases in

sperm motility and concentration and increases in sperm morphological changes have been observed in
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rats exposed to approximately 25 mg molybdenum/kg/day as sodium molybdate (Pandey and Singh 2002;
Zhai et al. 2013). Degeneration of the seminiferous tubules was also observed at similar molybdenum
doses (Jeter and Davis 1954). Effects have also been observed in the female reproductive system (oocyte
morphological alterations, abnormal rate of ovulation, and irregularities in the estrous cycle) at >1.5 mg

molybdenum/kg/day in rats (Fungwe et al. 1990; Jeter and Davis 1954; Zhang et al. 2013).

Developmental Effects. Mixed results have been observed in animal developmental toxicity studies.
Decreases in the number of live fetuses and fetal growth were observed in rats administered 14 mg
molybdenum/kg as sodium molybdate (Pandey and Singh 2002). Interpretation of the results of this study
is limited by the lack of information on the copper content of the diet and the lack of developmental
effects reported in two high-quality studies in which rats were exposed to doses as high as 40 mg

molybdenum/kg/day as sodium molybdate (Murray et al. 2014b, 2019).

Uric Acid Levels. A study of workers at a molybdenite roasting facility exposed to molybdenum trioxide
and other oxides reported an increase in serum uric acid levels (Walravens et al. 1979). An increased
occurrence of gout-like symptoms and increased blood uric acid levels were also observed in residents
living in an area of high molybdenum levels in the soil (Koval’skiy et al. 1961); no alterations in urinary

uric acid levels were found in a 10-day experimental study in men (Deosthale and Gopalan 1974).

Cancer Effects. No increases in the risk of lung cancer were reported in workers who self-reported
exposure to molybdenum (Droste et al. 1999). An increase in alveolar/bronchiolar adenomas or
carcinomas was observed in mice exposed to molybdenum trioxide for 2 years (NTP 1997); in rats
chronically exposed to airborne molybdenum trioxide, the incidence of alveolar/bronchiolar adenoma/
carcinoma was within the range of historical controls (NTP 1997). The potential carcinogenicity of
molybdenum in humans has not been evaluated by the Department of Health and Human Services or the
EPA. The International Agency for Research on Cancer (IARC 2018) categorized molybdenum trioxide

as possibly carcinogenic to humans (Group 2B).
1.3 MINIMAL RISK LEVELS (MRLSs)
As summarized in Table 1-1, an inhalation MRL has been derived for chronic-duration exposure to

molybdenum trioxide and an oral MRL has been derived for intermediate-duration exposure to

molybdenum. As presented in Figure 1-2, available data have identified the kidney as a sensitive target of
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molybdenum toxicity following oral exposure. The available data were not considered adequate for

derivation of acute- or intermediate-duration inhalation MRLs or acute- or chronic-duration oral MRLs.

Table 1-1. Minimal Risk Levels (MRLs) for Molybdenum?

Uncertainty

Exposure Point of and modifying
duration MRL Critical effect departure factors Reference
Inhalation exposure (mg molybdenum/m?)
Acute Insufficient data for derivation of an MRL
Intermediate Insufficient data for derivation of an MRL
Chronic 0.002 Squamous metaplasia of 0.071 UF: 30 NTP 1997
(molybdenum the epiglottis in female (BMCLkec)
trioxide) rats
Oral exposure (mg/kg/day)
Acute Insufficient data for derivation of an MRL
Intermediate 0.06 Renal proximal tubule 17 (NOAEL) UF: 100 Murray et
hyperplasia MF: 3 al. 2014a
Chronic Insufficient data for derivation of an MRL

aSee Appendix A for additional information.

BMCL = benchmark concentration lower confidence limit; HEC = human equivalent concentration; MF = modifying
factor; NOAEL = no-observed-adverse-effect level; UF = uncertainty factor

Figure 1-2. Summary of Sensitive Targets of Molybdenum — Oral

The kidney is the most sensitive target of molybdenum oral exposure.
Numbers in circles are the lowest LOAELS for all health effects in animals.
No reliable dose response data were available for humans.

Acute (mg/kg/day)

Musculoskeletal 50

Intermediate (mg/kg/day)

Body weight 40

Hematological 54

Renal 60
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2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of molybdenum. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

To help public health professionals and others address the needs of persons living or working near hazardous
waste sites, the information in this section is organized by health effect. These data are discussed in terms of
route of exposure (inhalation, oral, and dermal) and three exposure periods: acute (<14 days), intermediate
(15-364 days), and chronic (>365 days).

As discussed in Appendix B, a literature search was conducted to identify relevant studies examining health
effect endpoints. Figure 2-1 provides an overview of the database of studies in humans or experimental
animals included in this chapter of the profile. These studies evaluate the potential health effects associated
with inhalation, oral, or dermal exposure to molybdenum, but may not be inclusive of the entire body of
literature. A systematic review of the scientific evidence of the health effects associated with exposure to

molybdenum was also conducted; the results of this review are presented in Appendix C.

Human and animal inhalation studies are presented in Table 2-1 and Figure 2-2; animal oral studies are

presented in Table 2-2 and Figure 2-3; and animal dermal studies are presented in Table 2-3.

Levels of significant exposure (LSEs) for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELS) or lowest-
observed-adverse-effect levels (LOAELS) reflect the actual doses (levels of exposure) used in the studies.
LOAELSs have been classified into "less serious” or "serious™ effects. "Serious" effects are those that
evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress
or death). "Less serious™ effects are those that are not expected to cause significant dysfunction or death,
or those whose significance to the organism is not entirely clear. ATSDR acknowledges that a

considerable amount of judgment may be required in establishing whether an endpoint should be
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classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be
insufficient data to decide whether the effect is indicative of significant dysfunction. However, the
Agency has established guidelines and policies that are used to classify these endpoints. ATSDR believes
that there is sufficient merit in this approach to warrant an attempt at distinguishing between "less
serious” and "serious" effects. The distinction between "less serious™ effects and "serious™ effects is
considered to be important because it helps the users of the profiles to identify levels of exposure at which
major health effects start to appear. LOAELSs or NOAELSs should also help in determining whether or not
the effects vary with dose and/or duration, and place into perspective the possible significance of these
effects to human health. Levels of exposure associated with cancer (Cancer Effect Levels, CELS) of

molybdenum are indicated in Table 2-1 and Figure 2-2.

A User's Guide has been provided at the end of this profile (see Appendix D]). This guide should aid in
the interpretation of the tables and figures for LSEs and MRLs.

Molybdenum, as a component of pterin-based cofactor, is an essential element. Historically, three
molybdenum cofactor-containing enzymes have been identified: sulfite oxidase, xanthine oxidase, and
aldehyde oxidase (NAS 2001; Sardesai 1993). These enzymes are involved in the degradation of sulfur-
containing amino acids and sulfatides, purine degradation pathway catalyzing the oxidation of
hypoxanthine to xanthine and of xanthine to uric acid, and oxidation of aromatic and nonaromatic
heterocycles and aldehydes to carboxylic acids (Wahl et al. 2010). Within the last 10 years, a fourth
enzyme, mitochondrial amidoxime reducing component (MARC), has been identified in mammals (Wahl
et al. 2010). Clear signs of molybdenum deficiency have not been found in healthy humans (NAS 2001).
However, a deficiency in molybdenum cofactor has been observed in individuals with a severe metabolic
defect. The lack of molybdenum cofactor and subsequent deficiencies in molybdoenzymes is manifested
in central nervous system effects (Bayram et al. 2013). The effects that typically occur shortly after birth
include intractable seizures and feeding difficulties; the patients develop severe psychomotor retardation
due to progressive cerebral atrophy and ventricular dilatation (Bayram et al. 2013). The nutritional
requirements for molybdenum are based on maintaining molybdenum balance; the Institute of Medicine

has established the following age-specific Recommended Dietary Allowances (RDAs) (NAS 2001):

o 17 pg/day for 1-3 year olds

e 22 ug/day for 4-8 year olds

e 34 pg/day for 9-13 year olds
e 43 ng/day for 14-18 year olds
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o 45 ng/day (0.64 pg/kg/day) for adults

e 50 pg/day in pregnant and lactating women

As illustrated in Figure 2-1, a number of human and laboratory animal studies have evaluated the toxicity
of molybdenum following inhalation, oral, or dermal exposure; this toxicological profile on molybdenum
does not include discussion of the health effects of molybdenum nanoparticles, which could have
different toxicological and toxicokinetic properties than larger molybdenum particles. Of the

92 identified toxicity publications, 84% evaluated health outcomes in laboratory animals; most (74%)
were conducted by the oral route of exposure. Inhalation studies primarily focused on the respiratory
tract, although intermediate- and chronic-duration studies examined a wide range of endpoints in rats and
mice exposed to molybdenum trioxide. Although a large number of laboratory oral exposure studies have
been identified, most had a limited scope (examined one or two potential targets). However, a small
number of studies evaluated a wide range of endpoints. The most studied endpoints following oral
exposure were potential hematological, musculoskeletal, and reproductive outcomes. No human dermal
exposure studies were identified; the animal studies primarily focused on dermal and immunological

endpoints.

A number of factors can influence the toxicity of molybdenum including the animal species; previous
dietary history; relative amounts of dietary molybdenum, copper, and sulfur; and the form of
molybdenum. The oral toxicity of molybdenum has been well-established in ruminants, particularly cows
and sheep. The toxicity is likely due to an interaction between molybdate and sulfide in the rumen,
resulting in the formation of thiomolybdates (Gould and Kendall 2011). In the absence of adequate
copper in the rumen, the thiomolybdate is absorbed through the rumen or small intestine and can bind to
copper-containing compounds such as ceruloplasmin and cytochrome oxidase, resulting in symptoms
resembling copper deficiency (a condition often referred to as molybdenosis). The observed effects can
include decreases in weight gain, alterations in hair/wool texture and pigmentation, delayed puberty, and
reduced conception rates. Molybdenum also interacts with copper in monogastric animals; however, the
mode of interaction differs between the species. The available data suggest that the findings in ruminants
do not appear to be relevant to humans or monogastric animals (NAS 2001). Thus, ruminant data will not

be further discussed in the toxicological profile.

Studies in rats provide evidence that copper status, particularly the copper content of the diet, can
influence the toxicokinetics and toxicity of molybdenum; see Section 3.4 for a more detailed discussion of

the interaction between molybdenum and copper. Administration of 150 or 500 mg/kg molybdenum in
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the diet for up to 6 weeks to rats fed a copper-deficient or copper-adequate diet resulted in profound
differences in the distribution of copper and molybdenum in the plasma, liver, and kidneys (Nederbragt
1980, 1982). For example, at a molybdenum dietary concentration of 150 mg/kg, molybdenum levels in
the liver and kidneys were 3.5 and 9 times higher than pre-exposure levels, respectively, in the copper-
adequate rats as compared to 6 and 4 times higher, respectively, in the copper-deficient rats.
Additionally, the relative increases in copper levels in the liver and kidneys associated with molybdenum
exposure were greater in the rats fed the copper-deficient diet, as compared to those fed the copper-
adequate diet. Exposure to elevated levels of dietary molybdenum in animals maintained on basal diets
with inadequate copper levels resulted in marked toxicity (for example, Brinkman and Miller 1961;
Johnson et al. 1969; Sasmal et al. 1968). Similar effects were not observed when animals were fed
similar molybdenum levels and maintained on a copper-adequate diet (for example, Mills et al. 1958;
Murray et al. 2014a; Peredo et al. 2013). In the United States, the average copper intake is 1.0—

1.6 mg/day and the copper RDA is 0.9 mg/day (NAS 2001). Thus, studies in which laboratory animals
were fed a copper-deficient diet may not be relevant to evaluating the risk of molybdenum toxicity to the
general population with adequate copper intake. Studies in which the laboratory animals were fed a basal
diet with inadequate copper levels are clearly identified in the text, are discussed separately from studies
in which there were adequate dietary copper levels, and are not included in the LSE table or figure. The
current recommended dietary copper concentrations of 5, 6, and 3 ppm have been established for rats,
mice, and rabbits, respectively (NAS 1977, 1995); for rats and mice, a copper dietary level of 8 ppm has
been established to support gestation and lactation (NAS 1995).

