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PROFESSIONAL SUMMARY AND TECHNICAL SPECIALTIES 
Environmental consultant with approximately 25 years experience in the following: coal combustion 
waste management; oil exploration and production waste management; hydraulic fracturing for 
unconventional natural gas; hazardous waste management and permitting; landfill siting and design; 
utility line environmental assessments; hydrogeologic investigations; multi-media environmental 
auditing; water and wastewater permitting; municipal and industrial stormwater permitting; wetland 
permitting and mitigation; reservoir capacity studies; and soil / groundwater remediation. 
 
EDUCATION 
Master of Business Administration 
 Owen Graduate School of Management, Vanderbilt University, Nashville, Tennessee 
Bachelor of Science, Environmental Engineering Technology 
 Western Kentucky University, Bowling Green, Kentucky 
 
PROFESSIONAL EXPERIENCE 
Global Environmental, LLC, Nashville, Tennessee  2004 to current 

Environmental consultant for projects in the United States and South America including as 
examples: reservoir capacity studies, public and private utility line permitting, municipal stormwater 
management, landfill siting, threatened and endangered species, groundwater contamination and 
supply, wetland permitting and mitigation, surface water contamination and supply, and soil 
contamination.   

EMPE, Inc., Nashville, Tennessee     1996 to 2001 
Project Manager in wide-ranging environmental projects that included as examples: stormwater 
permitting, spill prevention and response plans, hazardous waste management, landfill permitting, 
land development, and contaminant fate and transport investigations.  Managed Fortune 500 
industrial client projects throughout the eastern US. 

SECOR International, Inc., Franklin, Tennessee   1994 to 1996 
Senior Engineer, Senior Geologist, and Project Manager for industrial waste management projects 
throughout the southeast U.S. that included as examples: hydrogeologic investigations and 
stormwater permitting.  Managed Fortune 500 industrial client projects throughout the eastern U.S. 

RMT, Inc., Nashville, Tennessee     1990 to 1994 
Project Engineer and Project Manager for industrial and municipal projects throughout the eastern 
U.S. for projects that included as examples: petroleum underground storage tank removals, soil and 
groundwater remediation, landfill siting and design, spill prevention and response plans, hazardous 
waste audits, industrial stormwater permitting, and property transfer assessments.  

RJN Group, Atlanta, Georgia and Boston, Massachusetts  1987 to 1990 
Project Engineer for municipal projects throughout the eastern U.S. for projects that included as 
examples: sanitary sewer hydraulic modeling for drainage basins in excess of 1 million linear feet of 
conveyance, and conducting infiltration and inflow investigations for sanitary sewers. 

Howard K. Bell Consulting Engineers, Hopkinsville, Kentucky 1985 to 1987 
Project Engineer for municipal sanitary sewer, water line, and landfill design projects in Kentucky. 

 
PROFESSIONAL REGISTRATIONS AND CERTIFICATIONS 
Licensed Professional Geologist (P.G.), Tennessee 
Certified Hazardous Materials Manager, Masters Level (1993 – 2001) 
Class II Water Pollution Control Operator, Massachusetts (1988) 
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RANGE OF TECHNICAL EXPERIENCE 
 
Oil and Gas Exploration and Production Wastes 
• Aguida vs. ChevronTexaco  - Amazon Basin, Ecuador  

Provided technical support to the plaintiffs related to the first environmental class action lawsuit 
in South America.  Ecuadorian judgment resulted in a $10 billion damage against Chevron.  
Work demonstrated that Texaco’s work in the upper Amazonian jungle of Ecuador did not meet 
industry standards, did not meet practices employed by Texaco from the 1920s through the 
1990s, and violated international and national water and soil quality standards.  

• FECONACO – Amazon Basin, Peru  
 Provided independent third-party evaluation of crude oil remediation activities of 75 sites in 

Block 1AB in the Amazonian jungle occupied by three indigenous groups.  The work included 
a.) sampling of soil, sediment, and surface water contamination from present day and legacy 
operations, b.) an evaluation on the effectiveness of in-situ bioremediation as the chosen 
remedial alternative, and c.) a comparison of cleanup activities relative to Peruvian and U.S. 
standards.   

• Tulane Environmental Law Clinic – New Orleans, Louisiana  
 Reviewed a draft permit and provided written legal testimony associated with a Draft General 

Permit for Discharges from Oil and Gas Exploration, Development, and Production Facilities.  
The project consisted of comparing proposed effluent limitations to Federal standards, 
comparing sampling parameters to expected exploration and production waste contaminants, and 
recommending additional monitoring schemes that were more reflective of the risks.   

 
Coal Combustion Wastes 
• Environmental Integrity Project, Sierra Club, and Earthjustice– Washington, D.C. 

Reviewed historical coal-fired power plant file information and groundwater water monitoring 
reports for coal combustion waste (CCW) landfills and coal ash impoundments to identify 
previously undetermined damage cases according to EPA protocol.  Results were summarized in 
two co-authored reports: Out of Control (February 2010) and In Harms Way (August 2010). 

• Sierra Club - Washington, D.C. 
Reviewed historical groundwater monitoring reports associated with coal ash landfills and 
impoundments for 10 coal-fired power plants in Kentucky to identify impacts to groundwater 
relative to EPA damage case standards.   

• Prairie Rivers Network  - Champaign, Illinois 
Evaluated Illinois standards for the disposal and beneficial re-use of coal of CCWs compared to 
national solid waste and surface impoundment disposal standards.  The project also included an 
in-depth analysis of material chemical and physical characteristics, a summary of site 
characterization and siting standards, and a summary of national damage assessment cases. 

• Confidential Client – Kingston, Tennessee  
 Implemented a surface water monitoring program to determine the lateral extent of 5.4 million 

cubic yards of CCWs that were released to the surface water from a surface impoundment failure 
at the Tennessee Valley Authority (TVA) Kingston coal-fired power plant. 

• Kentucky Waterways Alliance – Henderson, Kentucky  
 Provided technical review of a draft wastewater discharge permit associated with the proposed 

Cash Creek Integrated Gasification Combined Cycle (IGCC) plant and associated landfill.  At 
the time, only two such plants were operational in the United States.  The review included a 
wastewater discharge compliance review of the other plants, research into IGCC wastewater and 
solid waste constituents, and a comparison to the proposed discharge criteria.  

• Sierra Club – Bedford, Kentucky 
 Provided technical review of a draft wastewater discharge permit associated with the Trimble 

County Generating Station pulverized coal (PC) power plant and flue gas de-sulfurization (FGD) 
process expansion.  Research was completed on the characteristics of FGD process and gypsum 
by-product wastes; the leachability of solid wastes; the characteristics of PC plant cooling water 
blowdown, metal cleaning wastewater, stormwater runoff, and coal and limestone pile runoff; 
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the structural integrity of an existing ash surface impoundment proposed for vertical expansion; 
and the technical feasibility of a proposed gypsum disposal surface impoundment.   

 
Unconventional Natural Gas and Hydraulic Fracturing 
• Shenandoah Valley Network, Shenandoah Riverkeeper - Virginia 
 Provided technical review of an application for the first proposed deep shale natural gas well in 

Virginia.  The report evaluated, among others, the proposed plan for hydraulic fracturing, storage 
of produced waters and flow back, protection of groundwater supplies, treatment and disposal of 
wastes, and the location relative to the floodplain.  The applicant decided to rescind their 
application following submittal of the technical report critical of the proposed well action.   

• Sierra Club, Washington, D.C. 
 Provided technical comments regarding proposed Tennessee oil and gas regulations, with a 

particular emphasis on well casing standards, fracture chemical disclosure, and baseline / post 
drilling monitoring for fracture chemicals and methane intrusion.  Compared the proposed 
regulations to API industry standards and other state regulations and provided recommendations 
for changes.   

 
Utility Line Environmental Assessments 
• Private Landowner - Livingston, Tennessee  
 Served as lead consultant to prevent a proposed Corps of Engineer development.  Arguments 

included identifying deficiencies in the aquatic resources alteration permit, the cultural resources 
survey, the stream use classification, and the Section 404 application.  Negotiated alternate route. 

• Private Landowner – Bowling Green, Kentucky 
 Served as lead consultant to provide technical comments to a Draft EA for the construction of a 

220-mile electrical powerline.  Technical, legal, and financial reporting resulted in stopping the 
project in its entirety, the Public Services Commission revoking the certificate of need (CON), 
and the Kentucky Attorney General conducting a formal investigation.   

• Sumner Trousdale Opposing Pipeline – Gallatin, Tennessee 
 Served as lead consultant to identify deficiencies in the wetland and aquatic resources alteration 

permits for a proposed 30-mile natural gas pipeline, to represent the group in public hearings, 
and develop technical arguments for against the proposed pipeline.  

 
Reservoir Water Quality and Use Assessments 
• Friends of Tims Ford – Tims Ford Reservoir - Winchester, Tennessee – served as lead consultant 

to provide comments on Section 10 and Section 26A Regulation permit applications and a 
Recreational Boating Capacity Study for reservoir-wide community boat docks associated with 
residential development.  

• Honeycomb Homeowner’s Association - Guntersville Lake – Guntersville, Alabama – served as 
lead consultant to provide comments to Section 10 and Section 26A Regulation permit 
applications for residential developments.  Completed a detailed assessment of reservoir water 
quality results relative to designated use standards.  

• Murray’s Loch – Atlanta, Georgia 
Served as consultant to evaluate the technical merits of a water withdrawal permit and the effects 
of increased urbanization on stormwater runoff and groundwater recharge.  Water withdrawal for 
commercial irrigation purposes resulted in decreased water levels in lakefront property of an 
adjacent residential neighborhood.  The permit was appealed to the State Administrative Court.   

 
Multi-Media Environmental Permitting 
• Nashville Superspeedway, USA, Inc. – Lebanon, Tennessee 

Served as Project Manager for a $125 million superspeedway development.  The environmental 
aspects included the requirements to determine the affects of the project on public and private 
groundwater users, stream alterations, wetlands, endangered plant and animal species, air 
permitting, stormwater runoff, oil pollution prevention, underground injection control, and due 
diligence property assessment.   
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• Metropolitan Knoxville Airport Authority – Knoxville, Tennessee 

Served as Project Manager for all environmental permitting and compliance activities.  Activities 
included spill prevention and response plan development, stormwater plan development, fuel 
tank farm design, and compliance inspections.  

• Various Industrial Clients – Tennessee 
Served as Project Manager for the development of SPCC Plans and SWPP Plans.  Plans were 
prepared consistent with the requirements of 40 CFR Part 112, the Tennessee General Permit, the 
EPA Multi-Sector permit, and the Tennessee Construction General Permit.  

 
Environmental Investigations and Remediation 
• USEPA – Dickson County, Tennessee 

Served as Senior Geologist to investigate the occurrence of a cluster of cleft palate / cleft lip 
birth defects in the county relative to the occurrence of trichloroethene in the groundwater and 
public water supply.  Reviewed EPA and TDEC regulatory files, CDC and Department of Health 
reports, interviewed City, County, TDEC, and EPA officials, and interpreted regional karst 
geologic and hydrogeologic data.   

• Harpeth River Watershed Association – Franklin, Tennessee 
Served as technical advisor for a review of the environmental investigation report and corrective 
action plan.  Contaminants of concern included free product toluene, dissolved-phase BTEX 
constituents, dissolved-phase acetone, and dissolved-phase chlorinated solvents.   

• Natural Resources Defense Council – Confidential Location 
Served as technical advisor for development of a Complaint for Declaratory and Injunctive 
Relief related to the inappropriate disposal, investigation, and cleanup of volatile organic 
compounds in soil, groundwater, and surface water.   

• Confidential Client – McMinnville, Tennessee 
Served as Project Manager to identify, quantify, and remediate the extent of a release of 
chlorinated solvents in a karst geologic setting.  Activities included the completion of an interim 
remedial action, a soil gas survey, direct push soil borings, monitoring wells and well nests, dye 
injection studies, streambed sampling, and a feasibility analysis.  

• Burlington Northern Railroad - Birmingham, Alabama 
Served as a Senior Geologist for an LNAPL investigation.  The investigation included the 
installation of temporary piezometers, soil borings, and permanent groundwater monitoring 
wells. 

• Sunbeam Outdoor Products, Inc. - Neosho, Missouri 
Developed a Field Sampling and Analysis Plan for the sampling of soils and drummed liquids 
for a Removal Action required by EPA Region VII.  Heavy metals and volatile organic 
compounds were the contaminants of concern in a karst geologic setting. 

• United Technologies Automotive, Inc. - Quincy, Michigan 
Served as Project Manager for groundwater well sampling and the development of an in-situ 
remedial action for heavy metal contamination. 

• United Technologies Automotive, Inc. - Morganfield, Kentucky 
Served as Project Engineer for a lagoon closure.  Completed activities for sludge characterization 
and quantification, special waste permitting, and closure design for material excavation and site 
restoration. 
 

Solid Waste Disposal 
• Meriwether County Landfill Permit Appeal – Atlanta, Georgia 

Served as consultant to evaluate the technical merits of a municipal solid waste disposal permit 
that had been issued by the Georgia EPD. Key technical issues were placement of the landfill 
adjacent to a public surface water supply, typical liner performance, and landfill leakage history 
in Georgia. The permit was appealed to the Georgia Administrative Court.   

• Various Secondary Aluminum Smelter Waste Landfills - Tennessee 
Reviewed secondary aluminum smelter waste characterization results, landfill designs, and 
associated hydrogeologic investigation reports for two proposed Class II industrial monofill 
landfill applications, and reviewed groundwater monitoring reports associated with three co-
mingled municipal solid waste landfills that used dross for intermediate / daily cover.  
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• Various Industrial Landfills - Tennessee 

Served as Project Manager for Subtitle D landfill siting and design projects. Performed 
hydrogeologic investigations, presented design waivers for site-specific design criteria (when 
applicable), and developed detailed designs for permitting.  

• Various Landfills - Tennessee 
Served as Project Manager for the design, permitting, and operation of industrial and municipal 
solid waste landfills, preparation of SWPP Plans, quarterly groundwater and gas monitoring 
reports, and hydrogeologic investigation reports. 

• Various Municipal Landfills - Kentucky 
Served as Project Engineer for the design, permitting, and operation of municipal solid waste 
landfills. 
 

Stormwater Permitting and Compliance 
• Tennessee Clean Water Network – Knoxville, Tennessee 

Served as lead consultant for providing technical comments for the draft Knox County Phase II 
Municipal Separate Storm Sewer System (MS4) permit.     

• Various Industrial Clients - Throughout the U.S. 
Served as Project Manager to obtain permit coverage through the EPA General Permit, group 
permits, and individual permits specific to each state.  Over 125 facilities were permitted. 

Hazardous Waste Management 
• Various Industrial Clients – Throughout the U.S. 

Served as Project Manager for various projects to evaluate hazardous waste management 
practices consistent with the rules and regulations established under RCRA. 

• Laidlaw Environmental Services, Inc. – Southeastern U.S. 
Completed SWPP Plans for RCRA treatment, storage, and disposal facilities. 

Municipal Wastewater Management 
• Various Municipalities – Fulton, Cobb, and Dekalb County, Georgia 

Served as Project Engineer for sewer modeling and point-source identification.  Identified 
sources of infiltration / inflow and performed cost evaluations for source removal. 

• Various Municipal and Industrial Clients – Tennessee  
Served as Project Engineer to establish beneficial reuse land application programs for wastewater 
sludge. 

• Boston Water and Sewer Commission - Boston, Massachusetts 
Served as Project Engineer for sewer modeling and point-source identification projects of 
combined and separate sewers up to 15 feet in diameter.  Identified sources of infiltration / 
inflow and performed cost evaluations for source removal. 

• Various Municipal Clients – Throughout the U.S. 
Served as lead technical trainer for the implementation of proprietary software used for 
automated GIS mapping, maintenance scheduling, and hydraulic analyses of separate and 
combined sewers.    

• City of Hopkinsville - Hopkinsville, Kentucky 
Served as Project Engineer for water and sewer line expansions and wastewater treatment 
projects. 

 
TECHNICAL PUBLICATIONS AND LECTURES 
• Quarles, M., and William Wilson, “Unconventional Natural Gas and its Risk, A Tennessee 

Perspective”, Appalachian Public Interest Environmental Law Conference, Knoxville, 
Tennessee, October 2011. 

• Quarles, M., “A Case Study in Karst Hydrogeology and Contaminant Fate and Transport”, 
National Groundwater Association 51st Annual Convention and Exposition, December 1999. 

• Quarles, M. and Allen P. Lusby, “Enhanced Biodegradation of Kerosene-Affected Groundwater 
and Soil,” 1994 Annual Conference of the Academy of Hazardous Materials Managers, October 
1994. 
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• Quarles, M., “New Tank Performance Standards,” Tennessee Environmental Law Letter, July 

1993. 
 
EXPERT LEGAL TESTIMONY 
• Chesney versus Tennessee Valley Authority – 2011 US District Court.  Written testimony 

associated with fly and bottom ash sampling, waste characterization, contaminant fate and 
transport, and contaminant risks compared to US EPA screening levels, drinking water 
standards, fish and aquatic life standards, and sediment cleanup standards. 

• Busch, et al versus Dr. Carol Couch, Atlanta, Georgia, 2008. State Administrative Court. 
Written and verbal testimony regarding drought restrictive surface water and groundwater use. 
Qualified by the court as an expert in geology, hydrogeology, and stormwater runoff. 

• Darrel Segraves, et al versus Dr. Carol Couch, Atlanta, Georgia 2008. State Administrative 
Court. Written and verbal testimony regarding appeal of a municipal solid waste landfill permit.  
Qualified by the court as an expert in geology, hydrogeology, landfill design pertaining to 
landfill leakage, and stormwater runoff.   

• Tulane Environmental Law Clinic. 2007 - 2008.  Written testimony for numerous draft LDEQ 
permits and proposed rules.   

• Republic of Ecuador and PetroEcuador vs. Chevron Texaco Corporation and Texaco Petroleum 
Company, U.S. District Court, Southern District of New York, 2007.  Written testimony 
regarding environmental investigation protocol.   

• Friends of Tims Ford vs. Tennessee Valley Authority and Tennessee Department of Environment 
and Conservation.  U.S District Court, 2007.  Written testimony in support of violations of State 
and Federal water quality standards, reservoir carrying capacity standards, and NEPA 
environmental assessment standards. 

• Freddie Howell vs. Creative Customs, Atlanta, Georgia, 2007.  Technical support regarding 
litigation associated with stormwater and groundwater flow and their effects on the Howell 
property.   

• Aguida vs. ChevronTexaco.  Lago Agrio, Ecuador Court, 2006.  Written testimony regarding 
Texaco’s waste management and standard operating practices in the Ecuadorian concession area 
relative to industry standards.  

 
TRAINING   
Current Wetland Issues in Tennessee (2007) 
Professional Liability Education - Contract Review and Revision (2000) 
Professional Liability Education – Mid-Town Developer Case Study Workshop (1999) 
Professional Liability Education – Liability IQ for Environmental Consultants (1998) 
Liquid Animal Waste Management System Design to NRCS Standards for CAFO (1998)  
8-Hour OSHA Health and Safety Refresher Training 
Hazardous Materials / Waste Manager Course, University of Alabama (1993) 
40-Hour OSHA Health and Safety Training (1990) 
 
CONTACT INFORMATION 
Home telephone: 615-352-0471 
Mobile telephone: 615-504-0956 
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Determination of vertical and horizontal pathways of injected fresh
wastewater into a deep saline aquifer (Florida, USA) using natural
chemical tracers

Virginia Walsh & René M. Price

Abstract Two deep-well injection sites in south Florida,
USA, inject an average of 430 million liters per day
(MLD) of treated domestic fresh wastewater into a deep
saline aquifer 900m below land surface. Elevated levels of
NH3 (highest concentration 939µmol) in the overlying
aquifer above ambient concentrations (concentration less
than 30µmol) were evidence of the upward migration of
injected fluids. Three pathways were distinguished based
on ammonium, chloride and bromide ratios, and temper-
ature. At the South District Wastewater Treatment Plant,
the tracer ratios showed that the injectate remained
chemically distinct as it migrated upwards through rapid
vertical pathways via density-driven buoyancy. The
warmer injectate (mean 28°C) retained the temperature
signal as it vertically migrated upwards; however, the
temperature signal did not persist as the injectate moved
horizontally into the overlying aquifers. Once introduced,
the injectate moved slowly horizontally through the
aquifer and mixed with ambient water. At the North
District Wastewater Treatment Plant, data provide strong
evidence of a one-time pulse of injectate into the
overlying aquifers due to improper well construction. No
evidence of rapid vertical pathways was observed at the
North District Wastewater Treatment Plant.

Keywords Waste disposal . Deep well injection .
Carbonate rocks . Confining units . Ammonia .
Temperature . USA

Introduction

Deep well injection of treated municipal wastewater into
non-potable aquifers has been used as an alternative to
discharge of wastewater to surface waters for many
decades. There are 430 permitted municipal wastewater
deep injection wells in the United States, with 163 in
Florida alone (USEPA 2008). These deep aquifers tend to
be saline, and the discharge of fresh wastewater into them
has raised concerns of geochemical reactions as a result of
the mixing of the two waters, as well as the buoyant
transport of the wastewater upwards into overlying
aquifers. Confined brackish aquifers in Florida have been
used extensively for aquifer storage and recovery (ASR)
of potable freshwater (Arthur et al. 2001; Renken et al.
2005), and deeper saline aquifers have been used for
disposal of waste fluids such as oil brines, industrial water
and municipal wastewater (Meyer 1989a; Meyer 1989b).
ASR in Florida has been extensively studied as part of the
Comprehensive Everglades Restoration Plan (Reese 2002;
Mirecki 2004; Mirecki 2006), however little research has
been published regarding the fate and transport of the
treated wastewater into deep saline aquifers (Meyer
1989a; Haberfeld 1991, Maliva and Walker 1998;
Bloetscher et al. 2005; Bloetscher and Muniz 2006;
Maliva et al. 2007).

Miami-Dade County Water and Sewer Department
(MDWASD), located in southern Florida, currently dis-
charges 430 million liters per day (MLD) of treated
domestic wastewater into a saline deep aquifer at two
locations in the county. Deep well injection has been in
use in Miami-Dade County since the late 1960s. The
injection facilities are located in the north and south of the
county, separated by 44 km (Fig. 1). The South District
Wastewater Treatment Plant (SDWWTP) site was placed
into service in 1983, and is currently permitted for the
disposal of 367 MLD of treated wastewater. The North
District Wastewater Treatment Plant (NDWWTP) site was
placed into service in 1997, and is permitted for 90 MLD.
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Both facilities treat domestic wastewater to above second-
ary drinking water standards, and discharge the treated
wastewater into United States Environmental Protection
Agency (USEPA) Class I injection wells. The treated
wastewater is injected into the Boulder Zone, a highly
transmissive interval in the deep saline non-potable Lower
Floridan Aquifer. The Boulder Zone has been thought to be
hydrologically separated from overlying aquifers by a
335-m-thick confining unit. During the installation of addi-
tional monitoring wells at the SDWWTP in 1994, ammonia-
nitrogen (NH3-N) was detected at 442 m depth in the
overlying aquifer at a concentration of 411 micromoles per
liter (µmol), above reported background levels of 29µmol

(BC&E/CH2M Hill 1977). The detection of NH3–N in the
aquifers above the Boulder Zone has raised doubts regarding
the efficacy of the confining unit and the resultant water
quality impact to overlying aquifers, as these aquifers are
used as alternative water supplies via storage of freshwater
(ASR) and blending with potable surficial aquifer water.

Research has focused on ASR in south Florida (Arthur
et al. 2001; Reese 2002; Mirecki 2004; Mirecki 2006;
Reese and Richardson 2008); however, few studies have
been conducted regarding the transport and fate of injected
effluent into the Boulder Zone, and typically these had to
do with the relative risk of deep well injection versus
ocean outfall disposal of municipal waste (Englehardt et

Fig. 1 Location of the
NDWWTP and the SDWWTP
study sites
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al. 2001; USEPA 2003; Bloetscher et al. 2005; Bloetscher
and Muniz 2006). Recently, researchers have studied the
transport mechanisms of the observed migrated injectate,
and have suggested density-driven buoyant transport
mechanism along natural or anthropogenic vertical frac-
tures in the lower aquifers (Maliva and Walker 1998;
McNeill 2000; McNeill 2002; Maliva et al. 2007; Walsh
and Price 2008). The objective of this study was to
determine migration pathways of injected treated waste-
water at two facilities in Miami-Dade County, Florida
(SDWWTP and NDWWTP) using historical time series
data and major ion data collected as part of this study. The
methodology developed for this study used chloride (Cl−),
bromide (Br−) and NH3 as tracers. This methodology
provided a method for estimating transport pathways, and
involved no additional collection of data other than what
was typically required under federal and state regulatory
programs.

Natural inorganic tracers have been used extensively in
water resources investigations to trace groundwater flow
paths and calculate mixed water ratios (Langmuir 1997;
Davis et al. 1998; Herczeg and Edmunds 2000). Cl− and
Br− commonly are used as they tend to be conservative,
and their ratios may also give information as to the source
and pathways of water. Studies have been conducted in
south Florida (Shinn et al. 1994; Paul et al. 1997; Corbett
et al. 2000; Böhlke et al. 2003) and elsewhere (Kaehler
and Belitz 2003; Clark et al. 2004), tracing treated
wastewater in surficial aquifers, but NH3 was not used as
a tracer as it does not behave conservatively in oxic
waters. In this study, a novel application of Cl−, Br− and
NH3 as conservative tracers of injectate was developed as
part of mixing models to distinguish pathways between
the deep aquifers. Cl− is a natural anion in the Floridan
aquifer system, and its principal source is seawater, as
there are no evaporite minerals to provide an additional
source (Sprinkle 1989; Reese 1994). The seawater source
of Cl− in south Florida is thought to be the result of either
incomplete flushing of Pleistocene seawater and brackish
water intrusion, and/or the result of the cyclic flow based
on thermal upwelling of Holocene intruded seawater
(Kohout 1965; Sprinkle 1989; Reese 1994). Bromide
(Br−) behaves similar to Cl− in groundwater systems
(Davis et al. 1998), and in south Florida the source of Br−

in groundwater is similar to that of Cl− although its natural
abundances are orders of magnitude less than Cl−. The
only source of the NH3 is the injectate and, therefore, it
was used to trace transport pathways of the injected
wastewater.

Geologic and hydrogeologic framework

The Floridan aquifer system (FAS) in southeastern Florida
is defined by a vertically continuous sequence of per-
meable carbonate rocks of Cenozoic age that are hydrauli-
cally connected in varying degrees (Miller 1986). The
aquifer matrix consists of carbonate and dolomitic lime-
stones, dating from the Paleocene to the Oligocene

epochs. Overlying the FAS are the impermeable sediments
of the late Oligocene to Pliocene age Hawthorn Group, a
180-m-thick confining layer of clays, siltstones and silty
limestones. The Hawthorn Group separates the Upper
Floridan Aquifer from the late Pliocene and Pleistocene
formations making up the Surficial Aquifer System which
includes the Biscayne Aquifer in south Florida (Fig. 2).
The Biscayne Aquifer is an unconfined surficial aquifer
and is the major source of potable water in south Florida
(Fish and Stewart 1991).

The Floridan Aquifer contains several highly perme-
able and less permeable zones, with zones of highest
permeabilities typically occurring at or near unconform-
ities and usually parallel to the bedding planes (Meyer
1989a). Previous studies (Miller 1986; Reese 1994)
grouped the Floridan aquifer system into three hydro-
stratigraphic units (Fig. 2), the Upper Floridan Aquifer
(UFA), the Middle Confining Unit (MCU), and the Lower
Floridan Aquifer. Recently the MCU in south Florida has
been divided into the MC1 and MC2 (Fig. 2), separated
by the Avon Park permeable layer (Reese and Richardson
2008), which in south Florida had previously been
identified as the Middle Floridan Aquifer. The Upper
Floridan Aquifer contains relatively fresh water, less than
10,000 mg L−1 total dissolved solids (TDS). The Lower
Floridan Aquifer, consists of seminconfining or leaky
micritic limestone and dolomite layers that contain
groundwater with compositions approaching seawater
(approximately 30,000 mg L−1 TDS). A dolomite confin-
ing unit (DCU), a thin confining unit below the MC2, was
characterized at the study site by McNeill (McNeill 2000,
2002). This DCU lies above the permeable zone com-
monly known as the Boulder Zone within the Oldsmar
Formation of the Lower Floridan Aquifer. The FAS
outcrops along the Straits of Florida, providing a hydraulic
connection to the sea (Kohout 1965; Miller 1986; Reese
1994). Transmissivities in the Upper Florida Aquifer
range from 929 to 2.3×104m2 day−1 (Meyer 1989a; Reese
1994) while transmissivities in the Boulder Zone range
from 2.97×105m2 day−1 to 2.32×106m2 day−1.

Site descriptions
The NDWWTP and the SDWWTP consist of deep
injection wells that penetrate down to approximately
855 m. The upper 755 m of each well is cased to the top
of the Boulder Zone. The bottom 100 m of each injection
well is an open hole in the Boulder Zone. Nine such
injection wells and three multi-zoned and dual-zoned
monitoring wells were constructed between 1977 and
1981 at the SDWWTP (Fig. 3). The multi-zone test well
BZ cluster (BZ-1 through 4) was constructed in 1977, and
consisted of four telescoping monitoring wells, the deepest
of which was BZ-4, cased to the top of the Boulder Zone;
the shallowest BZ-1 open to the UFA at a depth of 312 m.
The remaining monitoring wells were constructed both
at the SDWWTP and NDWWTP using a dual zone design,
with an inner steel casing drilled to the deeper interval,
and the outer steel casing open to the upper interval. For

Hydrogeology Journal DOI 10.1007/s10040-009-0570-8



this report, well nomenclature indicates the open interval
of the dual-casing: “U” represents the upper monitoring
interval and “L” represents the lower monitoring interval.
Wells 1 and 2 were dual-cased to monitor water quality in
the UFA (∼300 m), and the lower confining units (∼550 m;
CH2MHill 1981). In 1994 NH3 was detected above
ambient levels in the confining unit at the BZ well cluster
(BZ-2 depth 488 m), and subsequent investigations by the
utility found a leak due to corrosion of the casing in this
cluster (MDWASD 1995). The lower three monitoring
intervals of the BZ well cluster were plugged in 1995 to
stop the upward migration of injectate through the casing
hole, and the confining unit (488 m) monitoring interval
was redrilled. From 1995–1996 nine injection wells and

thirteen dual-zoned monitoring wells were constructed on
the SDWWTP. These monitoring wells were cased to the
Avon Park Permeable zone (APPZ) and the MC2, with
open holes in the formations approximately 30 m. During
the construction of the monitoring wells, NH3 concen-
trations above ambient levels were found throughout the
site. Elevated NH3 concentrations were found in the
northwest corner of the site in the MC1 interval in several
wells, but not in the lower MC2 interval of these wells.
Elevated levels were found in the MC2 interval in the
south side of the site. As a result of the detected NH3 in
the confining units, the EPA required purging of the wells
that showed elevated concentrations NH3 (Starr et al.
2001) in an attempt to remove the NH3 loading in the

Fig. 2 Geologic and hydrogeologic framework of NDWWTP and the SDWWTP, modified from Reese and Richardson 2008. Well
diagram on the right shows the number of wells open to the indicated hydrogeologic unit used for this study

Fig. 3 Well locations at the
SDWWTP
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impacted intervals. Discontinuous purging of approxi-
mately 2100 L/min commenced from 1997 to 2000, for
the northwest wells (5U, 6U, 7U, 8U, 15U and 16U) of the
APPZ interval, and the south wells (11L and 12L) of the
MC2 (MDWASD 2000).

Injection well construction started at the NDWWTP in
1996. Four injection wells were constructed into the
Boulder Zone, and four dual-zoned monitoring wells were
constructed to the UFA and the APPZ intervals (Fig. 4). In
1996, effluent was injected in two completed injection
wells while one injection well was still under construction,
resulting in injectate backflowing into an open borehole at
an uncased injection well for 5 days. Several months after
the construction of the wells had been completed, NH3

concentrations were observed to increase in the APPZ
interval of the monitoring wells on site. The utility was
required to purge the APPZ interval wells for a period of
1 year from 2003–2004 (MDWASD 2005).

Methodology

Historical data were collected and checked for quality
assurance for the NDWWTP and SDWWTP. Data were
available from 1983 through 2007 for the SDWWTP, and
1996–2007 for the NDWTP. Data studied as part of this
research included pressure, temperature, pH, Cl−, sulfate
(SO4

2−), NH3 and nitrate (NO3
−). The historical data were

compiled from the utility monthly operating reports
available sporadically from 1983. Non-detects that had
been entered as a zero value were updated to the detection
level of the parameter. Summary statistics including mean,
median, standard deviation, maximum and minimum were
applied to each of the wells’ time series data to assess
water-quality changes over time, and used to compare to
ambient water quality data at other locations in south
Florida. Most water quality for the Floridan Aquifer in
south Florida had been collected as regulatory require-
ments, which usually included chemical analyses that are
used for drinking water quality, and therefore did not
include major ion data. Residence time in the Floridan

aquifer system in south Florida is on the order of thousands
of years (Meyer 1989a), and it was assumed that due to the
depth of the aquifer water quality was in equilibrium and
there would be no other cause of perturbations to ambient
water quality other than migration of injectate. Time series
data that showed large variation over time would indicate
non-equilibrium conditions, and therefore not ambient
conditions. Abrupt changes in water quality and pressure
were observed in the time series data in wells that were
purged in 1997. These changes were not observed in wells
that were not purged. These changes in water quality and
pressure were interpreted as being the result of cross
connections developed in the dual zone casings of some of
the purged wells, and review of borehole videos of these
wells taken in 2004 confirmed holes in the casings of these
wells. It could not be determined which interval the data
collected from these wells represented after the cross
connections developed; therefore, data were discarded
from the historical series analysis based on the month it
was ascertained the cross connection developed, and the
summary statistics were recalculated for these wells.

Floridan Aquifer water samples were collected at the
NDWWTP and SDWWTP during 2006 and 2007 as part
of this study for major ions and nitrogen species. Thirty-
two monitoring wells were sampled at the SDWWTP, and
water-quality samples were collected from these wells
from the UFA, the APPZ, and the MC2. At the
NDWWTP, samples were collected from four monitoring
wells representing the UFA and four wells in the APPZ.
Temperature, pH, dissolved oxygen, and conductance
were taken from water samples in the field using an YSI
556 MPS. The YSI instrument was calibrated per the
manufacturer’s instructions prior to each sampling event.
All wells were purged for at least 24 h prior to sampling to
ensure at least three well volumes were evacuated. The
wells were sampled through a closed system using a low
flow cell and tygon tubing through a disposable, high
capacity 0.45µmol in-line filter. Water samples were
analyzed for the anions Br−, Cl−, F−, NO3

−, NO2
−, and

SO4
2− on a DIONEX ion chromatography system.

HCO3
− and CO2

− were analyzed via manual titration.
NH3 was analyzed on a LACHAT analyzer 800, with
NH4

+ then calculated based on pH and temperature of
the sample using the NH3 result (Stumm and Morgan
1996). Cations (Ca2+, Mg2+, K+, Na+ and Sr2+) were
analyzed by inductively coupled plasma (ICP).

Results

The mean historical data are summarized in Table 1 for
the SDWWTP, and Table 2 for the NDWWTP. Dissolved
oxygen, NO3

− and NO2
− had similar results for both the

SDWWTP and NDWWTP sites for the aquifer intervals.
NO3

− concentrations were either detected at very low
concentrations, or below detectable levels. NO2

− levels
were below 1 micromole/L (µmol) for all aquifer intervals
and in the injectate at the NDWWTP and SDWWTP sites
for the historical time series. The injectate had a mean valueFig. 4 Well locations at the NDWWTP
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of NO3
− of 37.9µmol at the NDWWTP, and 10.9µmol

at the SDWWTP for the historical time series. Dissolved
oxygen was detected at concentrations less than 1.0 mg L−1

for all aquifer intervals. Dissolved oxygen concentrations
for the injectate at both the NDWWTP and the SDWWTP
had results above 3 mg L−1.

Historical time series results: SDWWTP
The historical period of record data for the freshwater
injectate samples from the SDWWTP (identified as S-
EFF) were available from 1991 through 2007 (Table 1).
Temperature ranged from 21.8 to 31.1°C, with a mean of
27.7°C. Mean pH in the historical time series was 6.6.
NH3 ranged from 146.8–1,849.6µmol, with a mean of
889µmol. NH3 varied seasonally and increased with time
(Fig. 5). Cl− concentrations averaged 2 millimoles/L
(mmol), with a very small range and standard deviation,
indicative of the freshwater source of the injectate.
Historical data from the SDWWTP for the UFA (wells
BZ1, 1U, 2U and 3U) were available from 1983 through
2007. Temperature averaged 24°C, with no significant
difference observed between the wells. The range of pH
was from 7.6 to 8.2 in the UFA. Chloride averaged
between 21 and 23 mmol, while NH3 means ranged
between 10 and 13µmol. The summary statistics for the
water-quality samples collected from the UFA showed
consistent values, with no discernable variation over time.
Historical data from wells open to the APPZ at the
SDWWTP (wells 5U, 6U, 7U, 8U, 9U, 10U, 11U, 12U,
13U, 14U, 15U, 16U) were available from 1994 through
2007. Mean temperatures ranged between 23.1 and
24.9°C in these wells. There was little variation observed
in the pH in the APPZ samples, but the mean pH of 7.6
was lower than the mean pH in the UFA. Almost all of the
wells showed variation in NH3 concentrations over time.
Mean values of NH3 in these wells ranged from 35µmol
in well 10U to 545µmol in well 6U. Well 6U showed an
increasing trend with time in NH3 that was observed to be
similar to the increasing trend of NH3 in the injectate
(Fig. 5). The spread between the 5th and 95th percentile
was the greatest in wells 6U and 12U. Only wells 9U,
10U and 13U showed little variation in NH3 over time.
Mean concentrations of Cl- in wells 6U and 7U were 76
and 73 mmol. Wells in the MC2 were open to intervals
varying in depth from 481 to 551 m. Mean temperature
values ranged from 22.9 to 24.2°C in all wells, with the
exception of a mean value of 25.4°C in wells BZ2 and
12L. Mean pH values ranged from 7.3 to 7.6. Mean NH3

concentrations showed two groupings. Wells BZ2, 10L,
11L and 12L exhibited concentrations of 106, 141, 417
and 676µmol, respectively. The remainder of the wells
exhibited mean NH3 concentrations of less than 55µmol.
Cl− concentrations for wells 10L, 11L and 12L were 429,
193, and 57 mmol respectively; the remainder of the wells
had mean concentrations greater than 508 mmol (excep-
tion is BZ-2, whose Cl− concentration of 133 mmol
reflects the shallower depth of this well with the open
interval in the lower brackish water zone of the FloridanT
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Aquifer). Data collected from well 12L were similar to
data collected for wells for 6U and 7U. These wells had
high NH3 concentrations, with low Cl− and SO4

− concen-
trations. Historical data were available for the Boulder
Zone interval (well BZ4) from 1983 through 1994. The
mean pH and temperature values were 7.2 and 24.9°C
respectively. Mean NH3 concentration was 634µmol, and
showed apparent seasonal variation and increasing trend
over time, and was similar to the injectate historical time
series (Fig. 5). The mean Cl− concentration was 3 mmol,
similar to the mean Cl− concentration of 2 mmol for the
injectate.

Historical time series results: NDWWTP
The historical period of record data for freshwater
injectate samples (N-Eff) at the NDWWTP were available
from 2002 through 2007. Temperature ranged from 22 to
34°C, with a mean of 28°C. The mean pH was similar to
the SDWWTP injecate at 6.5. NH3 ranged from 210–
3764µmol, with a mean of 819µmol and a large standard
deviation, indicative of the apparent seasonality similar to
the SDWWTP. Cl− concentrations ranged from 0.8 mmol
to 113.1 mmol, with a mean 20 mmol, slightly higher than
the mean concentration of the SDWWTP injectate.
Historical data were available from 1996 through 2007
for wells open to the UFA (N-1U, N-2U, N-3U and N-
4U). Mean temperature averaged 23°C in these wells,
with no significant difference observed between the wells.
Mean values of pH ranged from 7.6 to 7.8. Cl− mean
concentrations ranged between 66.2 and 73.7 mmols.
NH3 mean concentrations ranged between 17 to 18µmol.
Concentrations for the UFAwater-quality samples for the
NDWWTP showed consistent values, with no discernable
variation over time. Historical data were available from
1996 through 2007 for wells open to the APPZ (N-1L, N-
2L, N-3L, and N-4L). Temperature mean values were

22°C. Analysis of historical NH3 data indicates increasing
concentrations of NH3 starting in late 1997 (Fig. 6). NH3

concentrations appeared to have reached a peak concen-
tration of 408µmol in well N-1L in July 2001, and
steadily declined thereafter to concentrations ranging
from 200 to 250µmol. Wells N-2L, N-3L and N-4L show
similar patterns as well N-1L, but with lowered and
delayed peak concentration values. NH3 concentrations
are observed to increase scatter after 2003, which
corresponds to when purging commenced at the
NDWWTP. Once purging ceased in 2004, NH3 concen-
trations in wells varied between 150–300µmol. The Cl−

mean concentrations ranged from 368 to 409 mmol. Cl−

in these wells exhibited variation over time, and analysis
of the time series indicated that as NH3 concentrations
increased, Cl− concentrations decreased (Fig. 6). The time
series data for the lower wells were revised to remove
data after NH3 concentrations were observed to increase
in each well in order to determine ambient concentrations
in the APPZ. Revised NH3 mean concentrations ranged
from 18–24µmol; Cl− mean concentrations ranged from
441–461. Very little variation was observed in NH3 and
Cl− mean concentrations after the time series data were
removed.