Ammonium tetrathiomolybdate is an experimental chelating agent used to decrease excess copper levels
in individuals with Wilson’s disease, a genetic disease that limits copper excretion resulting in an
accumulation of toxic levels of copper in the liver, brain, and eyes. Administration of tetrathiomolybdate
compounds, as compared to other molybdate compounds, results in more dramatic shifts in copper levels
in rats fed copper-adequate diets (Mills et al. 1981a), and the toxicity may differ from other molybdenum
compounds. Significant increases in serum and kidney copper levels, decreases in liver copper levels, and
increases in serum, liver, and kidney molybdenum levels were found in rats exposed to ammonium
tetrathiomolybdate as compared to rats receiving the same molybdenum dose as sodium molybdate (Mills
et al. 1981a); these results suggest that the tetrathiomolybdate impaired utilization of dietary copper,
utilization of stored copper, or both. A study in rats demonstrated that administration of supplemental
copper could reverse the adverse effects observed following administration via gavage of 12 mg
molybdenum/kg/day as ammonium tetrathiomolybdate (Lyubimov et al. 2004). This study suggests that

ammonium tetrathiomolybdate may interfere with copper homeostasis. No studies evaluating whether
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copper supplementation would reverse the toxicity of other molybdenum compounds were identified.

Because tetrathiomolybdate compounds may not be representative of other molybdenum compounds,

studies involving exposure to tetrathiomolybdate compounds are not included in the LSE table and figure,

but are discussed in the text.

The human and animal studies suggest several sensitive targets of molybdenum toxicity:

Respiratory Endpoints: Respiratory effects are a presumed health effect for humans based on
inadequate evidence in molybdenum oxide workers and a high level of evidence in rats and mice
chronically exposed to airborne molybdenum trioxide.

Renal Endpoints: Renal effects are a presumed health effect for humans based on no data in
humans and a high level of evidence in laboratory animals. The observed effects include
histological alterations in the kidneys and alterations in renal function.

Other Endpoints: Although there is some evidence that molybdenum exposure may result in
hepatic, reproductive, or developmental effects, the data are not considered adequate to classify
whether molybdenum is a hepatic or developmental hazard to humans.

0 Hepatic Effects: There is inadequate evidence of increased risk of liver disease in humans.

There is high evidence that inhalation or oral exposure to molybdenum compounds will result
in histological alterations in rats, mice, or rabbits. There is moderate evidence in rats that
exposure may result in alterations in serum clinical chemistry parameters and/or lipid levels
in laboratory animals.

Reproductive Effects: There is low evidence of male reproductive effects in cross-sectional
studies that do not establish causality. Two high-quality animal studies have not found
evidence of reproductive effects in rats. Several lower-quality studies have reported male and
female reproductive effects; other studies have not reported any reproductive alterations.
Developmental Effects: There is low evidence of developmental effects in epidemiological
studies that do not establish causality. There are mixed results in laboratory animal studies,
with most studies not finding evidence of developmental toxicity.
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Figure 2-1. Overview of the Number of Studies Examining Molybdenum Health Effects

Most studies examined the potential body weight, hematological, musculoskeletal, and reproductive effects of molybdenum
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*Includes studies discussed in Chapter 2. A total of 91 studies (including those finding no effect) have examined toxicity; most studies examined multiple

endpoints.
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Table 2-1. Levels of Significant Exposure to Molybdenum — Inhalation

Species NOAEL Less serious Serious

Figure (strain) Exposure Doses  Parameters (mg LOAEL (mg LOAEL (mg

key? No./group parameters (mg/m3®) monitored  Endpoint Mo/m%)  Mo/mq) Mo/m?®) Effects

ACUTE EXPOSURE

1 Rat 4 hours 0,1,200 CS, BW, FI, Bdwt 1,200 Weight loss or no body weight gain during
(Sprague- Wi, OW, HP first 2—3 post-exposure days; thereafter,
Dawley) weight gain was similar to controls
SM,5F Resp 1,200

Ammonium dimolybdate

Jackson et al. 1991a

2 Rat 4 hours 0, 3,890 CS, BW, FI, Bdwt 3,890 Weight loss during first 2—3 post-
(Sprague- Wi, OW, HP exposure days; thereafter, weight gain
Dawley) was similar to controls
SM,5F Resp 3,890

Molybdenum trioxide

Jackson et al. 1991b

3 Rat 4 hours 0,899 CS,BW,Fl, Bdwt 899 Weight loss during first 2—3 post-
(Sprague- Wi, OW, HP exposure days; thereafter, weight gain
Dawley) was similar to controls
SM,5F Resp 899

Sodium molybdate

Jackson et al. 1991c

4 Rat 4 hours 0, 2,613 CS, BW, FI, Bdwt 2,613 14% decrease in body weight gain on
(Sprague- Wi, OW, HP post-exposure day 3
Dawley) Resp 2,613
5M,5F

Molybdenum trioxide

Jackson et al. 1991d

5 Rat (CD) 4 hours 3,360 CS, GN, HP Resp 3,360
3M,3F

Molybdenum trioxide
Leuschner 2010
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Table 2-1. Levels of Significant Exposure to Molybdenum — Inhalation

Species NOAEL Less serious Serious
Figure (strain) Exposure Doses  Parameters (mg LOAEL (mg LOAEL (mg
key? No./group parameters (mg/m3®) monitored  Endpoint Mo/m%)  Mo/mq) Mo/m?®) Effects
6 Rat 6 hours/day 0, 2,6.7, CS, BW, HP Bd wt 67 200 Decreased body weight gain in males at
(Fischer- 5 days/week 20, 67, 67 mg/m3 (10%) and females exposed to
344)5M, 14 days 200 200 mg/m?® (13%); weight loss in males at
5F 200 mg/m? (terminal weight 5% less than
initial weight)
Resp 200
Molybdenum trioxide
NTP 1997
7 Mouse 6 hours/day 0, 2,6.7, CS, BW, HP Bd wt 200 Body weight loss in males and decrease
(B6C3F1) 5 days/week 20, 67, in body weight gain in females
5M,5F 14 days 200 Resp 200
Molybdenum trioxide
NTP 1997
INTERMEDIATE EXPOSURE
8 Rat 6.5 hours/day 0, 0.67, CS, BW, Bd wt 67
(Fischer- 5 days/week 2,6.7, OW, HP, RX Resp 67
344) 10 M, 13 weeks 20, 67 .
10F Cardio 67
Gastro 67
Hemato 67
Musc/skel 67
Hepatic 67
Renal 67
Endocr 67
Repro 67 M
Molybdenum trioxide
NTP 1997
9 Mouse 6.5 hours/day 0, 0.67, CS, BW, Bd wt 67
(B6C3F1) 5days/week 2,6.7, OW, HP, RX Resp 67
10 M, 10 F 13 weeks 20, 67 .
Cardio 67
Gastro 67
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Table 2-1. Levels of Significant Exposure to Molybdenum — Inhalation
Species NOAEL Less serious Serious
Figure (strain) Exposure Doses  Parameters (mg LOAEL (mg LOAEL (mg
key? No./group parameters (mg/m3®) monitored  Endpoint Mo/m%)  Mo/mq) Mo/m?®) Effects
Hemato 67
Musc/skel 67
Hepatic 67
Renal 67
Endocr 67
Repro 67 M
Molybdenum trioxide
NTP 1997
CHRONIC EXPOSURE
10 Human Occupational 0,9.47 BI, OF Resp 9.47
25M
Other 9.47 Increased serum uric acid levels
noncancer
Molybdate
Walravens et al. 1979
11 Rat 6 hours/day 0,6.7, CS, BW,HP Bdwt 67
(Fischer- 5 days/week 20, 67 Resp 6.7° Hyaline degeneration of nasal respiratory
344) 50 M, 105 weeks and olfactory epithelium (females only),
SO0 F squamous metaplasia of the epiglottis,
and chronic lung inflammation (only
significant at 20 and 67 mg/m?
concentrations);
BMCLkec of 0.071 mg/m?
Cardio 67
Gastro 67
Musc/skel 67
Hepatic 67
Renal 67
Endocr 67

Molybdenum trioxide
NTP 1997
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Table 2-1. Levels of Significant Exposure to Molybdenum — Inhalation

Species NOAEL Less serious Serious
Figure (strain) Exposure Doses  Parameters (mg LOAEL (mg LOAEL (mg
key? No./group parameters (mg/m3®) monitored  Endpoint Mo/m%)  Mo/mq) Mo/m?®) Effects
12 Mouse 6 hours/day 0,6.7, CS,BW,HP Bdwt 67
(B6C3F1) 5 days/week 20, 67 Resp 6.7 Squamous metaplasia of the epiglottis,
50 M, 50 F 105 weeks histiocytic cellular infiltration in the lungs,
and alveolar epithelial metaplasia were
observed at 26.7 mg/m?; nasal
suppurative inflammation in males at
20 or 67 mg/m?® and hyaline degeneration
of nasal respiratory and olfactory
epithelium (females only) at 67 mg/m?®
Cardio 67
Gastro 67
Musc/skel 67
Hepatic 67
Renal 67
Endocr 67
Cancer 6.7 Alveolar/bronchiolar carcinoma in males

at 26.7 mg/m? and increased incidence of
alveolar/bronchiolar adenoma in females
at 220 mg/m3; an increase in alveolar/
bronchiolar adenoma or carcinoma in
male mice exposed to 6.7 or 20 mg/m?®

Molybdenum trioxide
NTP 1997

aThe number corresponds to entries in Figure 2-2; differences in levels of health effects and cancer effects between male and females are not indicated in Figure 2-2.
Where such differences exist, only the levels of effect for the most sensitive gender are presented.

bUsed to derive a chronic-duration oral MRL for molybdenum trioxide of 0.002 mg molybdenum/m? based on a BMCL;o human equivalent concentration (HEC) of 0.071 mg
molybdenum/m? and an uncertainty factor of 30.

Bd wt or BW = body weight; Bl = biochemical changes; BMCL = 95% lower confidence limit on the benchmark concentration; Cardio = cardiovascular; CS = clinical signs;
Endocr = endocrine; F = female(s); Fl = food intake; Gastro = gastrointestinal; GN = gross necropsy; Hemato = hematological; HP = histopathology; LOAEL = lowest-
observed-adverse-effect level; M = male(s); MRL = minimal risk level; Musc/skel = muscular skeletal; NOAEL = no-observed-adverse-effect level; OF = organ function;
OW = organ weight; Repro = reproductive; Resp = respiratory; RX = reproductive effects; WI = water intake
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Figure 2-2. Levels of Significant Exposure to Molybdenum — Inhalation
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Figure 2-2. Levels of Significant Exposure to Molybdenum — Inhalation
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Figure 2-2. Levels of Significant Exposure to Molybdenum — Inhalation
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Species

Less serious Serious

Figure (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg LOAEL (mg
key?  No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
ACUTE EXPOSURE
1 Human 10 days 0.00237, UR Other 0.022 No alterations in urinary uric acid
4 M (F) 0.00771, noncancer levels
0.022
Ammonium molybdate
Deosthale and Gopalan 1974
2 Rat Once 1,900, 2,400, LE, CS, BW, Death 2,291 LDso
Sprague- (GO 3,000 GN . .
(Sprag (GO) Gastro 2,400 3,000 Thickening of the glandular
Dawley)
5M,5F stomach
Ammonium dimolybdate
Baldrick and Healing 1990e
3 Rat Once 2,000, 2,500 LE, CS, BW, Death 2,566 F, LDso
(Sprague- (GO) (males only), GN 1,802 M
Dawley) 3,200, 4,000
5M,5F (females
only), 5,000
Molybdenum trioxide
Baldrick and Healing 1990f
4 Rat Once 1,500, 2,300, LE, CS, BW, Death 2,079 F, LDso
(Sprague- (GO) 3,000 GN 1912 M
Dawley)
5M,5F
Sodium molybdate
Baldrick and Healing 19909
5 Rat PNDs 4-17 0,50 BW, HP Bd wt 50
(Sprague- (G) Musc/skel 50 Increased buccal and sulcal
ZDS‘VI\‘;:QV) enamel lesions following pre-

Sodium molybdate
Hunt and Navia 1975

eruptive exposure to molybdenum
and administration of a caries
promoting diet
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Table 2-2. Levels of Significant Exposure to Molybdenum — Oral
Species Less serious Serious
Figure (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg LOAEL (mg
key?  No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
6 Mouse 14 days 0,1.3,2.6, HP Repro 2.6 5.3 Increase in the rate of abnormal
(ICR)25F (W) 5311 MIl oocytes and decrease in
ovarian weights at 11 mg/kg/day;
ovarian hyperemia at 5.3 and
11 mg/kg/day (incidence not
reported)
Sodium molybdate
Zhang et al. 2013
7 Mouse 14 days 0,3,6,12, RX Repro 12 25 Decreases in relative epididymides
(ICR)10 M (W) 25, 49 weight, sperm concentration, and
sperm motility and increase in rate
of sperm abnormalities
Sodium molybdate
Zhai et al. 2013
8 Rabbit 14 days 0, 0.58 BW, HP Bd wt 0.58
(ZNe\IN d (F) Hepatic ~ 0.58
ealan
5M ) Renal 0.58
Ammonium heptamolybdate
Bersenyi et al. 2008
INTERMEDIATE EXPOSURE
9 Rat 8 weeks 0, 40, 80 BW, OW, UR Bd wt 40 80 Decrease in body weight gain;
(Sprague- (GW) terminal body weight was 26%
Dawley) lower than in controls
™ Renal 40 80 Increases in diuresis and

Ammonium heptamolybdate
Bompart et al. 1990

creatinuria, decreases in
creatinine clearance, increases in
urinary kallikrein (distal tubule
enzyme) levels, and increases in
relative and absolute kidney
weights
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Table 2-2. Levels of Significant Exposure to Molybdenum — Oral
Species Less serious Serious
Figure (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg LOAEL (mg
key?  No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
10 Rat 8 weeks 0,0.76, 1.5, BW, WI, RX Repro 0.76 15 Prolonged estrus phase (6—
(Sprague- (W) 7.6, 15 12 hours) of the estrous cycle at
Dawley) =1.5 mg/kg/day; no effects on
6F fertility
Sodium molybdate
Fungwe et al. 1990
11 Rat 6 weeks 0,70 BW, HE Hemato 70
(Sprague- (F)
Dawley) 3—
6M,2-3F
Sodium molybdate
Gray and Daniel 1954
12 Rat (Long- At least 0,7 BW, HE Bd wt 7
Evans) 8 weeks Hemato 7
4M,4F (F) Repro -
Develop 7
Sodium molybdate
Jeter and Davis 1954
13 Rat 5 weeks 0,74 BW, BI Bd wt 74 36% decrease in body weight gain
(Wistar) (F)
4 M
Sodium molybdate
Mills et al. 1958
14 Rat 90 days 0,5,17,60 CS, BW, BC, Bd wt 17 M 60 M 15.2% lower terminal body weight
(Sprague- (F) HE, FI, GN, in males
Dawley) HP, OW Resp 60
10 M, 10 F .
Cardio 60
Gastro 60
Hemato 60
Hepatic 60
Renal 17 FP 60 F Slight diffuse hyperplasia in the

renal proximal tubules were
observed in 2/10 female rats
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Table 2-2. Levels of Significant Exposure to Molybdenum — Oral
Species Less serious Serious
Figure (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg LOAEL (mg
key?  No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mol/kg/day) Mol/kg/day) Effects
Ocular 60
Endocr 60
Repro 60 F
60 M
Other 60
noncancer
Sodium molybdate
Murray et al. 2014a
15 Rat GDs 6-20 0, 3, 10, 20, DX Develop 40
(Sprague- (F) 40
Dawley)
25F
Sodium molybdate
Murray et al. 2014b
16 Rat 2 generations 0, 5,17,40 CS, BW, Bd wt 40
(Sprague- 10 weeks OW, HP, RX, Resp 40
Dawley) prior to DX
24 M, 24 F mating, 10— Renal 40
17 days Endocr 40
mating period, Repro 40
and gestation
and lactation Develop 40
periods
(W)
Sodium molybdate
Murray et al. 2019
17 Rat 2 generations 0, 40 CS, BW, Bd wt 40 F Decreased maternal weight gain
(Sprague- 10 weeks OW, HP, RX, (22%) on GDs 0-7
Dawley) prior to DX Resp 40
24 M, 24 F mating, 10— Renal 40
17 days ena
mating period, Endocr 40
and gestation Repro 40
and lactation Develop 40

periods

(F)
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Species

Less serious Serious

Figure (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg LOAEL (mg
key?  No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
Sodium molybdate
Murray et al. 2019
18 Rat 5 days/week 0, 4.7, 14, 24 BW Bd wt 24
(Druckery) 60 days Repro 4.7 14 Decreases in sperm count and
10M (GW) sperm motility and increases in
sperm abnormalities at
=14 mg/kg/day; degeneration of
seminiferous tubules in the testes
at 24 mg/kg/day; it is unclear
whether this was also observed at
14 mg/kg/day
Sodium molybdate
Pandey and Singh 2002
19 Rat 5 days/week 0, 14 DX, RX Repro 14 Decrease in fertility (60% versus
(Druckery) 60 days 80% in controls) and increased
20M (GW) pre-implantation losses
Develop 14 Increased post-implantation
losses, increased resorptions,
decreased number of live fetuses,
and decreases in fetal weight and
crown-rump length
Sodium molybdate
Pandey and Singh 2002
20 Rat 9 weeks 0, 100 BW, Bl, OW Bd wt 100
(Wistar) (W)
6 M
Cardio 100
Other 100 No alterations in blood triglyceride,
noncancer glucose, or insulin levels

Sodium molybdate
Peredo et al. 2013
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Table 2-2. Levels of Significant Exposure to Molybdenum — Oral
Species Less serious Serious
Figure (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg LOAEL (mg
key?  No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
21 Rat 4-5 weeks 0, 110 BW, BI Bd wt 110 M 46—-48% decrease in body weight
(Wistar) (F) gain
10 M or
5M,5F
Sodium molybdate
Van Reem and Williams 1956
22 Rat 6 weeks 0, 85 BW, BI Bd wt 85
(Wistar) (F)
8 NR
Sodium molybdate
Williams and Van Reem 1956
23 Rat 6 weeks 0, 90, 144, BW, BI Bd wt 90 Decreases in body weight gain of
(Wistar) (F) 185 22, 44, and 60% in the 90, 144,
8 NR and 185 mg/kg/day groups
Sodium molybdate
Williams and Van Reem 1956
24 Rat 8 weeks 0, 0.015, BW, Bl, OW Bd wt 15
(Sprague- (W) 0.076, 0.15,
Dawley) 0.30, 0.76,
10F 15
Sodium molybdate
Yang and Yang 1989
25 Mouse 100 days 0, 100 BW, BC, HP, Bd wt 100
(Kunming) (W) RX Repro 100 Decreased sperm density and
20M motility; testicular atrophy (no
incidence data reported)
Molybdenum

Wang et al. 2016
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Table 2-2. Levels of Significant Exposure to Molybdenum — Oral
Species Less serious Serious
Figure (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg LOAEL (mg
key?  No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
26 Rabbit 30-84 days 0, 7.1, 25, CS, LE, BW, Death 120 4/5 and 2/2 died at 120 and
(Dutch) 2— (F) 54, 120, 240 HE 240 mg/kg/day; average survival
5M,F was 44 and 30 days, respectively
Bd wt 25 120 Weight loss at 120 and
240 mg/kg/day
Hemato 25 54 Anemia in 2/5, 5/5, and 4/5 rabbits
at 54, 120, and 240 mg/kg/day
Musc/skel 25 54 Front leg abnormality described as
weakness progressing to inability
to “maintain weight and legs
spread outward”
Dermal 25 54 Alopecia
Sodium molybdate
Arrington and Davis 1953
CHRONIC EXPOSURE
27 Human NR 0.21 BC Other 0.21 Increased incidence of symptoms
262M,F (F) noncancer of gout and an increased blood
uric acid levels
Molybdenum

Koval’sky et al. 1961

aThe number corresponds to entries in Figure 2-3; differences in levels of health effects and cancer effects between male and females are not indicated in Figure 2-3.
Where such differences exist, only the levels of effect for the most sensitive gender are presented.
bUsed to derive an intermediate-duration oral MRL of 0.06 mg/kg/day based on a NOAEL of 17 mg molybdenum/kg/day, a total uncertainty factor of 100, and a modifying

factor of 3.

BC = biochemistry; Bd wt or BW = body weight; Bl = biochemical changes; Cardio = cardiovascular; CS = clinical signs; Develop = developmental; DX = developmental
effects; Endocr = endocrine; (F) = feed; F = female(s); FI = food intake; (GO) = gavage in oil; (GW) = gavage in water; Gastro = gastrointestinal; GD = gestation day;
GN = gross necropsy; HE = hematology; Hemato = hematological; HP = histopathology; LE = lethality; LOAEL = lowest-observed-adverse-effect level; M = male(s);
MRL = minimal risk level; Musc/skel = muscular/skeletal; NOAEL = no-observed-adverse-effect level; NR = not reported; OW = organ weight; PND = postnatal day;
Repro = reproductive; Resp = respiratory; RX = reproductive effects; UR = urinalysis; (W) = water; WI = water intake
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Figure 2-3. Levels of Significant Exposure to Molybdenum — Oral
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Figure 2-3. Levels of Significant Exposure to Molybdenum — Oral
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Figure 2-3. Levels of Significant Exposure to Molybdenum — Oral
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Table 2-3. Levels of Significant Exposure to Molybdenum — Dermal

Less serious  Serious LOAEL

Species (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg (mg
No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
ACUTE EXPOSURE

Guinea pig Twice 90% CS,BW,IX Immuno 90
(Dunkin/Hartley)

20F

Ammonium dimolybdate

Allan 1996a

Guinea pig Twice 70% CS,BW,IX Immuno 70
(Dunkin/Hartley)

20F

Molybdenum trioxide

Allan 1996¢

Guinea pig Twice 70% CS,BW,IX Immuno 70
(Dunkin/Hartley)

20F

Sodium molybdate

Allan 1996d

Guinea pig Twice 70% CS,BW,IX Immuno 70
(Dunkin/Hartley)

20F

Molybdenum trioxide

Allan 1996b

Rat (CD) 24 hours 0, CS,BW,GN Dermal 1,200
5M,5F 1,200 mg/kg

Ammonium dimolybdate

Baldrick and Healing 1990a

Rat (CD) 24 hours 0, CS,BW,GN Dermal 1,300
5M,5F 1,300 mg/kg

Molybdenum trioxide

Baldrick and Healing 1990b

Rat (CD) 24 hours 0, 930 mg/kg CS, BW, GN Dermal 930
5M,5F

Sodium molybdate
Baldrick and Healing 1990c
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Less serious

Serious LOAEL

Species (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg

No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects

Rat (CD) 24 hours 0, CS,BW,GN Dermal 1,300

5M,5F 1,300 mg/kg

Molybdenum trioxide

Baldrick and Healing 1990d

Rabbit (New Once 0, 56 mg CS Ocular 56 Mild conjunctival inflammation
Zealand)

6 M

Ammonium dimolybdate

Liggett and McRae 1990a

Rabbit (New Once 0,67 mg CS Ocular 67 Mild conjunctival inflammation
Zealand)

6 M

Molybdenum trioxide

Liggett and McRae 1990b

Rabbit (New Once 0, 46 mg CS Ocular 46 Mild conjunctival inflammation
Zealand)

6 M

Sodium molybdate

Liggett and McRae 1990c

Rabbit (New Once 0, 67 CS Ocular 67 Conjunctival inflammation
Zealand)

6 M

Molybdenum trioxide

Liggett and McRae 1990d

Rabbit (New 4 hours 280 mg CS Dermal 280

Zealand)

6 F

Ammonium dimolybdate

Liggett and McRae 1990e

Rabbit (New 4 hours 340 mg CS Dermal 340

Zealand)
6 F

Molybdenum trioxide
Liggett and McRae 1990f
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Table 2-3. Levels of Significant Exposure to Molybdenum — Dermal

Less serious  Serious LOAEL

Species (strain) Exposure Doses Parameters NOAEL (mg LOAEL (mg (mg

No./group parameters (mg/kg/day) monitored Endpoint Mo/kg/day) Mo/kg/day) Mo/kg/day) Effects
Rabbit (New 4 hours 230 mg CS Dermal 230

Zealand)

6 F

Sodium molybdate
Liggett and McRae 1990g

BW = body weight; CS = clinical signs; F = female(s); GN = gross necropsy; IX = immune function; LOAEL = lowest-observed-adverse-effect level; M = male(s);
NOAEL = no-observed-adverse-effect level
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2.2 DEATH

The lethality of molybdenum compounds has been investigated in several inhalation and oral exposure
studies in laboratory animals. In inhalation studies, no deaths were reported in rats or mice exposed to
<200 mg molybdenum/m? for 14 days (NTP 1997) or <67 mg molybdenum/m? for 90 days or 2 years
(NTP 1997).