Major ion data collection results
Major ions were collected for this study from 2006–2007
(Table 3). Data from wells at the SDWWTP site that
exhibited cross connections were removed from this
analysis. Data collected from the SDWWTP UFA
exhibited very little variation between wells, and were
similar to the historical time-series data, with low cation
and anion concentrations. For the APPZ wells, NH4

+

mean concentrations could be combined into three groups:
wells 9U, 10U and 13U with NH4

+ mean concentrations
of 60, 67 and 143µmol respectively; wells 14U and 16U
with 497 and 439µmol; and well 6U 823µmol. Cation and
anion mean concentrations showed a similar grouping as
the NH4

+ concentration grouping, with well 6U consis-
tently grouping independently, and with increasing NH4

+

concentrations correlating to decreasing ion concentra-
tions. The MC2 mean NH4

+ concentrations could also be
combined into three groups: well 12L at a mean NH4

+

concentration of 765µmol; wells BZ-2, 10L and 13L
NH4

+ at mean concentrations 176, 200 and 108µmol
respectively; the remainder wells at NH4

+ concentrations
below 10µmol. Cation and anion concentrations could be
combined in the same 3 groups as the NH4

+ groups, with
lower ion mean concentrations observed for BZ-2, 10L
and 13L, and much lower ion concentrations observed in
well 12L. As with well 6U in the MC1, well 12L in the
MC2 consistently grouped independently.

The NDWWTP wells open to the UFA (351–385 m)
exhibited very little variation in field measurements and
mean concentrations between wells, and were similar to
the historical time series. The interval (430–461 m) in the
APPZ at the NDWWTP also showed little variation, with
mean NH4

+ concentrations (215–295µmol) and mean

Fig. 5 Time series NH3 data from the injectate (black circle), BZ-4
(green triangle) and well 6U (red circle) at the SDWWTP site. The
apparent seasonal variation observed in the injectate is a result of
increased flows during the wet season and storm events. The
increasing trends with time correlate to increased injection over time
due to growth in population in Miami-Dade County

Hydrogeology Journal DOI 10.1007/s10040-009-0570-8



concentrations of Cl− (371–386 mmol) varying little
between wells.

Ternary diagram
The typical Cl−/Br− ratio for seawater is about 290 (Davis
et al. 1998), and most of the Cl−/Br− ratios at both sites
were within that range, with no discernable differences.
Quite often the addition of a third water-quality member
could enhance the understanding of the data, and this was
the case with using NH4

+ as the third end-member. NH4
+,

Cl− and Br− data were plotted on a ternary diagram, with
data normalized to 100%. Typical seawater and freshwater
NH4

+, Cl− and Br− values after Hem (1985) were also
plotted for comparison. Water quality at the NDWWTP
clustered into three distinct groups, with two groups based
on depth of the interval sampled and the third the injectate
(Fig. 7). The ambient aquifer data plot close to seawater.
The injectate data plotted off in the lower left hand corner
due to the large NH4

+ concentrations. At the SDWWTP,
three aquifer groupings were observed. Ambient well data
from the MC2 plotted similar to seawater. Ambient well
data from the UFA plotted slightly towards freshwater.
Data from wells that showed elevated NH4

+ plotted in a
line towards the injectate, with groundwater data from 6U
and 12L plotting very close to the injectate. This line
represents the evolution of the water quality of these wells
towards the injectate water quality, and does not show any
evolution of more saline water into the higher intervals in
the aquifer.

Mixing end-member models
End-member mixing models of wells 6U, 12L and 10L
represented the results obtained for all wells at the

SDWWTP (Fig. 8). Well 6U and 12L showed the
progressive freshening of water and increasing NH3

concentrations towards the injectate end-member
(Fig. 8). There was little mixing from the saline end-
member towards the brackish end-member in well 6U, and
almost all of the mixing was towards the injectate end-
member. Both 6U and 12L showed large changes in
concentrations from their original end-members over time.
Well 10L showed a different pattern than 6U and 12L,
with gradual freshening of the saline water towards the
injectate end-member. The mixing was towards the lower
range of the injectate end-member, and there were no large
changes in concentrations of either NH3 or Cl− from the
saline end-member. Well N-1L at the NDWWTP end-
member mixing model showed a different pattern than the
SDWWTP (Fig. 9). Clustering of the NH3/Cl

− ratios were
distinguished based on time. The NH3/Cl

− ambient ratio can
clearly be seen on Fig. 9, and lies along the saline end-
member. As the concentrations of NH3 increased in time to
the peak concentration, the NH3/Cl

− ratios showed two
distinct clusters. Initially, the NH3/Cl

− ratio showed gradual
increasing in NH3 with little change in Cl− from ambient
concentrations. There was a rapid change in the NH3/Cl

−

ratio as NH3 reached the peak concentrations. Once the peak
was reached, the NH3/Cl

− ratios slowly declined in time.

Discussion

The Floridan aquifer system was sampled by others at
different sites in south Florida and these data are
summarized in Table 4. Wells identified as WWF were
monitoring wells installed as part of the MDWASD ASR
system west of the NDWWTP and SDWWTP (CH2M
Hill 1998). The ASR systems were not in use during the

Fig. 6 Graph a shows the NH3 data time series for the wells in the APPZ interval at the NDWWTP. The dashed lines indicate the purging
time from 2003 through 2004. NH3 concentrations are observed to increase in well N-1L similar to contaminant breakthrough curves. Well
N-1L was the closest well to the uncased injection well when injectate backflowed into the APPZ. NH3 concentrations for wells N-2L,
N-3L, and N-4L appear to be similar and show a similar increase after 1999. Variability is seen in the data after 2003. Graph b shows
Cl− concentrations in well N-1L clustered at approximately 300 mmol, and an abrupt decrease to less than 300 mmol is seen. Cl−

concentrations in wells N-2L, N-3L, and N-4L are very similar, and show a decrease in concentrations after 1999 until 2000, when
concentrations appear to stabilize. Cl− concentrations start to increase slightly and become variable after 2003. All four wells show
similar concentrations of both NH3 and Cl- after 2004

Hydrogeology Journal DOI 10.1007/s10040-009-0570-8
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time of this study. Wells designated as “FPL” were tests
wells installed into the Floridan aquifer system ∼10 km
south from the SDWWTP (Dames and Moore 1975;
Florida Partners 2006). For comparison to the present
study, the data from these sites were assumed to represent
ambient water-quality concentrations, as no injection
activities had occurred at these sites. Wells in this study
that exhibited little variation in the time series data and
had low NH3 concentrations, were compared to the data
from these other sites. Although direct comparisons were
difficult due to the varying aquifer open intervals from
which these samples were collected, some generalizations
can be made. NH3 or NH4

+ concentrations from these
wells were below 29µmol. Cl− concentrations increased
with depth of the sampled intervals, and were similar in
concentrations to wells in this study of approximately the
same aquifer interval. NO3

− concentrations were below
1µmol, similar to data collected for this study. Based on
comparisons with water quality from these other sites, the
revised time series water-quality data that had mean NH3

concentrations below 30µmol were assumed to be ambient
aquifer water, with no influence of injectate. All the wells
in the UFA at the SDWWTP were considered ambient, and
most of the wells in the MC2 at the SDWWTP were
considered ambient with the exception of 10L, 11L and
12L. All of the wells in the APPZ at the SDWWTP had
NH3 concentrations above ambient levels, with well 9U the
lowest. Time series data at the NDWWTP indicated that all
of the wells open to the UFAwere considered ambient, and
the data from wells open to the APPZ were ambient prior to
the observed increase in NH3 concentrations.

Ambient Cl− concentrations from this study showed
brackish, transitional, and saline zones in the Floridan

aquifer system for the SDWWTP and NDWWTP as
defined by Reese (1994). Although there were only two
sample depths at the NDWWTP, the top of the saline zone
at the north appears to be higher than at the SDWWTP.
Mean temperatures at the NDWWTP were cooler than at
the SDWWTP, with an average of 23°C for both intervals.
The NDWWTP lies closer to the Florida Straits, and the
cooler temperatures at that site may be due to closer
proximity to open seawater. Wells that showed a higher
concentration of NH3 at the SDWWTP showed higher
temperatures (example Well 12L), whereas at the
NDWWTP, no change in temperature was noted with
increasing NH3 concentrations.

Based on results of this study, introduced nitrogen from
the injectate into the Floridan Aquifer is mostly in the
form of NH4

+. This is consistent with eH-pH diagrams for
nitrogen (Stumm and Morgan 1996) where in most natural
environments, any ammonia–N would have the form of
NH4

+ (Hem 1985). No relationship was observed in the
historical data or data collected as part of this study between
NH3 and NO3

−. No change from ambient NO3
− concen-

trations was observed for wells that had elevated NH3

concentrations. The reduced form of nitrogen (NH4
+) was

not oxidized once introduced in the anoxic aquifer at either
site, and was conserved in the aquifer in this reduced state.
Any introduced oxidized form of nitrogen (NO3

−) from the
injectate that was reduced would result in insignificant
changes in NH4

+ concentrations, as NO3
− concentrations

are two to three orders of magnitude less than NH4
+. The

elevated concentrations of NH4
+ in the Floridan aquifer at

the two sites are interpreted as the result of the upward
migration of the injectate. Once introduced into the aquifer,
NH4

+ appeared to have behaved conservatively.

Fig. 7 Ternary diagrams for the NDWWTP and the SDWWTP. NH4
+, Cl–, and Br– data collected from 2006–2007 were normalized to

100%. Seawater and freshwater values (Hem 1985) were plotted. Ambient water was grouped at the SDWWTP for the MC2 and UFA
intervals. Ambient MC2 data plot directly with seawater. UFA ambient plots towards freshwater, reflecting the fresher water quality in the
UFA. The injectate data plot at the NH4

+ end point, indicating the freshwater quality but high NH4
+ concentration of the injectate. Well data

from the APPZ and MC2 intervals that have NH4
+ concentrations above ambient levels plot in a line towards the injectate end point, with

data from wells 6U and 12L plotting very close the NH4
+ end point. Data from the SDWWTP plot into distinct groups based on depth in the

aquifer, but no line towards the injectate end point is seen
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At least two pathways of injectate were distinguished
based on the analysis of the natural tracers at the
SDWWTP. One pathway at the SDWWTP appeared to
have rapid vertical pathways from the Boulder Zone up to
the APPZ, with little mixing of ambient waters as it
migrated upward. These vertical conduits did not appear

to extend up to the UFA. This pathway is identified at
wells 6U and 14U in the APPZ, and well 12L in the MC2.
It may be present at well 8U in the APPZ; however, the
development of cross connection in well 8U compromised
data interpretation. NH4

+ concentrations in these wells
were within the range of injectate NH4

+ concentrations.

Fig. 8 Graphs on the left are
NH3/Cl

− mixing end-member
models for the APPZ and
MC2 intervals at the
SDWWTP. 6U, 12L and 10L
are well identification codes.
Arrows indicate increase in
time. Hatched red rectangle
is injected freshwater
end-member, indicating the
seasonal range in concentra-
tions. Cyan square is the
APPZ brackish water/ambient
water end-member; blue circle
is the MC2 saline water
end-member. Graphs on the
right are NH3 concentrations
over time. Solid black lines are
concentrations from each well
site; red line is injected fresh-
water concentrations. For
wells 6U and 12L, the data
plot towards the injectate
end-member. Little influence
is seen in well 6U from the
saline MC2 end-member.
Well 10L shows a different
evolution of water quality,
with data plotting at the saline
MC2 end-member and slowly
plotting towards the lower end
of the injectate end-member

Fig. 9 Graph a is the NH3/Cl
− mixing end-member model for the APPZ at the NDWWTP for pre-purge data (prior to 2003) for well N-

1L. Arrows indicate increase in time. Hatched red rectangle is injected freshwater end-member, indicating the seasonal range in
concentrations. Cyan square is the UFA brackish water ambient water end-member; blue circle is the APPZ saline water end-member. The
data plot in separate groupings, with the earliest time series plotting around the APPZ saline end-member. The second data cluster plot
towards the injectate end-member, but no evolution towards the injectate end-member is seen as was seen for wells 6U and 12L at the
SDWWTP. Graph b is the post-purge data plotted for well N-1L. Data plot with time back towards the APPZ saline end-member

Hydrogeology Journal DOI 10.1007/s10040-009-0570-8



Cl− concentrations in these wells were also very close to
injectate Cl− concentrations.

The mixing models for these wells show a mixing
pathway almost directly towards the injectate end-mem-
ber, with no mixing from the lower MC2 interval observed
for wells 6U and 14U. Wells that showed the highest
concentrations of NH3 at the SDWWTP also showed
higher temperatures, with the temperature signal of the
warmer injectate observed in well 12L (mean temperature
of 28°C) in the data collected in 2006–2007. Well 12L in
the MC2 is much closer to the Boulder Zone than the
APPZ wells, and higher injectate temperatures persist into
the MC2. Perhaps due to the longer travel times to the
APPZ the temperature signal was muted but still visible in
the APPZ. Ion data for these wells showed freshening of
the water quality. These wells showed a density-driven
buoyant rapid vertical advective pathway and transport of
the injectate as a distinct water body, with little mixing of
native waters as it migrated upwards. The rapid pathways
could be the result of construction related events such as
drifting boreholes, or the result of structural anomalies
such as fracturing and karst features that would vertically
connect aquifers and provide high hydraulic conductivity
transport pathways through confining units. Migration of
saline waters from the Lower to Upper Floridan Aquifer
as a result of such structural anomalies have been reported
for northeastern and central Florida (Flocks et al. 2001;
Spechler 2001), where the Floridan aquifer system lies
much closer to the surface. Upward fluid migration of
injected fluids in a Palm Beach County, Florida, deep well
injection facility had been detected above the confining
zone between the injection zone and the overlaying
monitoring zone, and this had been attributed to fractured
dolostone comprising the majority of the confining zone
strata (Maliva et al. 2007); however, no fracturing of the
confining strata at either the NDWWTP or the SDWWTP

has been reported. McNeill suggested that as wells located
on the northwest side of the SDWWTP were cased above
the DCU in the LFA, this would be a possible cause of the
buoyant upward migration of injected fluids through the
more permeable units above the DCU through isolated
vertical flow paths, bypassing the MC2 (McNeill 2000,
2002).

The second pathway was suggested by the grouping of
well data observed in wells 15U, 16U, BZ2, 10L and 11L.
The well data from this group had no significant
correlation between NH3 and Cl−. The mixing models
for these well data showed a slow evolution of water
quality towards the lower average of the injectate end-
member with time. These wells showed a slight temper-
ature increase, but no clear temperature signal was
distinguished in these wells. Ion data did not show a
freshening of the water quality, with little difference seen
between ambient ion concentrations and concentrations
from these wells. Other studies (Böhlke et al. 2006) have
indicated that NH3 transport can be retarded by a factor of
3–6 in an aquifer, with NH3 persisting in an aquifer after
the more mobile constituents were flushed out, if the
aquifer remained under suboxic conditions. At the
SDWWTP, it appears that there was still NH3 loading
into the aquifer via rapid vertical pathways, with increas-
ing NH3 concentrations over time. The data from this well
grouping may indicate that once NH3 was introduced into
an aquifer interval, it traveled horizontally at a much
slower rate, with the freshwater injectate substantially
diluted, and not flushed out, as freshwater continued to
migrate upwards.

Four discrete injectate plumes were delineated at the
SDWWTP based on the transport pathways. The first
plume (plume 1 in Fig. 10), located on the northeast of the
site, was associated with the BZ-4 well, which provided a
pathway up into the APPZ until it was plugged. This

Table 4 Historical ambient Floridan Aquifer water quality data

Parameter Unit 1Ua WWFb WWFb FPL
PW-3c

FPL test
welld

9Ua FPL test
well d

2La 3La FPL test
welld

299–
332 m

260–
305 m

260–
308 m

314–
380 m

340–410 m 454–
484 m

456–517 m 501–
510 m

530–
562 m

639–701 m

pH 7.9 8.0 7.4 7.5 7.7 7.7 7.5 7.5 7.5 7.0
HCO3

- mmol 0.0 3.2 2.7 3.3 2.1 3.0 2.6
Ca2+ mmol 1.3 1.7 3.7 4.3 6.7 7.8 10.3 19.6
Mg2+ mmol 2.7 2.8 7.3 10.1 15.5 16.0 43.4 55.5
Na+ mmol 24.7 22.2 74.6 98.3 158.2 148.2 438.2 487.2
K+ mmol 0.8 0.8 2.0 2.6 3.8 3.6 11.8 9.7
Cl- mmol 22.3 70.5 27.1 82.1 104.3 179.4 193.9 521.6 592.3
SO4

2- mmol 4.1 7.5 6.9 0.3 6.9 4.7 13.7 4.2 22.6 30.7
NO3

- µmol 0.3 0.8 0.2 0.2 0.2 0.3 0.2 4.8 0.2
F- mmol 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1
Si mmol 0.5 0.4 0.2 0.5 0.3 0.3 0.2
Sr2+ µmol 41.9 77.6 98.2 184.9 147.2 158.6
Total P µmol 3.2 7.1 6.5 6.5 3.2
NH4

+ µmol 5.5 7.2 61.0 11.1 5.5
NH3 µmol 0.8 29.4 12.3

a Data were collected for this study during 2006–2007 for wells at the SDWWTP
bData from CH2M Hill 1998
cData from Florida Partners 2006
dData from Dames and Moore 1975
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plume slowly migrated to the surrounding areas mainly
via diffusion, as evidenced by slowly increasing NH3

concentrations, but no change in Cl− concentrations. The
second plume was located on the northwest corner of the
site in the APPZ (plume 2). This plume was detected in
the APPZ, with no detection of it in the lower MC2,
indicating a direct pathway to the APPZ bypassing the
MC2. This pathway seemed to persist, with concentrations
of NH3 increasing with time similar to concentration
levels of the injectate. This plume was a chemically
distinct water body, with little mixing of native waters.
The third plume located at well 14U (plume 3) may be a
distinct plume, but it may also be in connection with
plume 2. No monitoring wells of the same interval as well
14U are in the vicinity, so the extent of this plume could
not be determined. The fourth plume was located on the
south side of the site in the MC2 (plume 4). All four
plumes appeared to have the same initial transport
mechanism up from the Boulder Zone through high
hydraulic conductivity pathways, with data from plumes
2, 3 and 4 indicating these pathways still persist.

The data collected from the NDWWTP indicate differ-
ent transport mechanisms than the SDWWTP. The
temperature signal of the warmer injectate was not
observed in wells with elevated concentrations of NH4

+.
Water quality showed no evolution towards the injectate
plot in the ternary diagram. The mixing model showed
two mixing patterns: one towards the injectate end-
member before purging, and one towards the ambient
end-member once purging ceased. As observed in the time
series NH3 data, NH3 concentrations were first observed
to increase in well N-1L, the well that was within 30 m of
the uncased injection well, and concentrations peaked at

341µmol, well below the mean NH3 concentration of the
injectate. Unlike the increasing NH3 concentrations
observed at the SDWWTP that are the result of rapid
vertical migration pathways, once NH3 concentrations at
the NDWWTP peaked, they have since decreased with
time. All four NDWWTP lower wells have shown very
similar water quality since 2004 when purging ceased at
the NDWWTP. Both the time series analysis and the data
collected as part of this study in 2006 and 2007 appear to
indicate a one-time pulse of injectate water into the APPZ,
and this pulse of injectate was still migrating, at the time
of this study, through the aquifer in the direction of
regional flow. There is no geochemical evidence of a
continuing source of NH3 at the NDWWTP; however, due
to retardation as discussed previously, the NH3 plume may
have persisted a long time in the suboxic aquifer (Böhlke
et al. 2006).