Oral LDs values have been estimated in rats exposed to several molybdenum compounds. The estimated
LDso values were 2,291 mg molybdenum/kg for ammonium dimolybdate (Baldrick and Healing 1990e),
1,802 and 2,566 mg molybdenum/kg for pure molybdenum trioxide for males and females, respectively
(Baldrick and Healing 1990f), and 1,912 and 2,079 mg molybdenum/kg for sodium molybdate for males
and females, respectively (Baldrick and Healing 1990g). A study of technical-grade molybdenum
trioxide did not report deaths occurring in rats administered a single dose of 3,400 mg molybdenum/kg
(Baldrick and Healing 1990h).

Several oral studies have reported deaths in rabbits repeatedly exposed to molybdenum. Mortality rates
of 42-100% were observed in rabbits exposed to 59-120 mg molybdenum/kg/day for intermediate
durations (Arrington and Davis 1953; Robinson et al. 1969; Valli et al. 1969; Widjajakusuma et al. 1973).
Although the causes of death were not reported, anorexia, body weight loss, and anemia were observed in
most of the studies at the lethal concentrations, suggesting that the deaths may be related to a functional
copper deficiency. The copper content of the diet was adequate in the Arrington and Davis (1953) study
and was not reported in the Widjajakusuma et al. (1973), Robinson et al. (1969), and Valli et al. (1969)
studies. No deaths have been reported in rat studies (e.g., Lyubimov et al. 2004; Murray et al. 2014a,
2014; Pandey and Singh 2002).

2.3 BODY WEIGHT

There are limited epidemiological data evaluating possible associations between molybdenum and body
weight. A cross-sectional study of National Health and Nutrition Examination Survey (NHANES)
participants did not find an association between urinary molybdenum levels and the risk of being
overweight (Mendy et al. 2012).

Several inhalation exposure studies have reported body weight effects in laboratory animals. Single

4-hour exposures to 1,200 mg molybdenum/m? as ammonium dimolybdate (Jackson et al. 1991a),
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3,890 mg molybdenum/m? as molybdenum trioxide (Jackson et al. 1991b), 2,613 mg molybdenum/m? as
molybdenum trioxide (Jackson et al. 1991d), or 899 mg molybdenum/m? as sodium molybdate (Jackson
et al. 1991c) resulted in decreases in body weight gain or weight loss during the first 2-3 days post-
exposure; thereafter, the body weight gain was similar to controls. Decreases in body weight gain and
weight loss were observed in rats and mice exposed via inhalation to molybdenum trioxide for 14 days
(NTP 1997). Terminal body weights were 10% lower in male rats exposed to 67 mg molybdenum/m?
compared to controls, and weight loss was observed in male rats and mice exposed to 200 mg
molybdenum/m?. In female rats and mice exposed to 200 mg molybdenum/m?, the terminal body weights
were 13 and 10%, respectively, lower than the control groups. No significant alterations in body weight
gain were observed in rats or mice exposed to airborne molybdenum trioxide concentrations as high as

67 mg molybdenum/m? for 13 weeks or 2 years (NTP 1997).

A large number of animal studies reported alterations in body weight following acute- or intermediate-
duration oral exposure to molybdenum. Large differences in terminal body weights between controls and
molybdenum-exposed groups and weight loss have been reported in many studies in which the basal diet
did not provide adequate levels of copper (Brinkman and Miller 1961; Fell et al. 1979; Johnson and
Miller 1961; Ostrom et al. 1961; Sasmal et al. 1968; Van Reen 1959). In one study, exposure to 500 mg
molybdenum/kg/day as sodium molybdate resulted in weight loss in rats (Sasmal et al. 1968); no
alterations in weight loss were observed at 50 or 100 mg molybdenum/kg/day. The weight loss began
early in the study; the animals weighed about 35% less than at the start of the study after 1 week of
exposure. In another study by this group (Sasmal et al. 1968), exposure to 50 mg molybdenum/kg/day as
ammonium molybdate resulted in weight loss. Although the study suggests differences between the two
molybdenum compounds, the very low copper content of the diet (no additional copper was added to the
purified diet) precludes extrapolating these data to other conditions. In another study comparing
molybdenum compounds, a 10-day dietary exposure to 0.6 mg molybdenum/kg/day as ammonium
tetrathiomolybdate resulted in a 10% decrease in body weight in rats; however, no alterations in body
weight gain were observed in rats exposed to 0.6 mg molybdenum/kg/day as ammonium heptamolybdate
under the same exposure conditions (Parry et al. 1993). The copper content of the diet was 3 ppm, which

is lower than the recommendation of 5 ppm in the diet (NAS 1995).

Decreases in body weight gain have been observed in studies in which the basal diet provided a
nutritionally adequate level of copper (Arrington and Davis 1953; Bompart et al. 1990; Jeter and Davis
1954; Johnson et al. 1969; Lyubimov et al. 2004; Mills et al. 1958; Murray et al. 2014a; Van Reen and
Williams 1956). Significant decreases in body weight gain were observed at 60-110 mg
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molybdenum/kg/day as sodium molybdate or ammonium heptamolybdate in intermediate-duration studies
(Bompart et al. 1990; Mills et al. 1958; Murray et al. 2014a; Van Reen and Williams 1956; Williams and
Van Reen 1956). The magnitude of the decrease in body weight gain appeared to be related to the dose,
with approximately 15% decreases observed at 60 mg molybdenum/kg/day and 48% decreases observed
at 110 mg molybdenum/kg/day. Administration of ammonium tetrathiomolybdate resulted in a LOAEL
of 4.4 mg molybdenum/kg/day for decreases in body weight gain (Lyubimov et al. 2004); the interaction
between the ammonium tetrathiomolybdate and copper may have resulted in copper insufficiency and
contributed to the body weight effect. Decreases in food intake have also been reported in dietary
exposure studies (Murray et al. 2014a; Williams and Van Reen 1956) and a gavage study (Lyubimov et
al. 2004). Williams and Van Reen (1956) found that when the control group food intake was matched to
the molybdenum group, body weight was not adversely affected after 5 weeks of exposure to 85 mg
molybdenum/kg/day as sodium molybdate. However, when the control group had ad libitum access to
food, exposure to 90 mg molybdenum/kg/day as sodium molybdate resulted in a 22% decrease in body
weight gain. In contrast, Murray et al. (2014a) found a decrease in food conversion efficiency suggesting
that factors other than the reduction in feed intake resulted in the decreased body weight gain. Similarly,
in a study by Johnson and Miller (1961) in which the basal diet contained 3.2 ppm copper, large
differences (50-60% less) in food intake were observed between the control group and the group exposed
to 20 ppm molybdenum/kg/day as sodium molybdate. However, when the control intake was matched to

the molybdenum group’s intake, significant decreases in body weight gain were still observed.

2.4 RESPIRATORY

Limited data are available on the toxicity of molybdenum to the respiratory tract of humans. A cohort
study of workers exposed to molybdenum trioxide and other oxides at a molybdenite roasting plant
reported normal lung function test results in 20/25 workers (Walravens et al. 1979). Some alterations in
lung function (forced expiratory volume in 1 second, FEV1) were observed in the remaining five workers;
the decrease in FEV; was characterized as mild in three of the workers and “more marked” in two
workers, which may be indicative of mild obstructive lung disease. The study did not provide lung
function data for a reference group. The estimated 8-hour time-weighted average (TWA) molybdenum
concentration in total dust was 9.46 mg molybdenum/m?; the molybdenum content of the respirable dust
ranged from 1.02 to 4.49 mg molybdenum/m?®. Another cohort study of workers exposed to fine and
ultrafine molybdenum trioxide dust reported dyspnea and cough in symptomatic workers (Ott et al. 2004).
Radiographic abnormalities were noted in the lungs of most of the symptomatic workers and in half of the

asymptomatic workers, although none of the radiographs showed evidence of interstitial lung disease.
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Significant differences in lung function (increased predicted FEV; and forced vital capacity) were also
observed in the workers, as compared to a control group. In symptomatic workers, alterations in
bronchioalveolar lavage cytology suggestive of subclinical alveolitis were noted. This study (Ott et al.
2004) has several limitations including the lack of monitoring data, minimal information on the control
group, which does not appear to be comprised of workers at this facility, and differences in the mean and
ranges of ages of the different groups (40.0 years [range of 24-58 years], 30.5 years [22-45 years], and
30.0 years [14-72 years] in the symptomatic workers, asymptomatic workers, and controls, respectively),

which were not adjusted for in the statistical analyses.

The potential respiratory toxicity of molybdenum has been investigated in laboratory animals exposed to
airborne molybdenum trioxide for acute, intermediate, and chronic durations and in intermediate-duration
oral studies in rats. No histological alterations were observed in the lungs of rats exposed for 4 hours to
1,200 mg molybdenum/m?® as ammonium dimolybdate (Jackson et al. 1991a), 2,613-3,890 mg
molybdenum/m? as molybdenum trioxide (Jackson et al. 1991b, 1991d; Leuschner 2010), or 899 mg
molybdenum/m? as sodium molybdate (Jackson et al. 1991c). In inhalation studies conducted by the
National Toxicology Program (NTP 1997), no histological alterations were observed in the nasal cavity of
rats and mice exposed to 200 mg molybdenum/m® as molybdenum trioxide for 14 days (NTP 1997); no
other regions of the respiratory tract were examined. Similarly, no histological alterations were observed
in the respiratory tract of rats or mice exposed to <67 mg molybdenum/m?* as molybdenum trioxide for

13 weeks (NTP 1997). In contrast, chronic exposure resulted in lesions in the nose, larynx, and lungs in
rats and mice exposed to molybdenum trioxide for 2 years (NTP 1997). In the nose, hyaline degeneration
of the respiratory and olfactory epitheliums was observed in rats exposed to >6.7 mg molybdenum/m?® and
in mice exposed to 67 mg molybdenum/m?; other nasal lesions observed in mice included suppurative
inflammation at >20 mg molybdenum/m® and olfactory epithelial atrophy at 67 mg molybdenum/m?,
Squamous metaplasia of the epiglottis was observed in rats and mice exposed to >6.7 mg
molybdenum/m?. In the lungs, chronic inflammation was observed in rats exposed to >20 mg
molybdenum/m?*and alveolar epithelial metaplasia and histiocytic cellular infiltration were observed at

>6.7 mg molybdenum/m?.

Two laboratory animal studies examined the respiratory tract following oral exposure to molybdenum.
No lesions were observed in the lungs of rats exposed to <60 mg molybdenum/kg/day as sodium
molybdate in the diet for 90 days (Murray et al. 2014a) or <40 mg molybdenum/kg/day as sodium
molybdate in the drinking water or diet for 147-158 days (Murray et al. 2019).
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25 CARDIOVASCULAR

Using the dataset from the NHANES cross-sectional study (2009-2012), Shiue and Hristova (2014)
found an association between urinary molybdenum levels and high blood pressure among adults after
adjusting for potential confounders (adjusted odds ratio [OR] of 1.45; 95% confidence interval [CI] of
1.04-2.02). The investigators estimated that molybdenum accounted for 6.3% of the variance in the
population risk and significant associations were also found for other metals including cesium, lead,
platinum, antimony, arsenic, and tungsten and industrial pollutants including phthalates, bisphenol A, and
parabens. In a cross-sectional study examining the possible association between municipal water
constituents and cardiovascular mortality in residents of 94 large cities in the United States, Schroeder
and Kraemer (1974) found a weak negative correlation between arteriosclerotic heart disease deaths and
molybdenum levels among white males, but not white females or nonwhite males or females. The mean
concentration of molybdenum in the municipal water samples was 1.25 pg/L (0.00003 mg
molybdenum/kg/day, assuming a water intake of 2 L/day and body weight of 70 kg) with a range of 0-
16 pg/L. These studies appear to provide conflicting results, with one study suggesting a beneficial effect
of increased molybdenum (Schroeder and Kraemer 1974) and the other a detrimental effect (Shiue and
Hristova 2014). However, a number of etiological factors contribute to the overall risk of both diseases

and the contribution of molybdenum to the overall risk was low in both studies.

In the only laboratory animal study evaluating blood pressure, Peredo et al. (2013) reported a slight
decrease (approximately 4%) in systolic blood pressure in rats exposed to 100 mg molybdenum/kg/day as
sodium molybdate in drinking water for 9 weeks; this slight decrease in blood pressure was not
considered biologically relevant. No histological alterations were observed in the hearts of rats or mice
exposed to airborne molybdenum trioxide concentrations as high as 67 mg molybdenum/m? for 13 weeks
or 2 years (NTP 1997) or in rats ingesting <60 mg molybdenum/kg/day as sodium molybdate in the diet
for 90 days (Murray et al. 2014a).

2.6 GASTROINTESTINAL

Intermediate- or chronic-duration inhalation exposure to <67 mg molybdenum/m? as molybdenum

trioxide did not result in histological alterations in the gastrointestinal tract (NTP 1997).

A single-dose oral lethality study reported thickening of the glandular stomach in rats receiving a gavage

dose of 3,000 mg molybdenum/kg as ammonium dimolybdate (Baldrick and Healing 1990e). No
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histological alterations were observed in the gastrointestinal tract of rats exposed to <60 mg
molybdenum/kg/day as sodium molybdate in the diet for 90 days (Murray et al. 2014a). In contrast, Fell
et al. (1979) reported soft feces and diarrhea and a number of histological alterations in the
gastrointestinal tract of rats exposed for up to 21 days to 0.5 mg molybdenum/kg/day as ammonium
tetrathiomolybdate in the diet (diet provided an inadequate amount of copper). The alterations included
shortening of the gastric pits with a reduction in the amount of mucin in the stomach, an increase in the
crypt to villus ratio in the small intestine due to a lengthening of the crypts, edema of the lamina propria
in the ileum, and submucosal edema of the cecum resulting in a thickening of the cecum but no effect on
the brush border. However, the investigators did not provide incidence data, which limits the assessment

of these alterations.

2.7 HEMATOLOGICAL

No significant alterations in hematological parameters were observed in rats or mice following inhalation
exposure to molybdenum trioxide at concentrations as high as 67 mg molybdenum/m? for 13 weeks (NTP
1997).

In general, the hematological system does not appear to be a target of molybdenum oral toxicity when the
basal diet contains adequate levels of copper. In rats exposed to sodium molybdate or ammonium
heptamolybdate, the highest NOAEL values for hematological alterations ranged from 3.35 to 150 mg
molybdenum/kg/day for intermediate-duration exposure (Brinkman and Miller 1961; Franke and Moxon
1937; Gray and Daniel 1954; Hunt and Navia 1973; Jeter and Davis 1954; Johnson et al. 1969; Murray et
al. 2014a). One study reported decreases in erythrocyte counts, hemoglobin, and hematocrit in rats
exposed to 4.4 mg molybdenum/kg/day as ammonium tetrathiomolybdate administered via gavage for
59-61 days (Lyubimov et al. 2004). Although the basal diet contained the National Research Council’s
(NRC’s) recommended amount of copper (NAS 1995), hematological effects were not observed in rats
exposed to the same molybdenum dose receiving a diet containing additional copper (110 ppm),
suggesting that the hematological effects may have been secondary to a molybdenum-induced copper
deficiency (anemia is a sign of copper deficiency). In young rabbits, exposure to 54 mg
molybdenum/kg/day as sodium molybdate in the diet resulted in anemia (Arrington and Davis 1953).
Even though the reported copper concentration in the diet exceeded the more recently recommended
standard of 3 ppm (NAS 1977), administration of additional copper resulted in increases in hemoglobin
levels. In a similar study using mature rabbits, anemia was observed in one of two rabbits exposed to

30 mg molybdenum/kg/day as sodium molybdate in the diet (Arrington and Davis 1953). Decreases in
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hemoglobin levels and packed cell volume were also observed in two other rabbit studies (Valli et al.
1969; Widjajakusuma et al. 1973) in which rabbits were exposed to 77 or 59 mg molybdenum/kg/day in
the diet for approximately 4 weeks. Mortality was observed in both studies and neither study reported the
copper levels of the basal diet; Valli et al. (1969) did note that the rabbits were fed a diet with a low
copper content. In pigs, no hematological alterations were observed following dietary exposure to 20—
100 ppm molybdenum as sodium molybdate or ammonium heptamolybdate in the diet for at least

8 weeks (Gipp et al. 1967; Kline et al. 1973); the studies did not provide sufficient information to allow

for an estimation of the molybdenum dose.

2.8 MUSCULOSKELETAL

No histological alterations were observed in the bones of rats or mice exposed via inhalation to 6.7-67 mg
molybdenum/m? as molybdenum trioxide for 13 weeks or 2 years (NTP 1997). Chronic molybdenum
inhalation exposure also did not affect femoral bone density or curvature in groups of 10 rats exposed to

concentrations as high as 67 mg molybdenum/m? (NTP 1997).

A number of oral exposure studies in laboratory animals have examined the effect of molybdenum on
bone growth and strength and on the promotion of dental caries. Musculoskeletal effects were observed
in two studies in which the diet contained at least the recommended level of copper. In a study by
Johnson et al. (1969) in which rats were exposed to 150 mg molybdenum/kg/day as sodium molybdate in
the diet for 6 weeks (the basal diet contained copper levels that were 3 times higher than the
recommended amount), decreases in femur breaking strength (22% less than controls) and tail ring
rupture strength (32% less than controls) were observed. Young rabbits exposed to >54 mg
molybdenum/kg/day as sodium molybdate for 30-84 days exhibited a front limb abnormality
characterized by weakness progressing to an inability to “maintain weight and legs spread outward”
(Arrington and Davis 1953). This was not observed in mature rabbits exposed to <120 mg
molybdenum/kg/day as sodium molybdate for at least 54 days (Arrington and Davis 1953). The
investigators noted that in three of the seven affected animals, one or both feet bent inward at the carpus
joint, the articular surface of the radius was exposed, and the tendon slipped out of normal position. It
should also be noted that increases in mortality were also observed in the young rabbits exposed to 54 mg
molybdenum/kg/day, and in two of the rabbits with limb abnormalities, administration of additionally
copper did not reverse the skeletal effect, although there was improvement of other effects including

anemia and body weight gain.
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In an acute-duration study, femurs were significantly shorter in rats exposed to 0.6 mg
molybdenum/kg/day as ammonium heptamolybdate or ammonium tetrathiomolybdate for 13 days (Parry
et al. 1993). No alterations in the width of the growth plate or the bone composition (dry matter content,
ash content, or percentage of calcium or phosphorus) were found. Similar findings were found in a
26-day study conducted by Parry et al. (1993); significant decreases in femur length were noted in rats
exposed to 0.6 mg molybdenum/kg/day as ammonium heptamolybdate or ammonium tetrathiomolybdate
in the diet. Although no direct comparisons were made between the two molybdenum groups, the
magnitude of the decrease in femur length, as compared to the controls, was greater in the
tetrathiomolybdate group. Increases in growth plate width were also observed in the rats exposed to
ammonium tetrathiomolybdate, but not in rats exposed to ammonium heptamolybdate. In both
experiments, the rats were fed a basal diet with inadequate copper levels (60% of the recommended
concentration); in the ammonium tetrathiomolybdate study, plasma and liver copper levels indicated that
the animals were extremely copper deficient. Spence et al. (1980) examined the development of
widening of the epiphyseal growth plate over time in rats exposed to 1 mg molybdenum/kg/day as
ammonium tetrathiomolybdate in the diet for 2-21 days. The study found cartilaginous dysplasia at the
epiphyseal growth plate with impaired or arrested endochondral ossification, increases in periosteal
osteogenesis and production of large amounts of disorganized bone, resorption of most trabecular bone,
hemorrhaging within and tearing of tendons and ligaments, rotation and slipping of the distal epiphysis in
the femur without fracture, and impaired fibrogenesis at ligamentous attachments to bone. Thickening
and widening of the epiphyseal growth plate were observed in the distal femur and proximal and in the
epiphyses of the humeral head, distal radius, and ulna; these effects were observed within the first

2 weeks of the study. Other morphological alterations in the bone were observed after 7 days of
exposure; these included loss of alignment of hypertrophic cells at the periphery of the epiphyseal
cartilage and localized increases in cell numbers. In rats allowed to recover for 39 days following the
21-day exposure period, osteogenesis and fibrogenesis returned to normal, and remodeling and growth
returned (although some abnormal cartilage and bone were present). As with the Parry et al. (1993)
study, the rats in the Spence et al. (1980) study were fed a basal diet containing an inadequate amount of
copper (60% of the recommended level). Fejery et al. (1983) found an increase in femur breaking
strength in rats exposed to 0.17 or 1.7 mg molybdenum/kg/day (copper content of the diet was not
reported), which was considered a beneficial effect; at 17 mg molybdenum/kg/day, breaking strength was
similar to controls. However, if the rats were maintained on a protein-deficient diet, decreases in
breaking strength were observed at 1.7 and 17 mg molybdenum/kg/day. In rabbits exposed to a lethal
concentration of sodium molybdate (77 mg molybdenum/kg/day) in the diet for 4 weeks, fractures of the

humeral bone epiphyses were observed in 50% of the animals (Valli et al. 1969). Other effects included
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longitudinal widening of the epiphyseal cartilage, marked reduction in trabecular bone, irregularly
arranged spicules, and irregular metaphyseal calcification. In addition, the investigators noted that there
was marked muscular degeneration in the pelvic limbs in 25% of the rabbits. The copper content of the
basal diet was not reported in this study, although the investigators noted that the diet had a low copper

content.

Alterations in tooth enamel and caries formation have also been observed in laboratory animals exposed
to molybdenum. In rat pups administered 50 mg molybdenum/kg/day as sodium molybdate via gavage
on postnatal days (PNDs) 4-17 (prior to tooth eruption) and fed a caries-promoting diet on PNDs 18-35,
a 25% increase in buccal enamel lesion and 85 and 12.5% increases in lesions penetrating to the buccal
and sulcal dentine-enamel junctions, respectively, were observed in the mandibular molars (Hunt and
Navia 1975). Fejery et al. (1983) reported biphasic alterations in incisor tooth enamel microhardness in
rats exposed to sodium molybdate in drinking water for 6 weeks (the copper content of the basal diet was
not reported). At 1.7 mg molybdenum/kg/day, there were increases in microhardness (6—7% increases in
surface and deep enamel microhardness), which was considered a beneficial effect. However, at 17 mg
molybdenum/kg/day, tooth surface and deep enamel microhardness was decreased by 14.5 and 7.5%,
respectively. The study also examined the possible effect of a low protein diet (3% in the low-protein
groups compared to 18% in the protein-adequate groups) and found that the beneficial effect of 1.7 mg
molybdenum/kg/day did not occur in the rats in the low-protein diet; a 4-5% reduction in microhardness
was found at 1.7 mg/kg/day. Van Reen et al. (1962) did not find increases in dental caries in weanling
NMRI-D rats (a caries susceptible strain) exposed to 8 mg molybdenum/kg/day as sodium molybdate for

5 weeks (the basal diet provided adequate copper levels).

2.9 HEPATIC

There are limited data on the hepatotoxicity of molybdenum in humans. Using the NHANES 2007-2008
cross-sectional study data, Mendy et al. (2012) found a significant association between urinary
molybdenum levels and the risk of having a self-reported liver condition (OR 3.09; 95% CI 1.24-7.73).
The geometric mean urinary molybdenum level of the population was 43.8 ug molybdenum/g creatinine
(95% CI 42.61-45.19); the investigators did not report the urinary concentration associated with the
increased risk of liver conditions. This study does not establish causality between molybdenum exposure
and liver damage, and significant associations were also found between uranium and cesium levels and

liver conditions.
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The liver does not appear to be a sensitive target of molybdenum toxicity in laboratory animals, although
some studies have reported biochemical alterations. No significant alterations in serum clinical chemistry
parameters or liver weights were observed in rats or mice exposed to airborne molybdenum trioxide
concentrations as high as 67 mg molybdenum/m? for 13 weeks (NTP 1997). No significant alterations in

the incidence of hepatic lesions were observed following 13 weeks or 2 years of exposure (NTP 1997).

No histological alterations were observed in livers of rabbits exposed to 1.2 mg molybdenum/kg/day as
ammonium heptamolybdate in the diet for 14 days (Bersenyi et al. 2008), rabbits exposed to 0.58 mg
molybdenum/kg/day from carrots grown in ammonium heptamolybdate rich soil, or rats exposed to

60 mg molybdenum/kg/day in the diet for 90 days (Murray et al. 2014a); these are the only studies that
included histological examination of the liver. The Bersenyi et al. (2008) female rabbit study did not find
alterations in serum alanine or aspartate aminotransferases levels, y-glutamyl transferase, alkaline
phosphatase, or cholesterol levels; however, a 60% increase in serum triglyceride levels was found at

1.2 mg molybdenum/kg/day. In contrast, the Murray et al. (2014a) study examined similar serum clinical

chemistry parameters (including triglyceride levels) and did not find any significant alterations.