Conclusions

Chloride, bromide and ammonia were used to understand
the pathways and transport mechanisms of injected
wastewater into the deep saline Boulder Zone in the
Floridan aquifer system. The injectate source was treated
freshwater with elevated levels of ammonia. The water
quality of the injectate was chemically and physically
distinct from ambient Floridan aquifer system water, and
these distinctions were used to determine the possible
transport pathways. At the SDWWTP, four injectate
plumes were identified along with two pathway mecha-
nisms: density-driven buoyant vertical flow, and slower
horizontal flow. At the NDWWTP one plume was

Fig. 10 Location of injectate plumes and their depth interval at the SDWWTP. The source of the plume centered on the BZ well clusters
(plume 1) was plugged in 1995. Plumes 2, 3, and 4 are the result of continuing rapid vertical pathways up from the Boulder Zone. The
extent of the plumes off site is not known, as indicated by the question marks; however, based on data collected from the site, approximate
extent of the plumes on the site can be inferred. The plume in the MC2 is limited to the southeast of the site. The plume located in the
northwest of the site is located in the APPZ, and appears to have bypassed the MC2. The plume from the BZ well cluster appears to be
limited to the east of the site. The extent of the plume at 14U on site is unknown, as there are no wells that monitor the same aquifer interval
in the vicinity of 14U

Hydrogeology Journal DOI 10.1007/s10040-009-0570-8



identified, and appeared to be a result of a one-time pulse
injection. At the SDWWTP, the injectate may first have
migrated upwards through discrete vertical pathways from
the Boulder Zone to the Middle Confining Unit, with the
freshwater injectate migrating upwards through saline
water as a chemically distinct water body. The four
plumes identified at the SDWWTP appear to have
originated via this pathway. Once introduced in the higher
aquifer intervals, the transport mechanism appeared to be
a horizontal flow with mixing of ambient waters. The
rapid vertical pathways did not appear to extend up to the
UFA. At the NDWWTP, the elevated levels of NH3 in
the lower Middle Confining Unit appeared to be the result
of a construction incident where a pulse of injectate water
backflowed into an uncased injection well, providing a
pathway to the upper interval. Once introduced into the
upper aquifer interval, the plume slowly migrated with the
regional flow within the aquifer. No evidence of rapid
vertical pathways was observed at the NDWWTP. During
the course of this study, it became clear that purging of the
wells had unintended consequences for the SDWWTP.
Cross connections developed in several wells between the
upper and lower monitoring zones either during or after
purging, and these cross connections have compromised
water-quality data in SDWWTP wells 5, 6, 7, 8, 11, 12,
and 15. Although it could not be determined from this
study, these cross connections may provide pathways of
injectate into layers in the aquifer that had not been
previously affected by upward migrating injectate.
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ABSTRACT 

A review has been performed of existing information that describes geology, hydrogeology, and 
geochemistry at the South District Wastewater Treatment Plant, which is operated by the Miami-Dade 
Water and Sewer Department, in Dade County, Florida. Treated sanitary wastewater is injected into a 
saline aquifer beneath the plant. Detection of contaminants commonly associated with treated sanitary 
wastewater in the freshwater aquifer that overlies the saline aquifer has indicated a need for a reevaluation 
of the ability of the confining layer above the saline aquifer to prevent fluid migration into the overlying 
freshwater aquifer. Review of the available data shows that the geologic data set is not sufficient to 
demonstrate that a competent confining layer is present between the saline and freshwater aquifers. The 
hydrogeologic data also do not indicate that a competent confining layer is present. The geochemical data 
show that the freshwater aquifer is contaminated with treated wastewater, and the spatial patterns of 
contamination are consistent with upward migration through localized conduits through the Middle 
Confining Unit, such as leaking wells or natural features. Recommendations for collection and 
interpretation of additional site characterization data are provided. 
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SUMMARY 

Treated wastewater is disposed in a saline aquifer beneath the South District Wastewater Treatment 
Plant (SDWTP), operated by the Miami Dade Water and Sewer Department, in Dade County, Florida. 
The saline aquifer is separated from the overlying freshwater aquifer by the Middle Confining Unit 
(MCU). Detection of contaminants commonly associated with treated sanitary wastewater in the 
freshwater aquifer has caused the integrity of the MCU, i.e. its ability to prevent migration from the zone 
of injection into the overlying freshwater aquifer, to be questioned. 

The United States Environmental Protection Agency – Region 4 requested that the Idaho National 
Engineering and Environmental Laboratory (INEEL) review available information that describe the 
geology, hydrogeology, and geochemistry at the SDWTP, and to assess whether these data are sufficient 
for evaluating the integrity of the MCU. 

The geologic information provided for review are not sufficient to conclude that the MCU is 
competent to prevent migration of injected wastewater from the saline aquifer into the overlying 
freshwater aquifer. Additional data collection and interpretation activities are recommended. 

The hydrogeologic information provided indicate that the hydraulic head gradient would tend to 
cause fluids to migrate upward from the saline aquifer into the overlying freshwater aquifer. Although the 
site-specific hydraulic test data show that the rocks that overlie the zone of injection have lower hydraulic 
conductivity (i.e. are less permeable) than those in the saline aquifer, the values measured for these 
materials are much higher than typical values for confining units. Conservative calculations of the upward 
fluid flux from the saline aquifer indicate that a substantial volume of injected wastewater could migrate 
into the overlying freshwater aquifer. These results indicate that the MCU is not a competent confining 
layer. A caveat to this interpretation is that the hydraulic characterization test methods employed may not 
adequately represent the less permeable hydrostratigraphic units, and hence the hydraulic data set may not 
adequately describe the actual site conditions. Recommendations are provided for additional studies to 
improve the hydrogeologic characterization of the site. 

The geochemical data provided indicate that treated wastewater is present in the freshwater aquifer 
overlying the saline aquifer used for wastewater disposal, which indicates that pathways that allow 
migration of wastewater from the saline aquifer to the overlying freshwater aquifer must exist. The spatial 
patterns of contamination suggest that upward migration occurs along localized pathways such as wells 
that are not adequately sealed or natural conduits.  

Although it is clear that the freshwater aquifer is contaminated with treated wastewater injected 
into the saline aquifer, there is a discrepancy between the migration pathways that would be inferred from 
the results of the hydrogeologic and geochemical evaluations. The hydrogeologic data reviewed suggest 
that upward migration could occur on a site-wide basis. The geochemical data reviewed suggest that 
contaminant migration occurs through localized conduits. This discrepancy may be resolved through 
improved geologic and hydrogeologic characterization of the subsurface beneath the SDWTP. 

In summary, the information reviewed is not sufficient to conclude that the MCU is a competent 
confining unit. The presence of treated wastewater in the freshwater aquifer above the MCU could result 
from migration through either inadequately sealed wells or through natural conduits through the MCU. In 
order to further evaluate the integrity of the MCU and to build a case that it is in fact a competent 
confining layer and that wells provide the only contaminant migration pathways, additional geologic and 
hydrogeologic characterization data must be collected and interpreted. Recommendations for an 
additional characterization program are provided. 
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1. INTRODUCTION 

This report describes an independent review of selected information pertaining to hydrogeologic 
conditions and subsurface contaminant migration at the Miami-Dade Water and Sewer Department South 
District Wastewater Treatment Plant (SDWTP) in Dade County, Florida. This review was requested by 
the U.S. Environmental Protection Agency (EPA) National Exposure Research Laboratory—Technology 
Support Center, on behalf of EPA Region 4, and was performed by the Idaho National Engineering and 
Environmental Laboratory (INEEL). 

This report is organized as follows. This section is the introduction. Site geology and history are 
described in Sections 2 and 3, while Section 4 describes the review approach.  The reviews of the 
geologic, hydrogeologic, and geochemical data sets are presented in Sections 5, 6, and 7 respectively. 
Section 8 presents conclusions and recommendations. 

Beginning in 1983, treated sanitary wastewater was injected into a deep, saline aquifer beneath the 
SDWTP using a network of wells. When deep subsurface injection was selected, the hydrogeologic 
conditions at the site were believed to be suitable for waste disposal. However, contaminants commonly 
associated with treated sanitary wastewater have been detected in the freshwater aquifer above the saline 
aquifer. This has caused the suitability of the saline aquifer for wastewater disposal and the ability of the 
confining layer above the saline aquifer to isolate the freshwater aquifer from contamination to be 
questioned. The situation is complicated by the presence of injection wells and the former presence of 
monitoring wells that penetrate the confining unit; some of these wells have corroded casing or 
inadequate annular seals, and thus they may act as conduits for contaminant transport from the saline 
aquifer into the overlying freshwater aquifer. 

In general, the purpose of this independent review is to determine whether the existing geologic, 
hydrogeologic, and geochemical data are sufficient to attribute the observed contamination above the 
zone of injection to either (a) movement only through inadequately sealed wells or (b) widespread 
movement through the confining layer. 

The INEEL was provided with existing data from EPA Region 4 and asked to evaluate it. The 
documents that were evaluated are listed in Appendix A. (No additional data collection activities were 
performed as part of this evaluation). An INEEL project team was organized and used the date provided 
by the EPA to evaluate the following issues: 

(1) Whether the existing data are sufficient to either prove or disprove the presence of a 
confining layer above the zone of injection and, if it is present, whether it is capable of 
preventing movement of injected fluids from the zone of injection into the overlying 
monitoring zones 

(2) Whether the data sets support the Miami-Dade Water and Sewer Department’s contention 
that all of the observed contamination of the monitoring zone could have resulted from 
vertical flow through unsealed boreholes 

(3) If the data are not sufficient to evaluate points 1 and 2, identify the additional data that 
should be collected to provide definitive answers. 
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Federal regulations pertaining to waste injection wells contained in 40 CFR 144 and 40 CFR 146: 

•= Prohibit the movement of injected fluids into underground sources of drinking water such as 
the Upper Floridan Aquifer (40 CFR 144.12 and 40 CFR 144.13(a)(1)) 

•= Require that wells  be constructed to prevent the movement of fluids into an underground 
source of drinking water (40 CFR 146.12(b)) 

•= Require that the lithology of the confining layer be considered in well construction 
(40 CFR 146.12(b)(6)) 

•= Require that appropriate logs be collected and tests be performed during drilling and 
construction of new Class I wells (40 CFR 146.12(d)) 

•= Require that a subsurface water quality monitoring program be developed based on the 
potential for fluid migration in the subsurface (40 CFR 146.13(d)). 

The overall intent of these regulations is to ensure that injection wells and associated monitoring 
wells are constructed and operated in a manner that does not allow fluids to move from the zone of 
injection into overlying underground sources of drinking water, and that a monitoring program is 
implemented to provide warning if such movement does occur. 
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2. SITE GEOLOGY 

The hydrogeology is setting of the SDWTP is briefly described in this section. An evaluation of the 
geologic data set is provided in Section 5. 

2.1 Geology 

This description of the geologic setting was taken primarily from the aquifer exemption petition 
(CH2M Hill 1995). Figure 1 was reproduced from this document. From ground surface downward, the 
geologic media include the following: 

•= Pleistocene age Miami Limestone and Fort Thompson Formation—Miami 
Limestone is sandy and oolitic with abundant shell fragments and highly permeable. The 
underlying Fort Thompson Formation is finer grained, with more sand and shell. The 
unconfined Biscayne Aquifer occurs in these materials. 

•= Miocene age Hawthorn Group—The Hawthorne Group consists of interbedded sand, 
silt, clay, dolostone, and limestone. The Hawthorn Group acts as an aquitard that confines 
the Upper Floridan Aquifer, and is referred to as the Upper Confining Unit. 

•= Oligocene age Suwannee limestone—Suwannee Limestone is the uppermost member 
of the Upper Floridan Aquifer. 

•= Eocene age Avon Park Limestone—Avon Park Limestone includes zones with high 
porosity (50%), which probably act as water bearing units and low-permeability fine-grained 
units, which act as intra-aquifer confining units. Avon Park Limestone includes part of the 
Upper Floridan Aquifer and the Middle Confining Unit. The Middle Confining Unit 
hydraulically separates the Upper and Lower Floridan Aquifers. The Middle Confining Unit 
is not a lithologically distinct unit (e.g., a shale layer). 

•= Eocene age Oldsmar Limestone—Oldsmar Limestone consists primarily of limestone 
and dolostone. The lower portion of this unit is karstic. Oldsmar Limestone is part of the 
Lower Floridan Aquifer. A highly permeable portion of this unit, the Boulder Zone, is the 
zone of injection for treated wastewater. 

2.2 Hydrogeology 

Three cross sections through the South District Wastewater Treatment Plant site based on site-
specific data are presented in Rust (1998a). These sections show the portions of the hydrogeologic system 
at the site. The uppermost hydrogeologic unit, the Biscayne Aquifer,is underlain by the Upper Confining 
Unit. The Upper Floridan Aquifer underlies the Upper Confining Unit. The Upper Floridan Aquifer is the 
underground source of drinking water that concerns the EPA relative to the migration of contaminated 
water upward from the zone of injection. The Middle Confining Unit separates the overlying Upper 
Floridan Aquifer from the underlying Lower Floridan Aquifer. The focus of this evaluation is the ability 
of the Middle Confining Unit to prevent migration of injected wastewater from the Lower Floridan 
Aquifer to the Upper Floridan Aquifer. The Boulder Zone, a highly permeable portion of the Lower 
Floridan Aquifer, is used as the zone of injection beneath at the SDWTP. 

The Upper Floridan Aquifer extends from approximately 1,000 to 1,900-ft below land surface (bls) 
at the SDWTP. The Middle Confining Unit extends from approximately 1,900 to 2,400-ft bls. The Lower 
Floridan Aquifer extends from approximately 2,400-ft bls to an undetermined depth. The Boulder Zone 
(the zone of injection) extends from approximately 2,800 to at least 3,000-ft bls at the SDWTP. 
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3. SITE HISTORY 

Appendix B contains a list of events relevant to this evaluation. This list was extracted from a 
variety of references provided by EPA Region 4 (see Appendix A). Events thought to be relevant to this 
evaluation are described in the following paragraphs. 

A test hole was drilled at the site and used for hydraulic testing of the subsurface materials beneath 
the SDWTP. The results of this test program were published in 1980 in the peer-reviewed literature by 
Singh, Garcia-Bengochea, and Sproul (1980). Between 1979 and 1981, nine injection wells and three 
monitoring wells were installed. Injection of treated wastewater commenced in 1983. Additional injection 
and monitoring wells were installed between 1991 and 1996 to increase plant capacity. 

Figure 1.  Stratigraphic section for the site (CH2M Hill 1995). 

Between 1983 (when injection commenced) and 1994, there was no evidence that contaminated 
water was migrating upward from the zone of injection. However, during 1994, monitoring data from the 
wells suggested that contaminated water had migrated from the zone of injection into the lower portion of 
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the Upper Floridan Aquifer. This evidence included the observation of elevated concentrations of 
ammonia and elevated counts of fecal coliform bacteria in samples collected from Wells FA-5 through 
FA-8 (Rust 1998b). Both ammonia and fecal coliform bacteria are indicators of contamination by sanitary 
sewage. 

As discussed in Section 1, migration of fluids from the Boulder Zone through inadequately sealed 
wells has been suggested as the cause of contamination in the Upper Florida Aquifer. Problems with well 
integrity and construction that may have contributed to contaminant migration have been documented and 
are described below. 

•= BZ series of monitoring wells 

In 1994, Monitoring Well BZ-3 was found to be corroded at a depth of approximately 
1,500-ft bls (Rust 1998b), which is in the lower portion of the Upper Floridan Aquifer. The 
hydraulic head is higher in the zone of injection than in the Upper Floridan Aquifer (see 
Section 6.2); therefore, if this well were open both in the zone of injection and in the Upper 
Floridan Aquifer, groundwater would flow upward from the zone of injection, through the 
well, and out of the well into the Upper Floridan Aquifer. In 1995, Monitoring Wells BZ-3 
(open depth of 2,434 to 2,474-ft) and BZ-4 (open depth of 2,689 to 2,960-ft) were plugged 
and reconfigured to monitor at depths of approximately 1,000 and 1,500-ft bls (Rust 1998b). 

•= Injection Well IW-2 

In 1994, periodic inspection activities indicated that a 3-foot separation in the casing caused 
a leak in Well IW-2 at a depth of approximately 2,500-ft and that an obstruction was present 
at a depth of approximately 2,600-ft. It was reported that the radioactive tracer survey 
confirmed the mechanical integrity of the annular seal above a depth of 2,440-ft 
(MDWSD 1998). The obstruction was removed but apparently the separated casing was not 
repaired. In 1998, the separation in the casing had increased from 3 to 7-ft. A pressure test 
indicated that the integrity of the casing above 2,435-ft was satisfactory, although tracer may 
have been detected behind the casing below approximately 2,320-ft (MDWSD 1998) 

Although the mechanical integrity of the lower portion of the casing of IW-2 clearly was 
impaired, the reviewer’s opinion is that this lack of integrity did not necessarily contribute to 
vertical migration of fluids out of the zone of injection because the casing separation 
occurred in the Lower Floridan Aquifer. However, if the annular seal were damaged or 
imperfect between the separated casing and the Upper Floridan Aquifer, then the unsealed 
annulus could provide a migration pathway from the Lower Floridan Aquifer to shallower 
parts of the system. 

Based on the observation of ammonia and fecal coliform in the Upper Floridan Aquifer, 
vertical migration of fluids from the zone of injection through Well BZ and into the Middle 
Floridan Aquifer occurred prior to 1995. This migration may be partially responsible for the 
more recently observed contamination of the Middle Floridan Aquifer. 
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4. EVALUATION APPROACH 

The approach taken in this evaluation was to consider several types of data (lines of evidence) and 
to determine whether all data sets yield a consistent interpretation. Significant gaps in each data set, if 
present, were identified. Data were extracted from several reports provided by EPA Region 4. No new 
data were generated during this evaluation. 

The types of data sets evaluated include the following: 

•= Geologic data such as lithology and stratigraphy 

•= Borehole geophysical logs 

•= Hydrogeologic data such as the hydraulic properties of various hydrostratigraphic units and 
hydraulic head 

•= Geochemical data such as concentrations of chloride, bromide, and ammonia. 

Geologic and geophysical data were examined to evaluate whether there is sufficient evidence to 
conclude that the Middle Confining Unit is an effective barrier to contaminant migration between the 
Lower Floridan Aquifer and the Upper Floridan Aquifer. In particular, the geophysical logs provided 
were assessed to determine if the interpretation techniques used in the petroleum exploration and 
production industry can be used to infer geologic conditions at the SDWTP. 

Hydrogeologic data (hydraulic head and hydraulic conductivity) were examined to determine the 
direction of groundwater flow (i.e., upward or downward), to calculate the specific discharge in the 
vertical direction, and to estimate the travel time of the water from the injection zone to the Upper 
Floridan Aquifer. The adequacy of the hydraulic properties data set also was assessed for making 
inferences about the competency of the Middle Confining Unit throughout the entire area affected by 
injection of wastewater beneath the SDWTP. 

Chemical data were examined to determine whether spatial patterns characteristic of localized or 
widespread contaminant migration pathways were apparent in the data set. Mixing trends also were 
examined to determine whether the observed chemical composition indicate that treated effluent has 
migrated out of the zone of injection. 
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5. EVALUATION OF GEOLOGIC DATA 

Geologic data prepared by third parties and provided by EPA Region 4 were reviewed. A summary 
and set of recommendations are provided in Section 5.6. 

The following information was examined: 

•= Geologic cross sections provided by third parties 

•= Federal and Florida underground injection control (UIC) regulations 

•= Geophysical logs 

•= Mechanical test (MIT) reports. 

5.1 Cross Sections 

There would appear to be little variation in lithology between the wells at the SDWTP site and the 
section is essentially flat laying with no evidence of large displacement faulting.  The Gamma Ray (GR) 
response through the Hawthorn Group and Ocala Limestone indicates some lithologic variability and 
interbedding.  The Avon Park Limestone (Upper Floridian Aquifer and Middle Confining Unit) appears 
to be fairly homogeneous.  The exception is section B – B’ (Rust 1998a, Figure 4-6) where the GR 
response in the Avon Park Limestone is more variable indicating a lessor degree of lithologic 
homogenity.  The greatest amount of lithologic variability is displayed in the Oldsmar Formation 
(Injection Zone).  This may be a relic of hole conditions, however, as the sonic log seems to indicate that 
the hole is washed out (enlarged) in some of the wells. 

5.2 Geophysical Logs  

Based on the INEEL interpretation of Florida Underground Injection Control (UIC) regulations 
(62-528.300 Underground Injection Control: General Provisions), the injection wells at the SDWTP are 
classified as Class I injection wells. If this interpretation is correct, then the additional data sets that are 
required by the State of Florida UIC permitting regulations should be made available so that standard 
geophysical techniques can be used to assess the properties of various hydrostratigraphic units. These data 
sets would include the following: 

•= Resistivity logs (complete set) 

•= Gamma-ray logs (complete set) 

•= Sonic logs 

•= Porosity and density logs 

•= Core samples 

•= Physical core analysis (permeability, porosity, and mineralogy). 
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With these data sets, correlations could be made between core permeability data and the 
geophysical logs. Moreover, the only way a quantitative analysis of the Middle Confining Unit based on 
geophysical data can be performed with any degree of certainty is through such correlation. 