A series of studies conducted by Rana and associates have also reported some liver alterations in rats
exposed to 300-490 mg molybdenum/kg/day as ammonium molybdate. The reported alterations included
increases in total lipid levels (Rana et al. 1980; Rana and Kumar 1980b, 1980c), decreases in “total
carbohydrate” levels (Rana and Kumar 1980c), decreases in glycogen content (Rana et al. 1985), and
increases in serum alanine aminotransferase and aspartate aminotransferase activities (Rana and Chauhan
2000). The addition of 100 mg/kg body weight/day copper to the basal diet (approximately 5 ppm)
appeared to reverse the effects of molybdenum on hepatic lipid and carbohydrate levels (Rana and Kumar
1980c). There was low confidence in these studies due to the poor reporting of the study design
(including route of oral administration, whether the dose was reported in terms of molybdenum or
ammonium molybdate, and copper content of the diet), the lack of histological examination of the liver,
and the reported body weight losses (Rana et al. 1980; Rana and Chauhan 2000).

2.10 RENAL
Intermediate- or chronic-duration inhalation exposure to molybdenum trioxide (highest concentration

tested was 67 mg molybdenum/m?) did not result in histological alterations in the kidney of rats or mice
(NTP 1997).
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The available data from laboratory animal studies suggest that the kidney may be a target of molybdenum
toxicity following oral exposure. In the only available acute-duration study, no histological alterations
were observed in the kidneys of female rabbits exposed to 1.2 mg molybdenum/kg/day as ammonium
heptamolybdate in the diet for 14 days (Bersenyi et al. 2008) or male rabbits exposed to 0.58 mg
molybdenum/kg/day from carrots grown in ammonium heptamolybdate-rich soil for 14 days (Bersenyi et
al. 2008). Murray et al. (2014a) reported a slight diffuse hyperplasia in the renal proximal tubules in

2/10 female rats exposed to 60 mg molybdenum/kg/day as sodium molybdate in the diet for 90 days; no
renal lesions were observed in females exposed to 60 mg molybdenum/kg/day for 90 days and allowed to
recover for 60 days. No alterations were observed in the male rats. Although the incidence was low, the
investigators considered it to be treatment-related because it is an uncommon finding in female rats of this
age. In asubsequent 2-generation study by this group, no histological alterations were observed in male
or female rats exposed to 40 mg molybdenum/kg/day as sodium molybdate in drinking water or diet for
147-158 days (Murray et al. 2019). Degenerative changes in the kidneys were noted in male rats exposed
to 240 mg molybdenum/kg/day as ammonium molybdate (Bandyopadhyay et al. 1981). It should be
noted that the food intake in the molybdenum group was paired to another group of rats fed a low-protein
diet and exposed to molybdenum; the basal diet likely provided adequate copper levels. No other studies

included histological examination of the kidneys.

Several studies reported alterations in serum and urinary parameters that could be suggestive of altered
renal function. Diuresis and creatinuria and a decrease in creatinine clearance were observed in rats
administered via gavage 80 mg molybdenum/kg/day as ammonium heptamolybdate for 8 weeks (Bompart
et al. 1990). The study did not find significant alterations in urinary protein or glucose levels. Studies by
Rana and associates have reported increases in total lipid levels in the kidneys (Rana et al. 1980; Rana
and Kumar 1980c), decreases in “total carbohydrate” levels in the kidney (Rana and Kumar 1980c),
increases in serum urea and urinary albumin levels (Rana and Kumar 1983), and increases in urine
specific gravity (Rana and Kumar 1983) in rats exposed to high doses of ammonium molybdate (300-
490 mg molybdenum/kg/day). The addition of copper (approximately 5 ppm) to the basal diet appeared
to reverse the increased lipid and decreased carbohydrate levels (Rana and Kumar 1980c). As noted in
the hepatic effects section, there is low confidence in these studies and the results should be interpreted

cautiously.
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2.11 DERMAL

Information on the dermal toxicity of molybdenum comes from a small number of oral exposure studies
reporting skin and hair effects and acute-exposure dermal studies. In an oral exposure study of weanling
rabbits (Arrington and Davis 1953), alopecia and slight dermatosis were observed in four of five rabbits
exposed to 54 mg molybdenum/kg/day as sodium molybdate in the diet for 84 days; no dermal effects
were observed at 25 mg molybdenum/kg/day. In another study by this group, alopecia and slight
dermatosis were observed in one of two mature rabbits exposed to 30 mg molybdenum/kg/day as sodium
molybdate. Anemia was also observed at these doses. In the study of weanling rabbits, administration of
additional copper resulted in a return to a normal hair coat, suggesting that copper insufficiency, possibly
molybdenum induced, was a contributing factor to the dermal toxicity. Johnson et al. (1969) reported
decreases (25% lower than controls) in skin rupture strength in rats exposed to 150 mg

molybdenum/kg/day as sodium molybdate in the diet for 6 weeks.

No dermal effects were observed in rats following a 24-hour dermal application of 280 or 1,200 mg
molybdenum/kg as ammonium dimolybdate (Baldrick and Healing 1990a; Liggett and McRae 1990e),
340 or 1,300 mg molybdenum/kg as pure molybdenum trioxide (Baldrick and Healing 1990b; Liggett and
McRae 1990f), 230 or 930 mg molybdenum/kg as sodium molybdate (Baldrick and Healing 1990c;
Liggett and McRae 1990g), or 1,333 mg molybdenum/kg as technical-grade molybdenum trioxide
(Baldrick and Healing 1990d).

2.12 OCULAR

No ocular lesions were observed in rats exposed to 60 mg molybdenum/kg/day as sodium molybdate in

the diet for 90 days (Murray et al. 2014a); no other oral or inhalation studies examined ocular endpoints.

Instillation of 56 mg molybdenum/kg as ammonium dimolybdate (Liggett and McRae 1990a), 67 mg
molybdenum/kg as pure molybdenum trioxide (Liggett and McRae 1990b), 67 mg molybdenum/kg as
technical grade molybdenum trioxide (Liggett and McRae 1990d), or 46 mg molybdenum/kg as sodium

molybdate (Liggett and McRae 1990c) resulted in conjunctival inflammation in rabbits.
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2.13 ENDOCRINE

The possible association between molybdenum and thyroid effects was investigated in adults (subjects did
not report having thyroid disease, thyroid cancer, or taking thyroid medication on a medical questionnaire
completed at the blood sampling) using the NHANES 2007-2008 cross-sectional study data set (Yorita
Christensen 2013). Associations between decreased levels of triiodothyronine (free and total) and
thyroxine (free) and higher urinary molybdenum levels were found. Although the study found
associations, these data are inadequate for establishing causality. Another study of NHANES participants
did not find an association between urinary molybdenum levels and thyroid problems (Mendy et al.
2012). A cross-sectional study of men at a fertility clinic found a significant inverse relationship between
blood molybdenum levels and prolactin levels (Meeker et al. 2009). The men were categorized into three
groups based on blood molybdenum levels (<70™, 70"-85", and >85" percentile); the association was
found in the men with blood molybdenum levels >85™ percentile, as compared to men with levels

<70" percentile. The study did not find a significant association with thyroid stimulating hormone and

blood molybdenum levels.

Inhalation studies did not find histological alterations in the adrenal, pituitary, pancreas, parathyroid, or
thyroid glands in rats and mice exposed to <67 mg molybdenum/m? as molybdenum trioxide for 13 weeks
or 2 years (NTP 1997).

In oral exposure laboratory animal studies, increases in serum cortisol, prolactin, and follicle stimulating
hormone levels were found in male rats administered 240 mg molybdenum/kg/day as ammonium
molybdate for 4 weeks (Bandyopadhyay et al. 1981); as noted in the renal effects section, food intake was
matched to a low-protein molybdenum group. No increases in the incidence of histological alterations in
the adrenal glands, pituitary gland, or thyroid were observed in rats exposed to 60 mg
molybdenum/kg/day as sodium molybdate in the diet for 90 days (Murray et al. 2014a) or up to 40 mg
molybdenum/kg/day as sodium molybdate in drinking water or diet for 147-158 days (Murray et al.
2019). Several thyroid effects were reported in rabbits exposed to 59 mg molybdenum/kg/day as sodium
molybdate in the diet for 25-31 days (Widjajakusuma et al. 1973). The investigators did not report the
copper content of the diet; it is likely to be low based on the severe decreases in body weight,
hematological parameters, and increased mortality. The effects included decreases in thyroxine secretion
rates; decreases in follicle size (height and diameter); atrophy of the follicular epithelium, colloids, and
stroma; and degenerative alterations in the follicular epithelium and interfollicular connective tissue.

With the exception of the degenerative changes, similar, but less prominent, thyroid effects were also
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observed in pair-fed controls, suggesting that the decreases in food intake and body weight contributed to

the thyroid toxicity.

2.14 IMMUNOLOGICAL

There are limited data on the immunotoxicity of molybdenum in humans. Studies of patients with
stainless steel stents (which contain nickel, chromate, and molybdenum) or in patients prior to hip or knee
replacements found a low rate of positive results in patch tests with molybdenum (Koster et al. 2000;
Menezes et al. 2004; Zeng et al. 2014). In patients with stainless steel stents, 3% had a positive delayed-
type contact hypersensitivity reaction to molybdenum chloride (Koster et al. 2000). In the other studies,
exposure to an unspecified molybdenum compound did not result in any positive hypersensitivity results
(Menezes et al. 2004; Zeng et al. 2014).

No studies have examined immune function following inhalation exposure to molybdenum.
Intermediate- and chronic-duration studies in rats and mice did not report histological alterations in the
thymus or spleen at molybdenum trioxide levels as high as 67 mg molybdenum/m?® (NTP 1997). No
studies were located regarding immune effects in laboratory animals following oral exposure to

molybdenum.

Guinea pigs showed contact sensitization to a topical challenge with molybdenum pentachloride after
induction via intradermal injection with 0.03% molybdenum and topical exposure to 5.2% molybdenum
and an epicutaneous challenge with >0.35% molybdenum as molybdenum pentachloride (Boman et al.
1979). Similarly, guinea pigs were sensitized to 3.2% molybdenum as sodium molybdate following
intradermal (3.2% molybdenum) or topical (8% molybdenum) induction (Boman et al. 1979). In contrast,
other studies of skin sensitization in guinea pigs were negative for ammonium dimolybdate (Allan
1996a), pure and technical-grade molybdenum trioxide (Allan 1996b, 1996¢), and sodium molybdate
(Allan 1996d); these studies tested higher molybdenum concentrations (70-90% molybdenum) than the
Boman et al. (1979) study.

2.15 NEUROLOGICAL
Information on the potential neurotoxicity of molybdenum comes from inhalation and oral exposure

studies in laboratory animals evaluating brain histology or monitoring for overt signs of neurotoxicity.

None of these studies included function testing. No overt signs of neurotoxicity were observed in
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laboratory animal studies (e.g., Murray et al. 2014a; NTP 1997). No histological alterations were
observed in the brain of rats and mice exposed via inhalation to <67 mg molybdenum/m? as molybdenum
trioxide for 13 weeks or 2 years (NTP 1997) or rats exposed to <60 mg molybdenum/kg/day as sodium
molybdate in the diet for 90 days (Murray et al. 2014a). In contrast, Helaly et al. (2018) reported dense
inflammation and neurocyte degeneration in the cerebral cortex and hippocampus of rats receiving gavage
doses of 30 mg molybdenum/kg/day as molybdenum dihydrate for 30 days; however, the study did not

include incidence data.

2.16 REPRODUCTIVE

There are limited data on reproductive effects of molybdenum in humans. The available studies have
evaluated correlations between ambient molybdate exposure and reproductive health measures, including
semen quality (Meeker et al. 2008) and sex hormone levels (Meeker et al. 2010). A cross-sectional study
by Meeker et al. (2008) reported an inverse association between higher molybdenum blood levels

(>85" percentile, based on molybdenum levels in blood) and sperm concentration (adjusted OR 3.48;
95% CI 1.12-10.8) after adjustment for potential confounders and other metal exposures. No associations
were found for sperm morphology (adjusted OR 2.61; 95% CI 0.97-7.0) or sperm motility (adjusted OR
2.24; 95% CI1 0.77-6.49). In another cross-sectional study, Meeker et al. (2010) reported an inverse
correlation between higher molybdenum blood levels (>70" percentile) and testosterone and free
androgen index (molar ratio of total testosterone sex hormone-binding globulin) levels. The men in these
studies, who were recruited from Michigan infertility clinics and were not all considered to be infertile
(i.e., their partners may have been infertile), were only exposed to molybdenum from their surroundings.
An inverse association between a biomarker of molybdenum exposure (urinary levels) and serum
testosterone levels was also observed in a cross-sectional study of males participating in NHANES (Lewis
and Meeker 2015). The study found a 3.82% decrease in serum testosterone levels when urinary
molybdenum levels doubled (after adjustment for age, body mass index [BMI], income, race, and
smoking). Although these studies found associations, they do not establish causality and the alterations in

reproductive parameters may be due to multiple factors rather than only to molybdenum exposure.