The geophysical logs provided do not have adequate coverage of the Middle Confining Unit. The 
only well with a complete logging run was IW-17, and it was limited to a GR/resistivity log. In addition, 
it is not possible to perform an evaluation of the stratigraphy or physical attributes of the confining units 
without sonic and density logs. 

5.3 Mechanical Integrity Tests and Radioactive Tracer Tests 

The mechanical integrity tests performed on the casing in the two wells (IW-1 and IW- 2) for 
which data were provided meet acceptable industry standards for pressure loss over time. However, the 
mechanical integrity tests evaluated only the casing but not the casing shoe (i.e., the bottom of the 
casing). Because the wells appear to be open-hole completion in the injection zone, an area of concern is 
the integrity of the annular seal at the shoe. The concern is especially true for IW-2, which suffered a 
casing failure that resulted in the casing slipping approximately 6 to 7-ft from its original position 
(MDWSD 1998). 

With respect to the radioactive tracer tests, if fluids and thus the tracer can migrate more easily in 
the horizontal plane at the casing shoe than up the annulus, it is possible that the gamma tool would not 
detect the tracer and, therefore, the tests could be considered invalid. Under this scenario, the tests 
conducted in both IW-1 and IW-2 would be invalid. In the analysis of the tracer test performed on IW-2, 
the Miami-Dade Water and Sewer Department (MDWSD) stated that the test was inconclusive at 
elevations above approximately 2,485-ft bls and that the tracer was detected behind the casing below 
approximately 2,320-ft bls (MDWSD 1998). The inconclusive result was referenced as an ambiguity in 
the report and consequently the report recommended that the test be repeated. Therefore, the original test 
should be considered invalid. In addition, in the same report, the MDWSD stated that the tracer 
“appeared” to be detected in the long-term monitoring of MW-FA-11, which is completed in the Upper 
Florida Aquifer. No explanation was given why it “appeared” to have been detected in the well in this 
portion of the report. However, in another part of the report, it is concluded that the test should be 
repeated to “determine the existence of the pathway connecting the injection zone to lower monitoring 
zone (below the USDW)” (MDWSD 1998). 

A well to well tracer test was conducted by injecting tracer solution into IW-2 and extracting water 
from the adjacent monitoring well, FA-11, and monitoring for tracer arrival at that well. The equipment 
configuration in FA-11 included a downhole gamma detector and a submersible pump. The reviewers 
believe that both were installed at a shallow depth in the well and far above the screened or open interval 
of the well. The equipment schematic in the 1998 report (MDWSD 1998) shows that the gamma detector 
was located above the pump. This configuration is poorly suited for detecting changes in tracer 
concentration in groundwater extracted from the formation. Water would enter the bottom of the well and 
flow upward to the pump, and would then exit the well at the elevation of the pump intake.  However, the 
water above the pump would be more or less stagnant, and its composition (and hence tracer 
concentration) would vary only as a result of mixing caused by turbulence in the casing in the vicinity of 
the pump. This mixing process is undoubtedly less effective than advection for displacing water in the 
casing with water freshly drawn from the formation. Therefore, changes in tracer concentration above the 
pump would be much smaller than changes in the aquifer and in the well below the pump. 

Based on the equipment schematic presented in MDWSD (1998), the test is invalid. If interwell 
tracer tests are used again at the site, the tracer sensor should be placed between the bottom of the well 
and the pump intake. 
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5.4 Geologic Conclusions and Recommendations 

5.4.1 Conclusions 

Demonstration of a geologic unit’s ability to prevent upward migration of injected fluids is done 
through an analysis of stratigraphic, petrophyscial, and geochemical properties of the confining layer. 
These properties include lateral continuity of the unit, horizontal and vertical porosity and permeability, 
the presence/absence of faulting/fracturing within the confining layer, and waste compatibility with the 
confining layer. The review of the available geologic data set resulted in the conclusion that it is 
insufficient for performing this analysis and therefore the ability of the Middle Confining Unit to prevent 
upward migration of injected wastewater into the overlying aquifers can not be conclusively 
demonstrated.  

5.4.2 Recommendations 

As it is not possible to collect the required data from existing wells, it is recommended that three to 
four new wells be installed and additional geophysical data collected. The proposed logging suite for the 
new wells will provide the data needed to augment available information from the site and support an 
evaluation of the Middle Confining Unit’s ability to prevent upward migration of contaminants. 
Specifically, these data can then be used to determine the lateral continuity (gamma-ray spontaneous 
potential, and borehole sonic logs) and effective confining thickness of the Middle Confining Unit 
(compensated density/neutron logs and the bore-hole compensated sonic log). Deep resistivity logs 
(lateral logs), near well resistivity (micro-resistivity logs), bore-hole temperature logs, resistivity of the 
mud filtrate measurements, and spontaneous potential logs can be used to determine the Middle 
Confining Unit’s pore water electrical conductivity. These data can be compared with injected water 
electrical conductivity to determine if the migration through the Middle Confining Unit has occurred at 
the well location. In addition, the resistivity logs can be used for quantitatively identifying high permeable 
zones, the presence of fracture zones, and together with whole core analysis measurements for 
establishing potential resistivity permeability relationships.  

Collection of whole core samples from the Middle Confining Unit for laboratory measurement of 
porosity and permeability will provide a means for both calibrating log derived porosities and establishing 
the relationship between log derived porosity measurements from the density/neutron and bore-hole sonic 
logs (resistivitv data can potentially be used in the same manner) with the core derived permeability 
laboratory measurements. Establishing this relationship will allow for a qualitative estimate to be made of 
permeabilities of the Middle Confining Unit in the absence of laboratory measurements. This would then 
be used to calculate the effective confining layer thickness using an appropriate permeability value. There 
is also the potential for using these relationships to qualitatively estimating permeability at other well 
locations that have appropriate data sets (porosity/resistivity logs). Analysis of the mineralogical 
properties of the core will allow for an analysis of the compatibility of the waste and the injected 
wastewater to be made. 

Logging redundancy is provided for porosity measurements through logging the new wells with the 
density, neutron, and borehole sonic tools. This redundancy allows for higher confidence in calculated 
porosity values for the Middle Confining Unit and therefore is important for determining the porosity –
permeability relationship. Another reason for running each of these logs is that wellbore conditions and 
lithology have impacts on each of these logs that can potentially affect the quality and appropriateness of 
the data for porosity determination. Additionally, the sonic log provides additional information for 
determining lateral continuity of specific lithologic units.  
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The recommended geophysical logging suite and analysis for the new wells is outlined below. 

•= Gamma-ray logs 

•= Compensated density/neutron logs 

•= Lateral logs (deep resistivity) 

•= Micro-resistivity logs (near borehole resistivity) 

•= Borehole temperature logs 

•= Spontaneous potential logs 

The following laboratory analyses are also recommended. 

•= Whole-core analysis of core samples (porosity, permeability, and mineralogy) 

•= Electrical conductivity of the mud filtrate (or water if no drilling mud is used) 

•= Electrical conductivity of treated wastewater 

The following data analysis and interpretation should be performed on these data sets. 

•= Porosity determination 

•= Formation fluid conductivity 

•= Core permeability / density cross plots 

•= Net thickness of effective confining zone 
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6. EVALUATION OF HYDROGEOLOGIC DATA 

The hydraulic head relationships between units, hydrostratigraphy, and hydraulic conductivity of 
various units were reviewed. Conclusions and recommendations are provided in Section 6.3. 

6.1 Hydraulic Head 

Hydraulic head is a measure of the mechanical energy (pressure, elevation, and velocity) at a point 
in a flow system. Differences in hydraulic head cause fluid flow. Thus hydraulic head gradients (i.e., the 
difference in hydraulic head per unit length along a flow path) can be used to infer the direction of 
groundwater flow and, in conjunction with hydraulic conductivity, the groundwater flux. In addition, 
comparison of the hydraulic heads in different units can be used to infer the degree to which the units are 
hydraulically connected or isolated. 

The hydraulic head data available for review were presented in Draft Supplemental to Report No. 
B — Geochemical Study Report —Potentiometric Maps of the Floridan Aquifer and the Boulder Zone for 
South District Wastewater Treatment Plant, Dade County, Florida (Rust 1998a).  

The salinity (and hence the density) of ground water varies with depth at the site. Different wells at 
the SDWTP contain water of different salinity and density. If the hydraulic head is determined by 
measuring pressure at the well head and calculating the additional head due to the weight of the fluid 
column between the well head and the open interval of the well, errors will be introduced unless the fluid 
density is taken into account. For situations in which fluid density is variable, the hydraulic head typically 
is reported as equivalent freshwater head (i.e., the elevation to which fresh water would rise in a well). 
From the information presented, it cannot be determined whether the effects of variations in fluid density 
have been considered. 

The data presented included hydrographs for each monitoring well and injection well. Each 
hydrograph covered the same approximate 10,000-minute (about 1-week) period. In many cases, the 
hydrographs showed step changes in the hydraulic head. The cause of these step changes was not 
explained by Rust (1998a). Several causes of these step changes can be hypothesized: 

•= The operating state (shut in or discharging at the surface) of either the well being monitored 
or a nearby well was changed during the data collection period 

•= The depth of the pressure transducer used for measuring head was changed 

•= The data logger operating parameters were changed during the data collection period 

•= An equipment malfunction occurred. 

Because these relatively large variations have not been satisfactorily explained, the validity of these 
hydrographs is suspect. Nevertheless, an attempt was made to use data from the hydrographs. It was 
assumed that the data presented are correct and are representative of hydraulic conditions in the zones 
monitored. It is also assumed that the step changes in head are caused by changes in well operation. 

The horizontal and vertical distribution of hydraulic head at various depths was determined by 
comparing head values measured at essentially the same time. The head varied throughout the 
approximate 10,000-minute monitoring period, and in some cases (e.g., Well FA-10 L) the head appeared 
to be rebounding throughout the monitoring period. To compare values that were as close as possible to 
steady state conditions, values measured late in the monitoring period were used in this analysis. The data 
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point closest to an elapsed time of 9,000 minutes on each hydrograph was identified and its value was 
determined by scaling off of the hydrograph. 

Table 1 shows the measured head values, which are grouped according to depth. Data from wells at 
different depths but in close proximity horizontally are shown on the same line. 

Contour plots of the measured head at the 1,000, 1,500, 1,800-ft depth horizons in the Upper 
Floridan Aquifer and in the Boulder Zone (the zone of injection) are provided in Figures 2 through 5, 
respectively. 
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Figure 2.  Hydraulic head (ft) at approximately 1,000-ft bls.  

Upper Monitoring ca. 1500-ft. 

FA-10 U FA-11 U FA-12 U

FA-13 U

BZ-2

FA-15 UFA-16 U

FA-14 U

FA-5 U FA-6 U FA-7 U FA-8 U FA-9 U

60.60 58.70 59.00

58.90

57.50

59.0031.90

58.80

13.60 16.00 62.40 18.40 58.80

15000 15500 16000 16500 17000 17500 18000 18500 19000 19500 20000 20500 21000
500

1000

1500

2000

2500

3000

3500

Gc01 0010 3Easting (ft)

N
or

th
in

g
(ft

)

Figure 3.  Hydraulic head (ft) at approximately 1,500-ft bls. 
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Figure 4.  Hydraulic head (ft) at approximately 1,800-ft bls. 
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Figure 5.  Hydraulic head (ft) in the zone of injection. 

In the 1,000-ft zone, heads are approximately constant at 63-ft in the eastern portion of the domain 
and decline to about 16-ft in the western portion. The hydrograph for Well FA-3U does not contain a step 
change that would suggest that the well was being purged (i.e., allowed to flow). Nevertheless, it was 
assumed that it was being purged, and thus the measured head does not represent a static value for the 
aquifer. Similar effects can be seen in the plot for the 1,500-ft zone, in which several wells along the north 
line appear to have been purging. In the 1,800-ft zone, head values fall into three general clusters: 
approximately 16-ft, approximately 33-ft, and approximately 50 to 60-ft. It is not known whether the 
wells with head values of approximately 33-ft were being purged. If they were being purged, then the 
head value of 61-ft measured in FA-11 L would represent an equilibrium head value for this zone. In 
contrast, if they were not being purged, then the equilibrium head in this zone is probably about 33-ft and 
the higher head values represent anomalies that could either be measurement error or indicate that the 
well is hydraulically connected to deeper zones where the head is higher. Unfortunately, the correct 
alternative cannot be determined from the information provided. 
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The head contour plot for the zone of injection shows that the head in the injection wells is 
clustered either at 96-ft or approximately 83-ft. It is assumed that the wells that have heads of 96-ft were 
being used for injecting wastewater, while the wells with head of approximately 83-ft were shut in. 
Again, information needed to evaluate this assumption was not provided. If this assumption is correct, it 
suggests that injection at the flow rates used increases the head by approximately 13-ft, and thus head 
changes can be imposed in the aquifer by changing the pattern of injection wells used. 

Two very important caveats apply to this analysis: 

1. If the reported heads are based on pressure measured at the well head and if only some of the 
wells were being actively used for injecting wastewater, the frictional losses of energy in the 
well casing and in the formation immediately adjacent to the well bore would cause the 
measured head to be greater in wells used for injection than in shut-in wells and to be greater 
than the head in the formation adjacent to the well. Hence, the head increase in the formation 
due to injection would be less than 13 feet. 

2. Corrections for the density of fluids in the well casing must be made if the salinity, and 
hence density, of fluids varies between wells. For example, the fluid in operating injection 
wells would be low-salinity, low-density water. In contrast, wells that have either not been 
used for injection or that have been purged since they were used for injection would 
probably contain brine from the formation. The density of the fluid in the well is important 
in determining hydraulic head from pressure measured at the wellhead. Hydrostatic pressure 
varies with depth according to ∆P = ρ g ∆Z, where P is pressure, ρ is the density of the fluid, 
g is gravity, and Z is elevation (or depth). Pressure varies more rapidly with depth for a fluid 
with higher density (e.g. brine) than with a less dense fluid (e.g. fresh water). Thus, for a 
given head at the bottom of a well, the pressure at the wellhead would be greater if the well 
were filled with fresh water than if it were filled with brine. This would lead to an error in 
the value of hydraulic head calculated as the sum of pressure head and elevation head at the 
wellhead, unless fluid density is considered. For a 2,500 foot deep well (comparable to the 
injection wells at SDWTP), the difference in wellhead pressure if the well were filled with 
fresh water (specific gravity 1.00) or filled with brine (specific gravity 1.03) would be 32.5 
pounds per square inch, which corresponds to a difference in calculated hydraulic head of 75 
feet. Thus, the observed difference in head between injection wells (approximately 13 feet) 
could easily be attributed to differences in the density of fluid in different wells.

The hydraulic head data sets provided are difficult to interpret because some wells in each interval 
were probably being purged during the data collection period and because purging of some wells either 
began or stopped during the data collection period. A better approach for providing data that could be 
used for determining the lateral and vertical distribution of hydraulic head beneath the site would be to 
shut in all monitoring wells and to monitor head until recovery to static conditions had occurred. This 
approach would remove the perturbations to the system caused by drawdown cones created by well 
purging. If head were monitored until steady-state conditions were reached, then anomalous values could 
be identified and possibly correlated with hydraulic connections to other hydrostratigraphic units. 

Regardless of the effects of the local head perturbations, the hydraulic head in the zone of injection 
(Figure 5) is higher than that in the Upper Floridan Aquifer (Figures 2 through 4), and therefore 
groundwater tends to flow upward from the zone of injection, through the Middle Confining Unit, and 
into the overlying Upper Floridan Aquifer. The amount of water that moves upward through the Middle 
Confining Unit and the rate at which it moves depends on the hydraulic conductivity of the Middle 
Confining Unit, which is discussed in the following section. 
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6.2 Hydrostratigraphy and Hydraulic Conductivity 

The Upper Confining Unit and the Middle Confining Unit have been identified as aquitards by 
investigators working on a regional scale. These hydrostratigraphic units have been identified at the site 
by correlating regional and local stratigraphy. For example, stratigraphic sections for the site are 
presented in Rust (1998a). 

The Middle Confining Unit is being relied upon as a barrier to the upward migration of wastewater 
from the Boulder Zone into the overlying Upper Floridan Aquifer. In order for the Middle Confining Unit 
to function as a contaminant transport barrier, it must be composed of material with low vertical hydraulic 
conductivity and there can be no high hydraulic conductivity pathways that penetrate its vertical 
thickness. 

The hydraulic properties of the Middle Confining Unit at the site can be determined by hydraulic 
tests such as slug tests or pumping tests. A very limited hydraulic test data set was provided for review. 
This data set includes a journal article that describes hydraulic testing of test Well I-5 performed in 1977 
(Singh, Garcia-Bengochea, and Sproul 1980), and a table entitled Packer Test Results (MDWSD 1994) 
that includes calculated transmissivity and hydraulic conductivity values for selected intervals in 
Wells I-13 through I-16. 

Singh, Garcia-Bengochea, and Sproul (1980) reported the results of hydraulic tests in terms of 
transmissivity (T), which is the product of hydraulic conductivity (K) and thickness (b), while the Packer 
Test Results table lists hydraulic conductivity. Transmissivity values from packer tests performed above 
the Boulder Zone reported by Singh, Garcia-Bengochea, and Sproul (1980) were converted to hydraulic 
conductivity by dividing the reported transmissivity by the length of the test interval. In addition to the 
packer tests, Singh, Garcia-Bengochea, and Sproul (1980) reported that one pumping test was performed 
in the Boulder Zone. The reported transmissivity value was converted to hydraulic conductivity by 
dividing by the length of the open-hole completion zone (2,746 to 3,193-ft bls). 

The MDWSD (1994) table contains from one to three hydraulic conductivity values for each 
interval tested. Presumably, replicate tests were performed in some, but not all, intervals. The arithmetic 
average of the values for each interval was computed and used in subsequent comparisons. 

Tables 2 and 3 show the data extracted from Singh, Garcia-Bengochea, and Sproul (1980) and from 
MDWSD (1994), and the calculated hydraulic conductivity values. 

A plot of these measured values as a function of depth below land surface is provided in Figure 6. 
In addition, contacts between hydrostratigraphic units are shown. The contacts between the MCU and the 
Upper and Lower Floridan Aquifer were taken from Draft Supplemental to Report No. B—Geochemical 
Study Report Potentiometric Maps of the Floridan Aquifer and the Boulder Zone for South District 
Wastewater Treatment Plant, Dade County, Florida (Rust 1998a, Figure 4-5). The top of the Boulder 
Zone was inferred to be the top of the open-hole completion portion of the well (I-5) tested by Singh, 
Garcia-Bengochea, and Sproul (1980). 

The typical range of permeability and hydraulic conductivity values observed for various 
consolidated and unconsolidated materials and values observed at the SDWTP are illustrated in Figure 7. 
This figure provides a basis for comparing the range of values measured at the site to typical values for 
limestone and other materials. 
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Table 2.  Hydraulic test data from Singh, Garcia-Bengochea, and Sproul (1980). 

Test  
No. 

Interval 
Top  
(ft) 

Interval 
Bottom 

(ft) 

Interval 
Length 

(ft) 

Average 
Depth 

(ft) 
T

(gpd-ft-1)
K

(cm s-1)

5 1968 1998 30 1983 177 2.8E-04 

3 2367 2397 30 2382 140 2.2E-04 

6 2008 2759 751 2383.5 653 4.1E-05 

7 2543 2573 30 2558 143 2.2E-04 

4 2407 2759 352 2583 350 4.7E-05 

10 2652 2682 30 2667 96 1.5E-04 

8 2583 2759 176 2671 326 8.7E-05 

2 2697 2727 30 2712 92 1.4E-04 

9 2692 2759 67 2725.5 264 1.9E-04 

1 2737 2759 22 2748 63 1.4E-04 

Pumping 
Test 

2746 3193 447 2970 1.4E+07 1.5E+00 

Table 3.  Hydraulic test data from MDWSD (1994). 