Studies in laboratory animals have evaluated potential alterations in male reproductive tissues, female
reproductive tissue, and fertility following inhalation (no evaluation of fertility) or oral exposure. No

studies have evaluated reproductive toxicity following dermal exposure.
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Several studies have evaluated the reproductive toxicity in male laboratory animals. No alterations in
sperm count or motility or histological alterations of male reproductive tissues were observed in rats or
mice exposed via inhalation to molybdenum trioxide concentrations as high as 67 mg molybdenum/m?
(NTP 1997). Murray et al. (2014a) did not find any alterations in spermatid, sperm counts, sperm
motility, or sperm morphology in rats exposed to 60 mg molybdenum/kg/day as sodium molybdate in the
diet for 90 days. Although the study found no alterations in the percentage of motile sperm, a slight, but
statistically significant, decrease in the percentage of progressively motile sperm was observed at 60 mg
molybdenum/kg/day (59.0% compared to 69.4% in controls). The investigators noted that the decrease
was likely attributable to the control group having a value that approached the upper end of the range for
historical controls (mean of 59.8+16.2%). No alterations in sperm parameters were observed in male rats
exposed to <40 mg molybdenum/kg/day as sodium molybdate in drinking water in a 2-generation study
(Murray et al. 2019). In parental-generation males exposed to 40 mg molybdenum/kg/day as sodium
molybdate in the diet, an increase in the number of sperm with no head was found (Murray et al. 2019).
However, the investigators did not consider this to be treatment-related since it was largely due to one

male rat, was not observed in the F1 males, and the values were within the range of historical controls.

In contrast to these findings, other studies have reported male reproductive effects. Decreases in sperm
motility and concentration and increases in sperm morphological changes were observed in rats
administered via gavage 14 mg molybdenum/kg/day as sodium molybdate for 60 days (Pandey and Singh
2002), and in mice exposed to 25 mg molybdenum/kg/day as sodium molybdate in the drinking water for
14 days (Zhai et al. 2013). These studies also found decreases in epididymides, seminal vesicles, and/or
prostate gland weights (Pandey and Singh 2002; Zhai et al. 2013). The Zhai et al. (2013) study also
found increases in sperm motility and concentration and decreases in the occurrence of sperm
morphological alterations in rats exposed to lower molybdenum doses (6 mg molybdenum/kg/day as
sodium molybdate). A study in rabbits reported reductions in the number of germ cells and mature
spermatocytes in the testes (Bersenyi et al. 2008); the investigators also noted a large number of syncytial
giant cells and degenerated cells in the seminiferous tubules. Interpretation of these results are limited
since incidence data or statistical analyses were not reported. Degeneration of the seminiferous tubules
was found in rats at 7 mg molybdenum/kg/day as sodium molybdate, which was administered in the diet
from weaning through sexual maturity (Jeter and Davis 1954); although this study provided an adequate
amount of copper, there was evidence of copper deficiency (achromotrichia) at >7 mg
molybdenum/kg/day. Degeneration of the seminiferous tubules was also reported by Pandey and Singh
(2002) for intermediate-duration (60 days) exposures in rats administered molybdenum at doses up to

24 mg molybdenum/kg/day (sodium molybdate); however, the dose(s) producing the effects are unclear
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and incidence data were not reported. The Pandey and Singh (2002) and Zhai et al. (2013) studies did not
report the copper content of the basal diet, although both studies used commercial diets. Lyubimov et al.
(2004) reported delayed spermiation, increased sperm and seminal fluid concentration, and increased
sloughing of epididymal tail epithelial cells at 4.4 mg molybdenum/kg/day as ammonium
tetrathiomolybdate. Although the basal diet in the Lyubimov et al. (2004) study provided 11 ppm of
copper, which is above the National Academy of Sciences (NAS 1995) recommended amount for rats

(5 ppm), dietary copper supplementation (110 ppm) prevented testicular toxicity. It is likely that the
tetrathiomolybdate interfered with the absorption of dietary copper, resulting in a secondary effect of

copper insufficiency.

As with the male reproductive effects, conflicting results have been reported for female reproductive
effects. Murray et al. (2014a) did not find any alterations in vaginal cytology or estrus cycle in female
rats exposed to <60 mg molybdenum/kg/day as sodium molybdate in the diet for 90 days or in a
2-generation study in which rats were exposed to <40 mg molybdenum/kg/day as sodium molybdate in
the drinking water or the diet (Murray et al. 2019). No histological alterations were observed in female
reproductive tissues in rats or mice following inhalation exposure to <67 mg molybdenum/m? for

13 weeks or 2 years (NTP 1997), in rats exposed to <60 mg molybdenum/kg/day as sodium molybdate in
the diet for 90 days (Murray et al. 2014a), or in rabbits exposed to 1.2 mg molybdenum/kg/day as
ammonium heptamolybdate in the diet for 14 day (Bersenyi et al. 2008). Zhang et al. (2013) reported an
increase in the rate of MII oocyte morphological abnormalities and decreases in relative ovarian weights
were observed in mice exposed to 11 mg molybdenum/kg/day as sodium molybdate in drinking water for
14 days. The investigators also reported ovarian hyperemia in mice exposed to 5.3 and 11 mg
molybdenum/kg/day; however, the incidence and statistical significance were not reported. Irregularities
in the estrous cycle were reported in rats administered 1.5 mg molybdenum/kg/day in the drinking water

from weaning through sexual maturity (Fungwe et al. 1990).

Several intermediate-duration oral studies evaluated fertility. No alterations in fertility were observed in
female rats exposed to <15 mg molybdenum/kg/day as sodium molybdate in drinking water (Fungwe et
al. 1990), in a 2-generation study in rats exposed to <40 mg molybdenum/kg/day as sodium molybdate in
drinking water or diet (Murray et al. 2019), or in male and female rats exposed to 7 mg
molybdenum/kg/day as sodium molybdate in the diet when a high copper diet was administered (Jeter and
Davis 1954). In contrast, Pandey and Singh (2002) reported decreases in fertility in males exposed to

14 mg molybdenum/kg/day as sodium molybdate and mated to unexposed females. Another study

conducted by Jeter and Davis (1954) in which rats were exposed to 7 mg molybdenum/kg/day from
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weaning to maturity also found impaired male fertility; in this study, there is some indication that the diet

did not provide an adequate level of copper.

2.17 DEVELOPMENTAL

Information on the potential developmental toxicity of molybdenum is limited to two epidemiological
studies and oral exposure studies in laboratory animals. Vazquez-Salas et al. (2014) found an association
between third-trimester maternal urinary molybdenum levels (mean level of 54.0 pg/g creatinine) and
infant psychomotor development indices, including gross and fine motor coordination, during the first

30 months of life in a cross-sectional study of women in Mexico participating in a prospective study of
neurodevelopment in children. A doubling of creatinine corrected urinary molybdenum levels resulted in
significant decreases in psychomotor development index scores. No association was found between
maternal urinary molybdenum levels during pregnancy (mean levels ranged from 45.6 to 54.6 pg/g
creatinine during the first, second, and third trimesters) and newborn body weight or infant mental
development indices (sensory ability, memory, learning, problem solving, and verbal ability). Shirai et al.
(2010) found no association between maternal urinary molybdenum levels and newborn body weight,
length, or head circumference in a cross-sectional study of women in Japan with mean urinary
molybdenum levels of 79.0 ug/g creatinine. As noted elsewhere in this document, these observational
epidemiology studies do not establish causality between molybdenum and developmental effects, and

other factors are likely to have contributed to the risk.

No developmental effects were reported in three studies of rats exposed to molybdenum in the presence of
adequate copper concentrations in the basal diet (Jeter and Davis 1954; Murray et al. 2014b, 2019). Ina
2-generation study, no alterations in pup survival, sex ratios, pup body weight, or developmental
landmarks were observed in the F1 or F2 offspring of rats exposed to up to 40 mg molybdenum/kg/day as
sodium molybdate in the drinking water or diet (Murray et al. 2019). In a single-generation study,
Murray et al. (2014b) reported no effects on litter size, embryofetal survival, sex ratio, fetal body weight,
or fetal malformations and variations in rats exposed to 40 mg molybdenum/kg/day as sodium molybdate
in the diet on gestation days (GDs) 6-20. No alterations in birth weights were observed in the offspring
of male and female rats exposed to 7 mg molybdenum/kg/day as sodium molybdate for at least 14 weeks
(Jeter and Davis 1954). In contrast to these findings, one study found decreases in the number of live
fetuses, fetal crown-rump length, and fetal body weight in the offspring of male rats administered 14 mg

molybdenum/kg as sodium molybdate via gavage for 60 days prior to mating to untreated females
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(Pandey and Singh 2002). The copper content of the commercial diet was not reported but was assumed

to be adequate.

Developmental effects have also been reported in studies in which the copper content of the diets was
lower than the NAS-recommended standard of 8 ppm for pregnant rats (NAS 1995). Fungwe et al.
(1990) reported increases in fetal resorptions and decreases in litter weights in female rats exposed to

1.3 mg molybdenum/kg/day as sodium molybdate in the drinking water for 8 weeks prior to mating
through GD 21; the copper content in the basal diet was 6.3 ppm. Decreased maternal body weight gain
was also observed at doses resulting in developmental toxicity. Decreased weaning weights were
observed in the offspring of rats exposed to >2 mg molybdenum/kg/day as sodium molybdate; the copper
content of the diet was 5 ppm (Jeter and Davis 1954). Lyubimov et al. (2004) found no effects on litter
size or fetal survival in rats administered molybdenum daily via gavage at 4.4 mg molybdenum/kg/day as
ammonium tetrathiomolybdate for 59-61 days (for 29 days prior to mating, during mating, and thereafter
until sacrifice) in males or for 22-35 days (for 15 days prior to mating, during mating, and during GDs 0—
6) in females. Two studies only available as abstracts provide additional information on the potential
developmental toxicity of molybdenum. Lyubimov et al. (2002) found no developmental effects in rats
exposed to 6 mg/kg/day as tetrathiomolybdate on GDs 6-17. Exposure on GDs 7-20 resulted in an
increase in carpal/tarsal flexure in the offspring of dams exposed to 20 mg/kg/day ammonium
tetrathiomolybdate (Lyubimov et al. 2003). Although neither study provided information on the copper

content of the diet, it is assumed to be adequate based on Lyubimov et al. (2004).

2.18 OTHER NONCANCER

Several studies have evaluated the possible associations between molybdenum and uric acid levels.
Slight, but significant increases in serum uric acid levels were observed in molybdenite roasting facility
workers exposed to a TWA concentration of 9.47 mg molybdenum/m?as molybdenum trioxide and other
oxides (Walravens et al. 1979). The serum uric acid levels were 5.90 mg/dL in the exposed workers and
5.01 mg/dL in the controls; these levels are within the normal range. No significant associations between
serum molybdenum levels and serum uric acid levels were found, and none of the workers reported gout-

like symptoms.

Koval’skiy et al. (1961) reported a significant increase in blood uric acid levels and symptoms of gout in
a cross-sectional study of residents living in an area of Armenia with high levels of molybdenum in the

soil and food, as compared to residents living outside of this area. The mean uric acid levels in a subset
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of the examined population (n=52) was 6.2 mg/dL, as compared to levels in five control subjects who had
a mean level of 3.8 mg/dL; the mean uric acid levels were 8.1 mg/dL among the subjects with gout
symptoms and 5.3 mg/dL among the exposed subjects without symptoms. The investigators reported that
copper intakes (5-10 mg/day) were lower in the high molybdenum area as compared to copper intake for
residents outside of this area (10-15 mg/day). It was also noted that gout-like symptoms have not been
observed in other high molybdenum areas that have higher copper intakes (Koval’skiy et al. 1961).
Interpretation of the result of this study is limited by the small control group, as compared to the exposed
group; lack of information on the selection of controls, particularly if they were matched to the exposed
group; and lack of information on diet and alcohol exposure, which could influence uric acid levels.
Additionally, NAS (2001) noted potential analytical problems with the serum and urine copper
measurements. Based on the levels of molybdenum in the foodstuff, the investigators estimated a daily
dose of 10-15 mg (0.14-0.21 mg/kg/day assuming a 70-kg body weight). Deosthale and Gopalan (1974)
did not find significant increases in urinary uric acid levels in four subjects exposed to a low molybdenum
diet for 10 days followed by a high molybdenum diet with an ammonium molybdate supplement for

7 days (TWA molybdenum intake was 0.014 mg molybdenum/kg/day), as compared to uric acid levels
when the subjects were fed a low molybdenum diet. A series of studies in Colorado investigated uric acid
levels in communities with high molybdenum levels in the drinking water from mine tailings pollution
(EPA 1979). Comparisons between subjects living in areas with high molybdenum in the drinking water
(80-200 pg/L; approximately 0.002-0.006 mg/kg/day) to those living in areas with lower levels

(<40 pg/L; <0.001 mg/kg/day) did not result in any significant differences in serum uric acid levels or
urinary molybdenum levels. Another study (EPA 1979) noted that serum uric acid levels were within the
normal range in students with an estimated molybdenum intake of 500 pg/day (0.007 mg/kg/day) (EPA
1979). A third study found significant increases in uric acid levels in residents with low molybdenum

(20 pg/L; 0.0006 mg/kg/day) levels in the water and in residents with high molybdenum levels (150-

200 pg/L; 0.004-0.006 mg/kg/day) in the drinking water; as compared to residents with drinking water
levels of 0-50 pg/L (0-0.001 mg/kg/day). The inconsistencies in the results could be explained by the

lack of control of several variables including age, sex, alcohol intake, dietary habits, and altitude.