Measured Hydraulic 
Conductivity 

Well 

Interval 
Top 
(ft) 

Interval 
Bottom 

(ft) 

Average 
Depth  

(ft) (cm s-1) (cm s-1) (cm s-1)
Mean K 
(cm s-1)

I-13 1500 1560 1530 0.0003 0.0006 0.00016 3.5E-04 

I-14 1510 1540 1525 0.032 0.033 — 3.3E-02 

I-15 1530 1560 1545 0.043 — — 4.3E-02 

I-16 1560 1590 1575 0.0052 0.0026 — 3.9E-03 

I-13 1750 1810 1780 0.0002 0.0004 0.00016 2.5E-04 

I-14 1980 2010 1995 0.01 0.0037 0.0167 1.0E-02 

I-15 2040 2070 2055 0.00017 0.000029 0.00014 1.1E-04 

I-13 2090 2120 2105 0.00061 0.00048 0.00076 6.2E-04 

I-15 2190 2220 2205 0.00012 0.000011 0.0076 2.6E-03 

I-14 2240 2270 2255 0.00305 0.007 0.003 4.4E-03 
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Several observations can be made about the hydraulic conductivity values measured at the site: 

•= Boulder Zone 

The single measured hydraulic conductivity value for the Boulder Zone, 1.5 × 100  cm s-1, is 
approximately two orders of magnitude larger than measured values in the overlying portion 
of the Lower Floridan Aquifer and the Middle Confining Unit. The measured hydraulic 
conductivity of the Boulder Zone is quite high comparable to the hydraulic conductivity of 
coarse sand or gravel and falls in the range for karst limestone. It is approximately three 
orders of magnitude greater than the upper end of the range for non-karst limestone 
(Figure 7). This interpretation must be qualified because only one measured value for the 
Boulder Zone was available. The degree that this value is representative of the Boulder Zone 
cannot be assessed from such limited data set. 

•= Upper Portion of the Lower Floridan Aquifer and the Middle Confining Unit 

The majority of the hydraulic conductivity values measured in the upper portion of the 
Lower Floridan Aquifer and the Middle Confining Unit range from approximately 1 × 10-4 to 
1 × 10-2 cm s-1. (The three smallest measured values in the Lower Floridan Aquifer, which 
are slightly less than 1 × 10-4 cm s-1, were measured in very long test intervals—176 to 751-
ft—while the remainder of the values were measured in test intervals of 60-ft or less. 
Because of the substantial differences in the length of the test interval, the three lowest 
values are not directly comparable to the remainder of the data set.)  These hydraulic 
conductivity values are comparable to values for silty sand to clean sand (Figure 7). The 
smallest values are at the upper end of the range for non-karst limestone, and the entire range 
of values (excluding the three values measured in very long test intervals) falls within the 
range of karst limestone and for silty to clean sand as shown in Figure 7.  

The hydraulic conductivity values measured in the Lower Floridan Aquifer are generally 
lower than the values measured in the Middle Confining Unit. This suggests that the 
identification of hydrostratigraphic units at the site was not made on the basis of hydraulic 
conductivity values measured at the site. (In general, the hydrostratigraphic units with higher 
hydraulic conductivity are called ‘aquifers’, and the units with lower hydraulic conductivity 
are called ‘confining units’.) 

•= Upper Floridan Aquifer 

Three of the five hydraulic conductivity values measured in the Upper Floridan Aquifer are 
in the range of 1 × 10-4 to 1 × 10-2 cm s-1, and the remaining two values are in the range 
1 × 10-2 to 1 × 10-1 cm s-1. The three lower values are in the range measured for the Middle 
Confining Unit and correspond to the range reported for silty to clean sand and karst 
limestone (Figure 7). The two higher values fall in the range reported for karst limestone and 
clean sand. 

Based on the hydraulic conductivity values measured at the site, it appears that the Boulder Zone 
has substantially higher hydraulic conductivity than the overlying hydrostratigraphic units (assuming that 
the single measured value is representative of the Boulder Zone).  It is also clear that neither the upper 
portion of the Lower Floridan Aquifer nor the Middle Confining Unit is composed of low hydraulic 
conductivity materials. These units have hydraulic conductivity values that fall in the range of karst 
limestone or silty to clean sand. Although these units have lower conductivity than that of the Boulder 
Zone and possibly other regional aquifers and, therefore, may act as aquitards in terms of regional flow 
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systems, it is difficult to believe that materials with hydraulic conductivity of 10-4 cm s-1or greater would 
be an effective barrier to the migration of fluids out of the zone of injection. 

This interpretation was made based on the data available, but must be qualified because the 
measured hydraulic conductivity values may be higher than the values of hydraulic conductivity that 
control vertical flow in this system. There are three sources of this potential bias. (1) In a horizontally 
layered system in which the layers have different hydraulic conductivity values, for the ensemble of 
layers the horizontal hydraulic conductivity (KH) is larger than the vertical hydraulic conductivity (KV)
(Figure 8). This occurs because horizontal flow is controlled primarily by the high conductivity layers and 
is relatively insensitive to the low conductivity layers, while vertical flow is controlled primarily by the 
low conductivity layers and is insensitive to the high conductivity layers. Therefore, in a horizontally 
layered system KV is less than KH. (2) Hydraulic tests conducted in vertical wells or boreholes measure 
KH, not KV, and therefore KV is less than KMeasured in a horizontally layered system. (3) The response of a 
hydraulic test performed in a well or borehole is dominated by the layers that have higher hydraulic 
conductivity, and therefore KMeasured is generally greater than the hydraulic conductivity of the lower 
conductivity layers in the test interval. The potential bias toward high values in the hydraulic conductivity 
data set would cause the estimates of vertical flux – which is controlled by the lower conductivity layers 
in the system – to be too large, and estimates of travel time to be too small. Although we recognize that 
the hydraulic conductivity data set may be biased high relative to KV, the vertical flux and travel time are 
estimated in the following paragraphs based on the data available. In order to make a better estimate of 
vertical flux and travel time, vertical profiles of hydraulic conductivity are needed. As shown in Figure 8, 
the thickness and hydraulic conductivity of individual layers can be used to calculate the effective vertical 
hydraulic conductivity of the ensemble of layers. 

Figure 8.  Effective vertical and horizontal hydraulic conductivity for a horizontally layered system 
(modified from Freeze and Cherry 1979). 
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To estimate the vertical flux from the Boulder Zone into the overlying Upper Floridan Aquifer, the 
Darcy equation was used. The Darcy equation is 

dl

dh
Kq −=

where 

q = flux [L3L-2T-1]

K = hydraulic conductivity [L T-1]

h = hydraulic head [L] 

l = flow path length [L] 

d/d = differential operator. 

The parameter values used are 

K  =  2 × 10-4 cm s-1

h in Boulder Zone  =  96-ft  =  29 m 

h in Upper Floridan Aquifer  =  35-ft  =  11 m 

l  =  (depth of the top of the Boulder Zone - depth to the top of the Middle Confining Unit) 

   =  (2,746-ft – 1,890-ft) 

   =  856-ft 

   =  260 m. 

The hydraulic conductivity value used is representative of the measured values of the Lower 
Floridan Aquifer and is at the low end of the range measured in the Middle Confining Unit (Figure 6). 
Use of a low value will lead to small values of vertical flux and long travel times, and is therefore 
conservative. 

The hydraulic head values are described in the previous section. The depth to the top of the 
Boulder Zone was assumed to be the top of the Boulder Zone test interval reported by Singh, 
Garcia-Bengochea, and Sproul (1980), and the depth of the top of the Middle Confining Unit was taken 
from Rust (1998a, Figure 4-5). 

Substituting these values yields q = 1.4 × 10-7 m3 s-1 m-2, or 1.4 × 10-7 cubic meters of water per 
second, per square meter (in plan view) of flow area. 

The discharge of water through the Middle Confining Unit can be calculated by multiplying the 
vertical flux by the area through which flow is thought to occur. The area was assumed to be enclosed by 
a line 0.25 mi. from the site boundary (the area of review defined in 40 CFR 146.3). The Aquifer 
Exemption Petition for the South District Waste Water Treatment Plant, Dade County, Florida (CH2M 
Hill 1995, p. 29) indicates that this area is approximately 4.5 square miles, which is equal to 1.2 x 107 m2.
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The discharge through the Middle Confining Unit is thus calculated as 

Q = q A 

    = (1.4 × 10-7 m3 s-1 m-2) (1.2 × 107 m2)

    = 1.6 m3 s—1

    = 1,600 L s—1.

Converting from liters to gallons yields 

Q = 423 gal s-1

     = 25,000 gal min—1

     = 36,000,000 gal day—1

     = 36 MGD. 

If vertical leakage is assumed to occur through a smaller area, then the discharge will be 
proportionally smaller. For example, if leakage is assumed to occur through a rectangle 6,000-ft long by 
3,000-ft wide (the dimensions of the hydraulic head contour plots shown in the previous section, which is 
slightly larger than the injection well field), the area is 1.8 × 107-ft2 or 1.7 × 106 m2. This yields 

Q = (1.4 × 10-7 m3 s-1 m-2) (1.7 × 106 m2)

    = 2.4 × 10-1 m3 s—1 

    = 240 L s—1.

Converting from liters to gallons yields 

Q = 63 gal s—1

    = 3,800 gal min—1

    = 5,400,000 gal day—1

    = 5.4 MGD. 

These assumptions and calculations suggest that a substantial portion of the 100 MGD of 
wastewater that is injected into the Boulder Zone could migrate into the overlying Upper Floridan 
Aquifer. 

The limitations to this analysis are due mainly to uncertainties in the extent that the hydraulic 
conductivity values used in calculations are representative of the true hydraulic conductivity. In 
particular, if there are laterally extensive and continuous zones that have hydraulic conductivity 
substantially lower than the value assumed for this calculation, then the vertical flux through the Middle 
Confining Unit would be less than the calculated value. Conversely, if there are additional high hydraulic 
conductivity pathways—either natural or man-made—through the Middle Confining Unit, then the flux 
would be higher than value calculated. 

The information provided is insufficient to evaluate the extent to which the measured hydraulic 
conductivity values are representative of the actual values. To make this evaluation, review of the site 
stratigraphy (based on geophysical logs), the intervals tested, test procedures, and data analysis methods 
would be required. 
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It is assumed that fractures are the major pathways for fluid flow through the Middle Confining 
Unit. In discussing transport through fractured rock, Freeze and Cherry (1979) state that values of 
effective porosity of fractured rock on the order of 1—0.001 percent are not unusual. Larger values of 
effective porosity lead to slower velocity, for a given groundwater flux. In order to make a conservative 
(low) estimate of groundwater velocity (i.e. average linear porewater velocity), the effective porosity of 
the Middle Confining Unit was assumed to be at the upper end of this range (1 percent). The velocity of 
water moving through the Middle Confining Unit can be calculated by dividing the Darcy flux 
(q = 1.4 × 10-7 m s-1) by the effective porosity of the material, to yield an average linear porewater 
velocity of 1.4 × 10-5 m s-1.

The travel time of a conservative, non reactive solute through the Middle Confining Unit can be 
calculated by dividing the thickness of the Middle Confining Unit and Lower Floridan Aquifer (260 m) 
by the average linear pore water velocity (1.4 × 10-5 m s-1) to yield a travel time of 1.9 × 107 seconds, 
which is equal to 210 days. 

The calculation of travel time is subject to uncertainty in both the estimated vertical groundwater 
flux and the value of effective porosity. If it is assumed that the effective porosity is ten times the value 
used in the previous calculation, or 10 percent (which is the midpoint of the range for bulk permeability 
of non-karst limestone reported by Freeze and Cherry 1979), then the velocity would be slower by a 
factor of ten and the travel time would increase by a factor of ten to 2,100 days or about 6 years. 

6.3 Hydrogeologic Conclusions and Recommendations 

6.3.1 Conclusions 

Hydraulic Head 

•= Hydraulic head is greater in the Boulder Zone than in the overlying monitoring zones 
(ca. 1,000-ft, 1,500-ft, and 1,800-ft) in the Upper Floridan Aquifer, and therefore the vertical 
direction of groundwater flow is upward from the Boulder Zone to the Upper Floridan 
Aquifer. 

•= Hydraulic head values measured at each monitoring level in the Upper Floridan Aquifer 
appear to be perturbed, presumably by some wells being shut-in and others discharging 
(purging). Hydraulic head is lower in a discharging well than it would be if that well were 
shut in and allowed to recover to steady state. These head perturbations make it difficult to 
interpret spatial patterns in head within and between monitoring layers. 

•= Hydraulic head values measured in the injection wells also demonstrates anomalous values, 
presumably resulting from either some wells being shut in and others being used for 
injection or from differences in the density of the fluid in different wells. 

•= Differences in fluid density between wells could account for the differences in head 
measured between wells. 

Hydraulic Conductivity 

•= Hydraulic conductivity values available for review were measured in the Upper Floridan 
Aquifer, the Middle Confining Unit, and the upper portion of the Lower Floridan Aquifer, 
using packer tests. A single value was measured in the Boulder Zone using a pumping test. 
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•= The single measured hydraulic conductivity value for the Boulder Zone indicates that it is 
approximately two to four orders of magnitude more conductive than the Middle Confining 
Unit, and approximately three to four orders of magnitude more conductive than the upper 
portion of the Lower Floridan Aquifer. The extent that this value is representative of the 
Boulder Zone cannot be assessed because only a single measured value is available. 

•= The measured hydraulic conductivity values do not show that the Middle Confining Unit has 
lower hydraulic conductivity than the lower portion of the Upper Floridan Aquifer. The 
measured hydraulic conductivity of both zones is greater than 1 x 10-4 cm/s, which is 
comparable to karst limestone or sand. For comparison, the hydraulic conductivity of shale 
(typically relied upon for confinement of injection zones) is 10-7 cm/s or less (Figure 7), 
which is three orders of magnitude less than the measured hydraulic conductivity of the 
Middle Confining Unit.  

•= The measured hydraulic conductivity of the upper portion of the Lower Floridan Aquifer is 
generally less than that of the Middle Confining Unit. This suggests either that the upper 
portion of the Lower Floridan Aquifer is less permeable than the Middle Confining Unit, or 
that the hydraulic test data are not representative of one or both zones. The upper portion of 
the Lower Floridan Aquifer may be a confining layer at this site. 

•= The effective vertical hydraulic conductivity of a layered system controls vertical fluid 
migration. The effective vertical hydraulic conductivity of a layered system is dominated by 
the hydraulic conductivity of the lower conductivity layers and is relatively insensitive to the 
higher conductivity layers.  The response of packer tests with long test intervals (such as 
those used to generate the data reviewed) that span multiple layers in a horizontally layered 
system is dominated by the high conductivity layers and is relatively insensitive to the lower 
conductivity layers. Therefore, it is possible that the measured hydraulic conductivity data 
set is biased, with the measured values being larger than the values of vertical hydraulic 
conductivity that control vertical fluid movement. 

•= The vertical flux of water from the Boulder Zone through the upper portion of the Lower 
Floridan Aquifer and the Middle Confining Unit and into the Upper Floridan aquifer was 
calculated using values of hydraulic conductivity measured at the site. In order to be 
conservative (i.e. to calculate low values), the hydraulic conductivity value used in the flux 
calculation was approximately equal the lowest values measured in these units. This 
calculation shows that approximately 5 to 36 million gallons per day could move from the 
Boulder Zone to the Upper Floridan Aquifer. For comparison, approximately 100 million 
gallons per day are injected. 

•= Travel times for a conservative solute from the Boulder Zone to the Upper Floridan Aquifer 
were calculated based on these flux values and assumed values of effective porosity. The 
assumed values are in the range for fractured rock. The calculated travel times are short 
enough that conservative contaminants could migrate into the Upper Floridan Aquifer in 
approximately 1 to 6 years. 

•= As discussed in Section 7, the geochemical data do not show a spatial pattern of 
contamination that is consistent with widespread upward migration of contaminated water 
through a highly permeable confining layer. From this, it can be inferred that the Middle 
Confining Unit and / or the upper portion of the Lower Floridan Aquifer is a better confining 
unit than indicated by the hydraulic conductivity data set reviewed. This implies that the 
hydraulic conductivity data set reviewed does not adequately describe the vertical hydraulic 
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conductivity of the Middle Confining Unit and / or the upper portion of the Lower Floridan 
Aquifer. 

•= Much of the uncertainty in the flux and travel time estimated is due to uncertainty in the 
value of vertical hydraulic conductivity. If the true value of vertical hydraulic conductivity 
for the Middle Confining Unit is less than the measured value used in the calculations 
presented here, then the flux would be lower and the travel time would be longer than the 
values calculated here. Therefore, in order to build a better case that the Middle Confining 
Unit acts as an effective barrier to upward migration of fluids from the Boulder Zone, it must 
be shown that the effective vertical hydraulic conductivity of the Middle Confining Unit is 
less than the value used here. 

6.3.2 Recommendations 

Hydraulic Head 

•= Spatial patterns of hydraulic head at steady state conditions may be useful for detecting 
inadequately sealed wells, which may be indicated by anomalous head values. Therefore, it 
is recommended that all monitoring wells be shut in and allowed to reach steady state 
conditions, and then hydraulic head measured at each monitoring well and at the injection 
wells. Anomalous values on plots of head (similar to Figures 2 - 5) would be interpreted as 
indicating that a nearby well is inadequately sealed or that there is a different hydraulic 
connection between the Upper Floridan Aquifer and the Boulder Zone nearby. 

•= The density of fluid in the well must be considered in calculating hydraulic head from 
wellhead pressure measurements. 

•= Changes in the operation of injection wells may cause perturbations in hydraulic head in 
monitoring wells in the Upper Floridan Aquifer if there are inadequately sealed wells or if 
there are other hydraulic connections between the Boulder Zone and the Upper Floridan 
Aquifer nearby. Therefore, it is recommended that a program be developed and implemented 
in which each injection well is sequentially taken out of service and head is monitored in the 
injection and monitoring wells. Comparison of hydrographs for the injection wells and the 
monitoring wells may indicate monitoring wells that appear to be in good hydraulic 
communication with the Boulder Zone, which would be evidence that a nearby well is 
inadequately sealed or that that there is a different hydraulic connection between the Upper 
Floridan Aquifer and the Boulder Zone nearby. 

•= Wells that are suspected of leaking can be examined using a cement bond log, which  
measures the integrity of the annular seal between the casing and the formation. 

Hydraulic Conductivity 

The following recommendations are based on the assumption that the facility operator will be 
required to generate hydrogeologic data sufficient to demonstrate that the Middle Confining Unit and / or 
the upper portion of the Lower Floridan Aquifer provides confinement that is sufficient to prevent upward 
migration of fluids from the Boulder Zone into the Upper Floridan Aquifer. The approach outlined in the 
recommendations that follow is designed to generate data needed to calculate the effective vertical 
hydraulic conductivity of the confining unit(s) between the Boulder Zone and the Upper Floridan Aquifer. 
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•= As described in Section 5, use borehole geophysical data measured in new wells at the site, 
laboratory measurements on rock cores, and petroleum industry techniques to estimate the 
thickness and hydraulic conductivity of various zones in the Middle Confining Unit and the 
upper portion of the Lower Floridan Aquifer. 

•= Identify low hydraulic conductivity zones in the new wells via flowmeter logging in the 
Middle Confining Unit and the upper portion of the Lower Floridan Aquifer, which are 
completed open-hole. These tests are conducted by pumping water from either the upper 
potion of the well or the bottom of the well and measuring vertical flow in the well during 
pumping. In a plot of vertical flow in the well as a function of depth, the rate of change in 
flow with depth is proportional to the hydraulic conductivity of the formation as a function 
of depth. Low conductivity zones can be identified as portions of the flow versus depth plot 
in which the change in flow with depth is zero or very small. 

•= Conduct a series of packer tests in discrete low hydraulic conductivity layers identified from 
interpretation of borehole geophysical logs and borehole flowmeter logs. 

•= Calculate the equivalent vertical hydraulic conductivity of the Middle Confining Unit and 
the upper portion of the Lower Floridan Aquifer using the layer thicknesses determined from 
interpretation of borehole geophysical logs and hydraulic conductivity values determined 
from laboratory analysis and field packer tests. 

•= Using the equivalent vertical hydraulic conductivity values and steady state head values, 
repeat the vertical flux and travel time calculations. Assess whether the predicted flux from 
the Boulder Zone into the Upper Floridan Aquifer will have a significant detrimental effect. 
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7. EVALUATION OF GEOCHEMICAL DATA 

This section reviews the chemical and isotopic data collected from the SDWTP site to evaluate 
evidence of vertical migration in the aquifer (Rust 1998c). 

7.1 Concentration with Depth 

Monitoring wells are completed in four depth zones in the injection field. These zones are referred 
to as the 1,000-ft zone, the 1,500-ft zone, the 1,800-ft zone, and the injection zone, which ranges from 
2,300 to 3,000-ft bls. The major ion chemistry of the four zones shows significant differences. A graph of 
chloride concentrations with depth for all wells is provided in Figure 8. There is a general trend of 
increasing chloride concentration from 1,000-ft to 1,800-ft bls. The chloride concentrations at 1,800-ft are 
approximately the chloride concentration associated with seawater (19,300 mg/L). Concentrations of 
chloride in the injection zone are highly variable, but the highest concentrations in the injection zone are 
approximately as high as seawater. In some injection intervals, the injected effluent has completely 
replaced the initial formation water. In others, there is a mixing of effluent with the original formation 
waters. The deeper intervals of the injection wells show the smallest fraction of effluent. The difference in 
density is significant between the injected effluent and the pore water, and the effluent likely will float on 
top of the formation water. The higher chloride concentrations in the deeper zones of the injection wells 
support the conceptual model that density effects are a factor in the distribution of effluent within the 
injection interval. 