Murray et al. (2014s) found a statistically significant decrease in serum uric acid levels in female rats
exposed to >5 mg molybdenum/kg/day as sodium molybdate in the diet for 90 days; no alterations were
observed in male rats exposed to up to 60 mg molybdenum/kg/day. Other statistically significant
alterations in serum clinical chemistry parameters noted in the Murray et al. (2014a) study include
decreases in total protein and calcium at 60 mg molybdenum/kg/day in males and decreases in serum

creatinine at >5 mg molybdenum/kg/day in females. The investigators noted that the changes in serum
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clinical chemistry (including uric acid levels) were not considered treatment-related because the
alterations were of small magnitude, not dose-related, due to outliers in the controls, and/or consistent
with normal variability. Quantitative data for the serum clinical chemistry parameters were not provided

in the published paper.

Possible associations between molybdenum and diabetes and related outcomes have also been
investigated in a limited number of epidemiological and laboratory animal studies. In a cross-sectional
study of 9,447 NHANES participants, Menke et al. (2016) found an association between urinary
molybdenum levels and diabetes. The ORs and 95% Cls for subjects with urinary molybdenum levels in
the second, third, and fourth quartiles, as compared to the first quartile were 1.46 (1.09-1.97), 1.89 (1.35-
2.66), and 1.76 (1.24-2.50), respectively. Associations were also found for Homeostatic Model

Assessment (HOMA) insulin resistance levels for all subjects and in subjects without diabetes.

Two studies in rats did not find significant alterations in serum glucose levels following intermediate-
duration exposure to 60 or 100 mg molybdenum/kg/day (Murray et al. 2014a; Peredo et al. 2013);
additionally, serum insulin levels were not altered by exposure to 100 mg molybdenum/kg/day (Peredo et
al. 2013). Prakash (1989) reported decreases in glycogen levels in the hindlimb muscles of rats
administered 490 mg molybdenum/kg/day as ammonium molybdate via gavage for 30 days. The
significance of this effect is difficult to determine since the study did not provide information on body

weight gain.

2.19 CANCER

The potential carcinogenicity of molybdenum compounds has been evaluated in an occupational exposure
study and in a rat and mouse inhalation study. In a case-control study examining the potential association
between lung cancer and exposure to 16 potential carcinogens, Droste et al. (1999) did not find a
significant increase in lung cancer among workers who self-reported exposure to molybdenum. However,
an increased risk of lung cancer was found in workers who self-reported working in industries that could
involve exposure to molybdenum (OR 2.1; 95% CI 1.2-3.7); the job most often related to molybdenum
exposure was processing of stainless steel in the manufacture of metal goods, which could also involve
exposure to other carcinogens including chromium, nickel, and arsenic. Limitations of this study,
including self-reported exposure and the potential exposure to other lung carcinogens, preclude its use in

assessing the potential carcinogenicity of molybdenum.
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In the 2-year NTP rat study (NTP 1997), an increase in the combined incidence of alveolar/bronchiolar
adenoma or carcinoma was observed in male rats exposed to 67 mg molybdenum/m?® as molybdenum
trioxide; however, the incidence was within the range of historical controls and NTP considered this to be
equivocal evidence of carcinogenic activity of molybdenum trioxide. No other concentration-related
increases in neoplastic lesions were observed in the rats. In mice, there were significant increases in the
incidences of alveolar/bronchiolar carcinoma in males at >6.7 mg molybdenum/m?, alveolar/bronchiolar
adenoma or carcinoma in males at 6.7 and 20 mg molybdenum/m?, alveolar/bronchiolar adenoma in
females at 20 and 67 mg molybdenum/m?, and alveolar/bronchiolar adenoma or carcinoma in females at
67 mg molybdenum/m?® (NTP 1997). The incidences of alveolar/bronchiolar adenoma and carcinoma
were highest in the 6.7 mg molybdenum/m? groups and lowest in the 67 mg molybdenum/m? groups.
NTP (1997) concluded that the male and female mouse data provided some evidence of carcinogenic

activity of molybdenum trioxide.

The Department of Health and Human Services (NTP 2016) and EPA have not evaluated the carcinogenic
potential of molybdenum. IARC has categorized molybdenum trioxide as possibly carcinogenic to

human (Group 2B).

2.20 GENOTOXICITY

No studies were available regarding genotoxic effects of molybdenum compounds in humans following
environmental or occupational exposure to these compounds. The genotoxicity of molybdenum
compounds has been studied mostly in in vitro assays utilizing prokaryotic organisms and in mammalian

cells. Limited information is available regarding the in vivo genotoxicity of molybdenum.

As shown in Table 2-4, sodium molybdate induced a modest, but statistically significant, increase in
micronucleated bone marrow cells (polychromatic erythrocytes [PCEs]) from male C57BL/6J mice
following two intraperitoneal injections of 200 or 400 mg/kg sodium molybdate on 2 consecutive days
(Titenko-Holland et al. 1998). The increase in micronucleated cells per 1,000 PCE or in micronuclei per
1,000 PCE were about half of those produced by colchicine, the positive control. The same group of
investigators reported that sodium molybdate induced a positive response in the dominant lethal assay in
mice. In these experiments, male C57BL/6J mice were treated with 200 or 400 mg/kg sodium molybdate
and were mated with non-treated female C3H/J mice at various times after dosing. Sodium molybdate
did not significantly affect pregnancy rate, but induced a significant dose-related increase in post-

implantation loss.
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Table 2-4. Genotoxicity of Molybdenum Compounds In Vivo

Species Compound Endpoint Results Reference
Mouse (male C57BL/6J) Sodium Micronuclei in bone (+) Titenko-Holland
molybdate marrow cells et al. 1998
Mouse (male C57BL/6J) Sodium Dominant lethal assay (+) Titenko-Holland
molybdate et al. 1998
Drosophila melanogaster Molybdenum Gene mutation + Ogawa et al.
wing spot test chloride 1994

+ = positive result; (+) = weakly positive result

Assessment of the activity of molybdenum chloride in the Drosophila melanogaster wing spot test
showed that the compound induced spots with one or two mutant hairs (small spots) (Ogawa et al. 1994).
Almost all of the spots detected were mutant clones expressing the mwh phenotype which, according to
the investigators, suggested a nonlethal genetic change such as gene mutation or mitotic recombination
occurring at a late developmental stage, or a semi-lethal change such as partial aneuploidy for a

chromosomal region containing the mwh locus.

Table 2-5 summarizes studies of genotoxic effects of molybdenum compounds in in vitro systems.
Results of gene mutation and DNA tests performed in prokaryotic organisms, almost all conducted
without metabolic activation, were mixed, but negative results outnumbered positive results. It is worth
noting the positive results reported for potassium molybdate and ammonium molybdate in the DNA

repair assay (Nishioka 1975).

Table 2-5. Genotoxicity of Molybdenum Compounds In Vitro

Results

With Without
Species (test system)  Compound Endpoint activation  activation Reference
Prokaryotic organisms:
Salmonella typhimurium, Ammonium Gene mutation No data - Arlauskas
TA98, TA100, TA1535, molybdate et al. 1985
TA1537, 1538
S. typhimurium, TA97, Molybdenum Gene mutation - - NTP 1997;
TA98, TA100, TA 1535, trioxide Zeiger et
TA1537 al. 1992
S. typhimurium, TA98, Molybdenum Gene mutation - - Jones 2004

TA100, TA1535, TA1537 trioxide
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Table 2-5. Genotoxicity of Molybdenum Compounds In Vitro
Results
With Without

Species (test system)  Compound Endpoint activation  activation Reference

S. typhimurium, TA98, Sodium Gene mutation - - Beevers

TA100, TA1535, TA1537, molybdate 2009

TA102

S. typhimurium, TA98, Sodium Gene mutation - - Burzlaff et

TA100, TA1535, TA1537, molybdate al. 2017

TA102

S. typhimurium, TA98, Sodium Gene mutation - - Burzlaff et

TA100, TA1535, TA1537, molybdate al. 2017

TA102

Saccharomyces Sodium Gene conversion No data - Singh 1983

cerevisiae D3 molybdate and mutation

Escherichia coli, Ammonium Reverse gene No data - Arlauskas

WP2uvrA molybdate mutation et al. 1985

E. coli, WP2uvrA Molybdenum Gene mutation - - Jones 2004
trioxide

E. coli, 2 WP2 strains Ammonium Reverse gene No data + Nishioka
heptamolybdate mutation 1975

E. coli, CM571 Ammonium Reverse gene No data - Nishioka
heptamolybdate mutation 1975

E. coli PQ37 Molybdenum DNA damage No data - Olivier and
chloride Marzin

1987

E. coli WP2s(A) Sodium DNA damage No data (+) Rossman
molybdate et al. 1984

E. coli WP2s(A) Sodium DNA damage No data (+) Rossman
molybdate et al. 1991

Bacillus subtilis, H17 and Molybdic acid DNA repair assay No data - Kanematsu

M45 et al. 1980

B. subtilis H17 and M45  Molybdenum DNA repair assay No data - Kanematsu
disulfide et al. 1980

B. subtilis H17 and M45  Molybdenum DNA repair assay No data - Nishioka
pentachloride 1975

B. subtilis H17 and M45  Potassium DNA repair assay No data (+) Nishioka
molybdate 1975

B. subtilis H17 and M45  Ammonium DNA repair assay No data + Nishioka
heptamolybdate 1975

Photobacterium fischeri ~ Sodium Direct mutation No data - Ulitzur and
molybdate Barak 1988
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Table 2-5. Genotoxicity of Molybdenum Compounds In Vitro
Results
With Without
Species (test system)  Compound Endpoint activation  activation Reference
Mammalian cells:
Mouse lymphoma Sodium Gene mutation - - Lloyd 2009
(L5178Y) cells molybdate
Mouse lymphoma L5178Y Sodium Gene mutation - - Burzlaff et
tk (+/-) cells molybdate al. 2017
dihydrate
Human peripheral Sodium Micronucleus No data (+) Titenko-
lymphocytes molybdate assay Holland et
al. 1998
Human peripheral Sodium Micronucleus - - Taylor
lymphocytes molybdate assay 2009
Human peripheral blood  Sodium Micronucleus - - Burzlaff et
lymphocytes molybdate assay al. 2017
dihydrate
Human peripheral Ammonium Micronucleus No data + Titenko-
lymphocytes molybdate assay Holland et
al. 1998
Human peripheral Molybdenum Micronucleus - - Fox 2005
lymphocytes Trioxide assay
Syrian hamster embryo  Molybdenum Micronucleus No data + Gibson et
(SHE) cells trioxide assay al. 1997
Chinese hamster ovary =~ Molybdenum Chromosomal - - NTP 1997
(CHO) cells trioxide aberrations
CHO cells Molybdenum Sister chromatid - - NTP 1997
trioxide exchanges
+ = positive result; (+) = weakly positive result; — = negative result; + = equivocal result

The few studies that tested molybdenum compounds in mammalian cells provided mixed results

(Table 2-4). For molybdenum trioxide, NTP (1997) reported negative results for chromosomal

aberrations; Fox (2005) and Gibson et al. (1997) reported negative and positive results, respectively, for

micronuclei formation, with both studies evaluating overlapping dose ranges. Titenko-Holland et al.

(1998) reported positive results for micronuclei formation in human p