At the 1,800-ft depth interval, three or four wells show a distinctly lower chloride concentration 
than the other wells completed at the same depth. Wells FAL11, FAL12, and FAL14 are significantly 
lower in chloride than the remaining wells. Well FAL10 is slightly lower in chloride than the main 
grouping of wells. At the 1,500-ft depth interval, the wells show a small range of chloride concentrations, 
but not the distinct difference seen at 1,800-ft. 

Chloride concentrations in uncontaminated wells in the Boulder Zone and in the 1,800-ft zone are 
very similar to each other and are similar to seawater chloride concentrations. Above the 1,800-ft zone, 
chloride concentrations decrease toward the surface with relatively fresh water at the 1,000-ft interval. 
The similarity in water chemistry at 3,000-ft and 1,800-ft suggests some sort of connection between these 
two zones. On the other hand, the similarity of water chemistry also may reflect residual seawater 
emplaced into both zones long ago. A more rigorous review of regional trends in water quality and 
associated hydrology would help distinguish between these alternatives. 

Ammonia concentration is an indicator of injectate and thus shows where contamination of 
groundwater by treated sanitary wastewater has occurred.. A graph of ammonia in groundwater with 
depth for all wells is provided in Figure 10. In the injection zone, a wide range of ammonia and chloride 
concentrations exists. The ammonia concentrations are inversely related to chloride: the wells with the 
highest chloride concentrations have the lowest ammonia concentrations. Maximum ammonia levels in 
the injection zone correspond to ammonia levels in the injected effluent. 

In the 1,800-ft interval, ammonia levels are generally close to 0 mg/L with a few exceptions. Wells 
FAL10, FAL11, FAL12, and FAL14 contain elevated levels of ammonia. These are the same wells that 
contained lower levels of chloride than the remaining wells at the 1,800-ft depth interval. Many of the 
wells completed in the 1,500-ft depth interval contain elevated levels of ammonia. There is no indication 
of contamination with ammonia at the 1,000-ft level. 
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Figure 9.  Plot of chloride concentration with depth for all wells.  

Figure 10.  Plot of ammonia concentration with depth for all wells. 
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7.2 Spatial Distribution at 1,800-ft 

The spatial distribution in species at a depth interval may provide information on whether 
migration is localized or spread over a broad area. A map of wells completed at the 1,800-ft depth interval 
is provided in Figure 11, and the completion depths of the wells are shown in Figure 12. A map of the 
ammonia concentration at the 1,800-ft depth zone is provided in Figure 13. A map of the chloride 
concentration at the 1,800-ft depth zone is provided in Figure 14. Comparison of Figures 13 and 14 shows 
a high inverse correlation between chloride and ammonia. Wells with elevated ammonia levels are the 
same wells that have a decreased chloride concentration. From the spatial distribution of the 
concentrations, it appears that the contamination is related to point sources, rather than a widely 
distributed source.  The conclusion from this distribution of ammonia and chloride in the 1,800-ft zone is 
that the contamination in this zone is not the result of widespread upward migration through the confining 
layer, but migration from point sources at or close to two or three wells. There are point sources at or near 
wells FAL14 and FAL 12.  Contamination at Wells FAL10 and FAL11 could be originating near FAL12, 
or there also may be a lessor amount leakage at or near these wells. 

7.3 Spatial Distribution at 1,500-ft 

A map of wells completed at the 1,500-ft depth interval is provided in Figure 15, and the 
completion depths of the wells are shown in Figure 16. A map of the ammonia concentration at the 
1,500-ft depth zone is provided in Figure 17. A map of the chloride concentration at the 1,500-ft depth 
zone is provided in Figure 18. The magnitude of the chloride concentrations in the 1,500-ft depth interval 
is much lower than the magnitude in the concentrations in the 1,800-ft depth interval. In the 1,800-ft 
interval, a distinct difference exists in chloride concentration between wells with ammonia and wells 
without. No such obvious relation is indicated in the 1,500-ft zone. A large variation in ammonia exists, 
but very little variation in chloride. The levels of ammonia are elevated in the northeast and northwest 
portions of the facility. The distribution at this level is not as clear as at the 1,800-ft depth interval. Point 
sources appear to be present in the northeast and northwest. However, some level of contamination has 
spread throughout the 1,500-ft zone. Note that these point sources are not located at the BZ well cluster, 
and thus pre-1995 leaks in BZ-3 or BZ-4 do not appear to be the only source of contamination in the 
1,500-ft horizon. 

7.4 Mixing Relationships 

Three sources of water are clearly present in the subsurface. One is the original brine in the 
formations with a composition that approximates seawater. A second source of water is the effluent 
(treated sanitary wastewater) injected into the subsurface. The simplified definition of these waters is that 
effluent contains 16.5 mg/L of ammonia and no chloride, while seawater contains 19,300 mg/L of 
chloride and no ammonia. Using these two end members, the fraction of effluent and seawater in each 
sample was calculated. The sum of the two fractions, however, did not add up to 1.0. Therefore, a third 
component of groundwater was defined as the fraction not explained by the sum of effluent and seawater. 
The third component was found to have a moderate level of chloride and no ammonia. This third 
component corresponds to shallow groundwater at the 1,000-ft depth interval. A trilinear diagram, 
illustrated in Figure 19, was developed with the three apexes defined as seawater (ocean), effluent, and 
shallow groundwater. The top apex represents effluent with no chloride and ammonia. The left apex 
represents ocean water or the deep brines in the Boulder Zone. The right apex represents shallow 
groundwater with no ammonia and a small amount of chloride. 

Effluent and most of the injection zone waters fall near the upper apex of the triangle indicating 
that most of the initial brine has been swept from the upper portions of the injection zone. Ocean water, 
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some of the lower injection zone waters, and most of the waters from the 1,800-ft zone plot near the left 
apex of the triangle. These are the original deep formation waters. The water samples collected from the 
1,000-ft zone representing shallow groundwater plot at the right apex of the triangle. Water samples from  

Figure 11.  Map of wells completed in the 1,800-ft depth zone. 

Figure 12.  Map of wells completed in the 1,800-ft depth zone showing approximate completion depths 
(ft). 
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Figure 13.  Map of the 1,800-ft depth zone showing the concentration of ammonia in wells. 

Figure 14.  Map of the 1,800-ft depth zone showing the concentration of chloride in wells. 
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Figure 15.  Map of the 1,500-ft depth zone showing locations of monitoring wells. 

Figure 16.  Map of the 1,500-ft depth zone showing depths of completion intervals (ft). 
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Figure 17.  Map of the 1,500-ft depth zone showing the concentration of ammonia in monitoring wells. 

Figure 18.  Map of the 1,500-ft depth zone showing the concentration of chloride in monitoring wells. 
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Figure 19.  Ternary diagram showing the evolution of groundwater at the site from the mixing of three 
components. 

the Upper Floridan Aquifer Wells FAU9 through FAU13 plot just to the left of the shallow groundwater 
apex indicating their composition is intermediate between the deep brines and the shallow fresh 
groundwater. 

Waters in the 1,500 and 1,800-ft zones that showed evidence of contamination with effluent 
generally plot on a line between the effluent apex and the 1,000-ft zone samples. From the 1,800-ft zone, 
these samples are FAL12, FAL11, and FAL14. From the 1,500-ft zone, these samples are FAU05, 
FAU07, FAU08, FAU15, FAU16 and FAU06. Samples in the 1,500 and 1,800-ft zones lying on a line 
between effluent and the native water chemistry is a good indication of mixing of the two waters as an 
explanation of the source of contamination. The observation that the water samples from the 1,500 and 
1,800-ft zones fall along this same trend, and not on a mixing line between the effluent and shallow 
groundwater apexes, indicates that something more than mixing between effluent and shallow 
groundwater is taking place. The most likely explanation is that the water that migrated upward from the 
Lower Floridan Aquifer to the 1,800-ft zone is not strictly effluent, but effluent that has mixed with 
approximately 20% ocean water, similar to samples I15U, I15M, and I10L. 

Another mixing relation can be seen in a plot of bromide concentration versus ammonia 
concentration as shown in Figure 20. Effluent and the samples from the injection zone plot along the right 
end of the x axis above 10 mg/L of ammonia. Bromide was not analyzed on many of the injection zone 
samples, and so the water in this zone likely does not have zero bromide. The effluent concentration also 
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is in this area, indicating generally low bromide in effluent, and by extension, likely low bromide in the 
injection zone. Most of the 1,800-ft zone samples and ocean water plot along the y axis between 40 and 
70 mg/L of bromide. Uncontaminated samples from the 1,000 and 1,500-ft zones lie along the bromide 
axis (little or no ammonia) between 0 and 25 mg/L of bromide. The contaminated samples from the 1,500 
and 1,800-ft zones (FAL12, FAL11, FAL10, FAU05, FAU07, FAU08, FAU15, and FAU16) lie on a line 
between the high ammonia-low bromide injection zone samples and the low ammonia-high bromide brine 
samples. This supports the conclusion that the contamination in the Floridan Aquifer occurs by mixing of 
injected effluent with native groundwater. 

7.5 Geochemical Conclusions and Recommendations 

The following conclusions have been drawn from review of the geochemical data. 

•= Evaluation of water chemistry at the site shows that groundwater at the site includes three 
components: effluent (treated sanitary wastewater), native brine, and shallow groundwater.  

•= Mixing trends in water quality parameters support the conclusion that ammonia 
contamination in the Floridan Aquifer is from effluent.  

•= The vertical and spatial distribution of contamination in the Upper Floridan and Lower 
Floridan aquifers shows a pattern more consistent with point source contamination, such as 
leaking wells, than from widespread upward migration through a leaking confining layer. If 
contaminants were moving upward across a broad area through a leaking confining layer, 
contamination would probably be more widespread and concentrations would be higher in 
the 1,800-ft zone than in the 1,500-ft zone. In contrast, the observed contamination in the 
1,800-ft zone occurs in fewer wells than in the 1,500-ft zone; many wells in the 1,800-ft 
zone show no ammonia and have chloride concentrations consistent with the original native 
brine. Contamination is more widespread in the 1,500-ft zone, but there is still a distribution 
appearing to be “hot spots” around individual wells. 

•= The available data are not sufficient to differentiate between inadequately sealed wells or 
natural features as the point source contaminant features. 

The following recommendation is based on review of the geochemical data. 

•= Investigate the integrity of wells that are contaminated with treated effluent, and adjacent 
wells. 
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Figure 20.  Graph of ammonia and bromide in groundwater samples. 
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8. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS  

The following overall conclusions have been drawn after reviewing the available information. 
Detailed conclusions are presented in Sections 5 – 7. 

•= The geologic data provided for review are not sufficient to demonstrate that the Middle 
Confining Unit is a competent, low hydraulic conductivity layer that is capable of preventing 
upward migrations of fluids from the Boulder Zone into the overlying underground source of 
drinking water. 

•= The hydraulic head data available for review are inadequate to provide a useful 
understanding of the head relationships beneath the SDWTP because of the large spatial and 
temporal changes in head, presumably caused by purging of monitoring wells. The utility of 
this data set is further compromised because it is not known if corrections for variations in 
fluid density between wells have been made. 

•= The hydraulic conductivity data reviewed are not sufficient to demonstrate that the Middle 
Confining Unit is a competent confining layer. The data reviewed suggest that the upper 
portion of the Lower Floridan Aquifer has lower conductivity than the Middle Confining 
Unit, and thus it is possible that this zone may be an important confining unit. 

•= Based on the hydrogeologic data reviewed, widespread contamination of the Upper Floridan 
Aquifer would be expected. This was not observed, and therefore the degree that the 
hydrogeologic data reviewed are representative of conditions at the SDWTP must be 
questioned. 

•= The hydraulic conductivity data reviewed may not reflect the effective vertical hydraulic 
conductivity of the confining units above the Boulder Zone. If the actual vertical hydraulic 
conductivity were less than the reported values, then the degree of confinement of the 
Boulder Zone would be greater than the available hydrogeologic data indicate. 

•= The geochemical data reviewed indicate that groundwater in the Upper Floridan Aquifer is 
contaminated with treated wastewater. 

•= The spatial patterns of contamination in the Upper Floridan Aquifer are consistent with 
migration of contaminated water through isolated conduits, but are inconsistent with 
migration through the Middle Confining Unit throughout a broad area (as would be inferred 
from the hydrogeologic data). Isolated conduits could be either natural features or man-made 
features such as inadequately sealed wells. 

The following general recommendations are made on the assumption that the facility operator will 
be required to generate geologic and hydrogeologic data sufficient to demonstrate that the confining layer 
above the Boulder Zone provides containment sufficient to prevent significant upward migration of fluids 
into the Upper Floridan Aquifer. These recommendations outline a program for obtaining these data. 
More detailed recommendations are presented in Sections 5 – 7. 

•= Improve the geologic characterization of the SDWTP site by drilling new wells at the site, 
running a suite of borehole geophysical logs, analyzing core samples in the laboratory, and 
using petroleum industry techniques to determine the hydraulic properties of the confining 
units. 
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•= Improve the hydraulic head data set by measuring heads under steady state conditions and 
accounting for the density of fluid in well bores. 

•= Improve estimates of vertical hydraulic conductivity by identifying the low conductivity 
layers in confining units and measuring the hydraulic conductivity of discrete zones. 

•= Using the geologic and hydrogeologic data sets, reevaluate the competency of the confining 
units between the Boulder Zone and the Upper Floridan Aquifer. 

The following activities are recommended to investigate the integrity of annular seals in wells that 
are suspected of leaking. 

•= Investigate the integrity of wells by sequentially removing injection wells from service and 
monitoring changes in hydraulic head in wells located nearby horizontally but at different 
depths. 

•= Examine wells suspected of having inadequate annular seals using borehole geophysical 
techniques. 

•= Repair or abandon wells found to have inadequate annular seals.  

As discussed in Section 1, the specific questions that EPA Region 4 asked the INEEL to address 
are: 

1. Whether the existing data are sufficient to either prove or disprove the presence of a 
confining layer above the zone of injection and, if it is present, whether it is capable of 
preventing movement of injected fluids from the zone of injection into the overlying 
monitoring zones. 

2. Whether the data sets support the Miami-Dade Water and Sewer Department’s contention 
that all of the observed contamination of the monitoring zone could have resulted from 
vertical flow through unsealed boreholes. 

3. If the data are not sufficient to evaluate points 1 and 2, identify the additional data that 
should be collected to provide definitive answers. 

The specific responses are shown below. 

1. Neither the geologic nor hydrogeologic data sets are sufficient to show that a competent 
confining layer exists between the zone of injection and the Upper Floridan Aquifer. 
Although the confining layer above the Boulder Zone may in fact be competent, these data 
sets are not adequate to draw this conclusion. 

2. The geochemical data sets indicate that groundwater at some locations in the Upper Floridan 
Aquifer is contaminated with treated wastewater, which implies that contaminants are 
migrating through the Middle Confining Unit. The spatial distribution of contamination in 
the Upper Floridan Aquifer is consistent with the presence of point sources but inconsistent 
with contaminant migration over a broad area. This suggests that isolated conduits, such as 
inadequately sealed wells or natural features, provide pathways for contaminated water to 
migrate upward from the Boulder Zone, but contaminants are not migrating upward through 
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the Middle Confining Unit across a broad area. However, the data do not allow a distinction 
to be made between migration through inadequately sealed wells or through natural features. 

3. Recommendations for collection of additional geologic and hydrogeologic data and for 
testing the integrity of wells that are suspected of having inadequate annular seals are 
provided in previous sections. 



41

9. REFERENCES 

40 CFR 144.12, Code of Federal Regulations, Title 40, “Protection of Environment,” Part 144, 
“Underground Injection Control Program,” Subpart .12, “Prohibition of movement of fluid into 
underground sources of drinking water.” 

40 CFR 144.13, Code of Federal Regulations, Title 40, “Protection of Environment,” Part 144, 
“Underground Injection Control Program,” Subpart .13, “Prohibition of Class IV wells.” 

40 CFR 146.12, Code of Federal Regulations, Title 40, “Protection of Environment,” Part 146, 
“Underground Injection Control Program Criteria and Standards,” Subpart .12, “Construction 
requirements.” 

40 CFR 146.13, Code of Federal Regulations, Title 40, “Protection of Environment,” Part 146, 
“Underground Injection Control Program Criteria and Standards,” Subpart .13, “Operating, 
monitoring, and reporting requirements.” 

Florida Environmental Regulations, Article 528, “Water Regulations,” Chapter 62-528, “Underground 
Injection Control.” 

CH2M Hill, 1995, Aquifer Exemption Petition for the South District Waste Water Treatment Plant, Dade 
County, Florida, CH2M Hill Inc. and TMG Inc.

Freeze, R. A., and J. A. Cherry, 1979, Groundwater, Prentice-Hall, Englewood Cliffs, New Jersey. 

MDWSD, 1998, Mechanical Integrity Test and Results for Injection Well IW-2, Miami-Dade Water and 
Sewer Department, South District Wastewater Treatment Plant, Dade County, Florida. 

MDWSD, 1994, “Packer Test Results,” Attachment to Memorandum, from Miami-Dade Water and 
Sewer Department and CH2M Hill to Mr. Al Mueller, Florida Department of Environmental 
Protection Dade County Technical Advisory Committee Members, “Miami-Dade Water and Sewer 
Department South District WWTP Deep Well Injection System.” 

Rust, 1998a, “Draft Supplemental to Report No. B—Geochemical Study Report Potentiometric Maps of 
the Floridan Aquifer and the Boulder Zone for South District Wastewater Treatment Plant, Dade 
County, Florida,” Rust Environment & Infrastructure Inc.

Rust, 1998b, Report No. 1: Chemical Tracer Feasibility Study, South District Wastewater Treatment 
Plant Deepwell Injection Field Miami-Dade County, Florida, Rust Environment & Infrastructure 
Inc. 

Rust, 1998c, Report No. 2—Geochemical Study Report for South District Wastewater Treatment Plant, 
Dade County, Florida, Rust Environment & Infrastructure, Inc. 

Singh, U. P., J. I. Garcia-Bengochea, and C. R. Sproul, 1980, “Deep Well Disposal of Secondary Effluent 
in Dade County, Florida,” Water Resources Bulletin, Vol. 16, No. 5, pp. 812–817. 



A-1

Appendix A 

Technical Documents Reviewed 



A-2



A-3

Appendix A 

Technical Documents Reviewed 

CH2M Hill, 1995, Aquifer Exemption Petition for the South District Waste Water Treatment Plant, Dade 
County, Florida, CH2M Hill Inc. and TMG Inc.

MDWSD, 1998, Mechanical Integrity Test and Results for Injection Well IW-1, Miami-Dade Water and 
Sewer Department, South District Wastewater Treatment Plant, Dade County, Florida. 

MDWSD, 1998, Mechanical Integrity Test and Results for Injection Well IW-2, Miami-Dade Water and 
Sewer Department, South District Wastewater Treatment Plant, Dade County, Florida. 

MDWSD, 1998, Report No. A—Monitoring Well Purging Report for South District Wastewater 
Treatment Plant, Miami-Dade Water and Sewer Department, Dade County, Florida. 

MDWSD, 1994, “Packer Test Results,” Attachment to Memorandum, from Miami-Dade Water and 
Sewer Department and CH2M Hill to Mr. Al Mueller, Florida Department of Environmental 
Protection Dade County Technical Advisory Committee Members, “Miami-Dade Water and Sewer 
Department South District WWTP Deep Well Injection System.” 

MDWSD, 1999, Monitoring Well Report for South District Wastewater Treatment Plant, Miami-Dade 
Water and Sewer Department, Dade County, Florida. 

Rust, 1998a, Draft Supplemental to Report No. B—Geochemical Study Report Potentiometric Maps of the 
Floridan Aquifer and the Boulder Zone for South District Wastewater Treatment Plant, Dade 
County, Florida, Rust Environment & Infrastructure Inc.

Rust, 1998b, Report No. 1: Chemical Tracer Feasibility Study, South District Wastewater Treatment 
Plant Deepwell Injection Field Miami-Dade County, Florida, Rust Environment & Infrastructure 
Inc. 

Rust, 1998c, Report No. 2—Geochemical Study Report for South District Wastewater Treatment Plant, 
Dade County, Florida, Rust Environment & Infrastructure, Inc. 

Singh, U. P., J. I. Garcia-Bengochea, and C. R. Sproul, 1980, “Deep Well Disposal of Secondary Effluent 
in Dade County, Florida,” Water Resources Bulletin, Vol. 16, No. 5, pp. 812–817. 



A-4



B-1

Appendix B 

South District Wastewater Treatment Plant 
Injection Field Timeline 



B-2



B-3

Appendix B 

South District Wastewater Treatment Plant 
Injection Field Timeline 

Table B-1.  Injection field timeline. 

Date Event Reference 

1977 (estimated) Hydraulic tests reported in Singh, Garcia-Bengochea, and 
Sproul, (1980) performed by CH2M Hill on test hole drilled at 
the South District Wastewater Treatment Plant (SDWTP). 

Singh, Garcia-
Bengochea, and 
Sproul 1980 

1979 to 1981 Injection Wells I-1 through I-9 were constructed. Monitoring 
Wells BZ, FA-1, FA-2 were constructed. 

Rust 1998b 

February 19, 
1983

Injection commenced. Permitted capacity was 85 MGD. EPA 1997 

1991 to 1992 Injection Wells I-10 through I-12 were constructed. 
Monitoring Wells FA-3, FA-4 were constructed. 

Rust 1998b 

December 16, 
1992

Construction permit was issued for capacity expansion to 
112.5 MGD. 

EPA 1997 

1993 to 1996 Injection Wells I-13 through I-17 were constructed. 
Monitoring Wells FA-5 through FA-16 were constructed. 

Rust 1998b 

1994 Total dissolved solids (TDS) increase was detected in 
Monitoring Well BZ “immediately above the injection zone at 
2,460-ft.” 
The casing of Monitoring Well BZ was found to be corroded at 
approximately. 1,500-ft. 

Rust 1998b 

May 1994 Ammonia was detected in Well FA-5 (1,490 to 1,588-ft) at 
7 mg/L. 

MDWSD 1999 

May 9, 1994 Radioactive tracer test in Well IW-2 indicated a leak in the 
casing between 2,510 to 2,550-ft and an obstruction at 2,618-ft. 

MDWSD 1998b 

May 9, 1994 Radioactive tracer test confirmed the mechanical integrity of 
the cement surrounding the casing and the formation above 
2,440-ft. 

MDWSD 1998b 

May 13, 1994 Video survey of Well IW-2 revealed a 3-ft separation in the 
casing at 2,516 to 2,519-ft and an obstruction at 2,627-ft. 
(There is neither evidence that the failed casing was repaired, 
nor that the well was removed from service. See September 15, 
1998, entry). 

MDWSD 1998b 
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Date Event Reference 

1994 Obstruction was detected in Well IW-2 at 2,620-ft. The well 
was redrilled to remove the obstruction. 
The gravel pack “collapsed.”  Debris (i.e., gravel and 
formation) was removed. 
The casing passed a pressure test. 

MDWSD 1998b 

June 1994 First detection of ammonia above background in the 1,500-ft 
zone of Wells FA-5 through FA—8. 

Rust 1998b 

July 25, 1994 Dade County notified the Florida Department of Environmental 
Protection (FDEP) that ammonia and total Kjeldahl nitrogen 
(TKN) had been detected outside the injection zone. 

EPA 1997 

August 30, 1994 Construction of facilities for expansion of the plant capacity to 
100 MGD was completed. 

EPA 1997 

1995 Monitoring Well BZ tubes 3 and 4 were closed and plugged. 
Well BZ was reconstructed to monitor the 1,000 and 1,500-ft 
zones. 

Rust 1998b 

May 8, 1995 Construction began of Monitoring Well FA—11. MDSWD 1998b 

January 1996 Total Kjeldahl nitrogen analysis method was changed, resulting 
in slightly higher measured values. 

MDWSD 1998c 

February 1996 Sampling of Wells FA-10 through FA-16 at 1,500 and 1,800-ft 
commenced. Ammonia was detected as concentrations greater 
than 1 mg/L. 

Rust 1998b 

late 1996 (?) Purging (i.e., allowing wells to flow via the artesian head) of 
the following wells commenced: 
The upper zone Wells FA-5, FA-6, FA-7, FA-8, FA-15, FA-16 
[Q ~ 500 gpm]. 
The lower zone Wells FA—11 and  FA-12 [Q~70 gpm]. 

MDWSD 1999 

July to Nov 1997 All monitoring wells show a decrease in conductivity caused by 
defective conductivity meter, which was replaced in November 
1997.

MDWSD 1998c, 
1999

Dec 26, 1997 Consent order went into effect EPA 1997 
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Date Event Reference 

Jan 1998 Well FA-5 Upper damaged and “killed.”  The well was placed 
back in service December 1998. 

MDWSD 1999 

April 1998 A 1-week monitoring program was conducted for 
potentiometric data.  
(Note: Atypical hydraulic conditions were observed.) 

Rust 1998a 

Sept 15, 1998 Video survey of Well IW-2 revealed a 7-ft split (2,516 –to 
2,523-ft) in the casing. 
(See May 13, 1994, entry for the first detection of the casing 
failure. It apparently was NOT repaired.) 

MDWSD 1998b 

Oct 9, 1998 Pressure test of Well IW-2 above 2,435-ft indicated that the 
casing integrity is satisfactory. 

MDWSD 1998b 

Oct 15, 1998 Video survey of Injection Well IW-1 “demonstrates visual 
mechanical integrity.” 

MDWSD 1998a 

Oct 21, 1998 Pressure test of Well IW-1 was conducted above 2,583-ft. The 
well passed the test. 

MDWSD 1998a 

Oct 22, 1998 and 
Nov 21, 1998 

Radioactive tracer test in Well IW—2 proved inconclusive 
above 2,485-ft. Possible tracer hit at 2,320-ft. 

MDWSD 1998b 

Oct 22, 1998 to  
Nov 19, 1998 

Radioactive tracer test was conducted from Well IW—2 to 
FW-11. A possible tracer hit was observed, despite poorly 
designed test configuration. 

MDWSD 1998b 

Nov 17, 1998 Radioactive tracer test of Well IW—1: “. . . resulted in no 
upward migration of the tracer behind the casing or the 
formation immediately surrounding the casing. The RTS 
demonstrates mechanical integrity.” 

MDWSD 1998a 

March 12, 1999 Injection well operation permits were issued for Injection Wells 
IW-1 through IW—3. 

MDWSD 1999 
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Chapter 8: Monitoring and Reporting Conditions 8-1 

CHAPTER 8. Monitoring and Reporting Conditions 

This chapter describes the monitoring and reporting conditions that a permit writer establishes in a 
National Pollutant Discharge Elimination System (NPDES) permit. The monitoring and reporting 
conditions require the permittee to conduct routine or episodic self-monitoring of permitted discharges 
and internal operations (where applicable) and report the analytical results to the permitting authority with 
the information necessary to evaluate discharge characteristics and compliance status. Periodic 
monitoring and reporting establish an ongoing record of the permittee’s compliance status and, where 
violations are detected, create a basis for any necessary enforcement actions. 

The monitoring and reporting conditions section of an NPDES permit generally includes specific 
requirements for the following items: 

 Monitoring locations. 
 Monitoring frequencies. 
 Sample collection methods. 
 Analytical methods. 
 Reporting and recordkeeping requirements. 

The following sections provide an overview of the considerations involved in determining appropriate 
monitoring, reporting, and recordkeeping requirements, and how to properly incorporate the appropriate 
requirements in an NPDES permit. 

8.1 Establishing Monitoring Conditions 
The NPDES regulations require facilities discharging pollutants to waters of the United States to 
periodically evaluate compliance with the effluent limitations established in their permits and provide the 
results to the permitting authority. A permit writer should consider several factors when determining the 
specific requirements to be included in the NPDES permit. Inappropriate or incomplete monitoring 
requirements can lead to inaccurate compliance determinations. Factors that could affect sampling 
location, sampling method, and sampling frequency include the following: 

 Applicability of effluent limitations guidelines and standards (effluent guidelines). 
 Wastestream and process variability. 
 Access to sample locations. 
 Pollutants discharged. 
 Effluent limitations. 
 Discharge frequencies (e.g., continuous versus intermittent). 
 Effect of flow or pollutant load or both on the receiving water. 
 Characteristics of the pollutants discharged. 
 Permittee’s compliance history. 
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8.1.1 Purposes of Monitoring 

Monitoring is performed to determine compliance with effluent limitations established in NPDES 
permits, establish a basis for enforcement actions, assess treatment efficiency, characterize effluents and 
characterize receiving water. 

Regulations requiring the establishment of monitoring and reporting conditions in NPDES permits are at 
Title 40 of the Code of Federal Regulations (CFR) 122.44(i) and 122.48. Regulations at § 122.44(i) 
require permittees to monitor pollutant mass (or other applicable unit of measure) and effluent volume 
and to provide other measurements (as appropriate) using the test methods established at Part 136. That 
subpart also establishes that NPDES permits (with certain specific exceptions as discussed in section 
8.1.3 below) must require permittees to monitor for all limited pollutants and report data at least once per 
year. 

Regulations at § 122.48 stipulate that all permits must specify requirements concerning the proper use, 
maintenance, and installation of monitoring equipment or methods (including biological monitoring 
methods when appropriate). NPDES permits must also specify the monitoring type, intervals, and 
frequency sufficient to yield data that are representative of the activity. The following sections focus on 
developing permit monitoring conditions that properly address these regulatory requirements. 

8.1.2 Monitoring Location 

The permit writer should specify the appropriate monitoring location in an NPDES permit to ensure 
compliance with the permit limitations and provide the necessary data to determine the effects of an 
effluent on the receiving water. The NPDES regulations do not prescribe exact monitoring locations; 
rather, the permit writer is responsible for determining the most appropriate monitoring location(s) and 
indicating the location(s) in the permit. Ultimately, the permittee is responsible for providing a safe and 
accessible sampling point that is representative of the discharge [§ 122.41(j)(1)]. 

The permit writer should consider the following questions when selecting a monitoring location: 

 Is the monitoring location on the facility’s property? 
 Is the monitoring location accessible to the permittee and the permitting authority? 
 Will the results be representative of the targeted wastestream? 
 Is monitoring at internal points needed? 

Permit writers should establish monitoring locations where the wastewater is well mixed, such as near a 
Parshall flume or at a location in a sewer with hydraulic turbulence. Weirs tend to enhance the settling of 
solids immediately upstream and the accumulation of floating oil or grease immediately downstream. 
Such locations should be avoided for sampling. 

The permit writer can specify monitoring locations with either a narrative description or a diagram of the 
permittee’s facility. Exhibit 8-1 provides examples of how to specify monitoring locations in a permit 
either by narrative or by diagram. 
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Exhibit 8-1 Examples of specifying monitoring locations in permits 

Narrative 
A. Monitoring Locations 

 
1. Discharge from the Chemistry-Fine Arts Building must be sampled at the Parshall flume before the 

discharge point for Outfall 001. 
2. Discharge from the Physics Building must be sampled at the Parshall flume before the discharge point for 

Outfall 002. 
3. Discharge from the Research Lab No. 1 must be sampled at the Parshall flume before the discharge point 

for Outfall 003. 
 

Diagram 
A. Monitoring Locations 

 
Outfall  Description 
 
001 Discharge Pipe: Discharge of wastewater generated by all regulated metal finishing processes 

at the facility. Samples must be collected at the point indicated on the diagram below. 
 

Final pH 
Adjustment
Tank * Sample Point

*

Parshall Flume

Receiving 
Stream

Outfall
001

 

 

The monitoring location will vary depending on the type of monitoring required. The following sections 
discuss monitoring location considerations for each monitoring type. 

8.1.2.1 Influent and source water monitoring locations 

Influent monitoring is monitoring of a wastestream before that wastestream receives treatment. The 
permit writer should require influent monitoring when a characterization of the influent is needed to 
determine compliance with a permit condition, such as the 5-day biochemical oxygen demand (BOD5) 
and total suspended solids (TSS) percent removal limitations required by the secondary treatment 
standards for publicly owned treatment works (POTWs). 

Source water monitoring is the monitoring of source water before use as process water (e.g., river water 
used as contact cooling water). The permit writer should require source water monitoring if intake credits 
are established as specified in § 122.45(g). 

Influent and source water monitoring locations should ensure a representative sample of raw intake water 
before any processes or treatment that could alter the properties of the intake water. 
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8.1.2.2 Internal monitoring locations 

Internal monitoring is the monitoring of wastestreams at a location within the facility before discharge to 
waters of the United States. The NPDES regulations at § 122.45(h) allow internal monitoring points to be 
established when needed to determine compliance with a standard and in cases where setting an external 
monitoring location is not feasible. The permit writer may require internal monitoring to determine 
compliance with technology-based effluent limitations (TBELs) for a wastestream before commingling 
with other process or non-process wastestreams. Internal monitoring is generally not appropriate for 
determining compliance with water quality-based effluent limitations (WQBELs) unless final effluent 
monitoring is impractical (e.g., the final discharge point is submerged or inaccessible). 

Examples of reasons for requiring designation of internal monitoring locations include the following: 

 Ensuring compliance with effluent guidelines (at non-POTW facilities): When non-process 
wastewaters dilute process wastewaters subject to effluent guidelines, monitoring the combined 
discharge might not accurately allow determination of whether the facility is complying with the 
effluent guidelines. Under such circumstances, the permit writer might consider requiring 
monitoring for compliance with TBELs before the process wastewater is combined with non-
process wastewater. 

 Ensuring compliance with secondary treatment standards (for POTWs only): Some POTWs 
include treatment processes that do not address pollutants regulated by secondary treatment 
standards and that could interfere with the ability to accurately monitor for compliance with 
secondary treatment standards. Under such circumstances, the permit writer could consider 
requiring monitoring for compliance with limitations derived from secondary treatment standards 
before such processes. For example, the permit could require effluent monitoring for compliance 
with limitations derived from secondary treatment standards after secondary clarification but 
before disinfection. 

 Allowing detection of a pollutant: Instances could arise where the combination of process and 
non-process wastewaters result in dilution of a pollutant of concern such that it would not be 
detectable using approved analytical methods. Internal monitoring would enable characterization 
of the pollutant before dilution with other wastewaters. 

Where the permit writer determines that internal monitoring is necessary, § 122.45(h)(2) states that 
limitations on internal wastestreams may be imposed only where the permit fact sheet sets forth the 
exceptional circumstances requiring application of limitations at those locations. 

8.1.2.3 Effluent monitoring locations 

Effluent monitoring is monitoring of the final effluent after all treatment processes. The permit writer 
should require effluent monitoring to determine compliance with final effluent limitations established in 
the permit. Effluent monitoring also can be used to provide data to assess the possible impact of the 
discharge on the receiving water. 

Effluent monitoring locations should provide a representative sample of the effluent being discharged into 
the receiving water. Effluent monitoring locations should be established after all industrial uses and 
treatment processes. Most importantly, the point where a final effluent limitation applies and the point 
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where monitoring is required must be the same. A logical effluent monitoring point is just before 
discharge to the receiving water. This is particularly true for ensuring compliance with WQBELs. 

8.1.3 Monitoring Frequency 

The permit writer should establish monitoring frequencies sufficient to characterize the effluent quality 
and to detect events of noncompliance, considering the need for data and, as appropriate, the potential 
cost to the permittee. Monitoring frequency should be determined on a case-by-case basis, and decisions 
for setting monitoring frequency should be described in the fact sheet. Some states have their own 
monitoring guidelines that can help a permit writer determine an appropriate monitoring frequency. 

To establish a monitoring frequency, the permit writer should consider the variability of the concentration 
of various parameters by reviewing effluent data for the facility (e.g., from discharge monitoring reports 
[DMRs]) or, without actual data, information from similar dischargers. A highly variable discharge 
should require more frequent monitoring than a discharge that is relatively consistent over time 
(particularly in terms of flow and pollutant concentration). Other factors that should be considered when 
establishing appropriate monitoring frequencies include the following: 

 Design capacity of the treatment facility. The monitoring frequency might need to be increased 
at facilities where the treatment facility is nearing design capacity. For example, at equivalent 
average flow rates, a large lagoon system that is not susceptible to bypasses would require less 
frequent monitoring than an overloaded treatment facility that experiences fluctuating flow rates 
from infiltration or large batch discharges from an industrial user system. The lagoon should have 
a relatively low variability compared to the facility receiving batch discharges. 

 Treatment method used. The monitoring frequency will be similar for similar treatment 
processes. The type of wastewater treatment used by the facility might affect the frequency of 
effluent monitoring. An industrial facility employing biological treatment would have a similar 
monitoring frequency as a secondary treatment plant with the same units used for wastewater 
treatment. If the treatment method is appropriate and achieving high pollutant removals on a 
consistent basis, monitoring could be less frequent than for a plant with little or insufficient 
treatment. 

 Compliance history. The monitoring frequency might need to be adjusted to reflect the 
compliance history of the facility. A facility with problems achieving compliance generally 
should be required to perform more frequent monitoring to characterize the source or cause of the 
problems or to detect noncompliance. 

 Cost of monitoring relative to permittee’s capabilities. The monitoring frequency should not 
be excessive and should be what is necessary to provide sufficient information about the 
discharge. 

 Location of the discharge. The monitoring frequency could be increased if the discharge is to 
sensitive waters or is near a public water supply. 

 Nature of the pollutants. To accurately characterize the discharge, the monitoring frequency 
might be increased for wastewaters with highly toxic pollutants or where the nature of the 
pollutants varies. 
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 Frequency of the discharge. The monitoring frequency for a wastewater discharged in batches 
infrequently should differ from that for a continuous discharge of highly concentrated wastewater 
or a wastewater containing a pollutant that is found infrequently and at very low concentrations. 
The production schedule of the facility (e.g., seasonal, daily), the plant washdown schedule, and 
other similar factors should be considered. 

 Number of monthly samples used in developing effluent limitations. When establishing 
monitoring frequency, the permit writer should consider the number of monthly samples used in 
developing average monthly WQBELs. If the discharger monitors less frequently than the 
monthly monitoring frequency assumed when developing applicable effluent guidelines or in 
calculating a WQBEL, it could be more difficult for the discharger to comply with its average 
monthly effluent limitations. For example, if an average monthly limitation is established 
assuming a monitoring frequency of four times per month (i.e., the limit is the expected average 
of four samples taken during a month), a discharger taking only one sample per month would 
statistically have a greater chance of exceeding its average monthly limit than if it sampled at 
least four times per month. 

 Tiered limitations. The monitoring frequency requirements should correspond to the applicable 
tiers in cases where the permit writer has included tiered limitations. If a facility has seasonal 
discharge limitations, it might be appropriate to increase the monitoring frequency during the 
higher production season, and reduce the frequency during the off-season. 

 Other Considerations. To ensure representative monitoring, permit conditions could be included 
to require monitoring on the same day, week, or month for parameters that might be correlated in 
some way. For example, coordinating the monitoring requirements for parameters such as 
pathogens and chlorine or metals and pH can provide information for both compliance 
assessment and determination of treatment efficacy. 

A permit writer could also establish a tiered monitoring schedule that reduces or increases the monitoring 
frequency during a permit cycle. Tiered monitoring might be appropriate for discharges where the initial 
sampling shows compliance with effluent limitations, justifying a reduction in monitoring frequency over 
time. Conversely, if problems are found during the initial sampling, more frequent sampling and more 
comprehensive monitoring can be applied. This step-wise approach could lead to lower monitoring costs 
for permittees while still providing the data needed to demonstrate compliance with effluent limitations. 

In 1996 EPA issued Interim Guidance for Performance-Based Reductions of NPDES Permit Monitoring 
Frequencies <www.epa.gov/npdes/pubs/perf-red.pdf>. Under the guidance, NPDES reporting and monitoring 
requirements may be reduced on the basis of a demonstration of excellent historical performance. 
Facilities can demonstrate that historical performance by meeting a set of compliance and enforcement 
criteria and by demonstrating their ability to consistently discharge pollutants below the levels necessary 
to meet their existing NPDES permit limitations. Reductions are determined parameter-by-parameter, on 
the basis of the existing monitoring frequency and the percentage below the limitation at which the 
parameter is being discharged. The reductions are incorporated when the permit is reissued. To remain 
eligible for the reductions, permittees are expected to maintain the parameter performance levels and 
good compliance on which the reductions were based. 
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8.1.4 Sample Collection 

The permit writer must specify the sample collection method for all parameters required to be monitored 
in the permit. The permit writer should determine the sample collection method on the basis of the 
characteristics of each specific discharge. Certain sample collection and storage requirements are 
identified as part of the analytical methods specified in Part 136. (Section 8.3 below presents more on 
analytical methods.) The two most frequently used sampling methods are grab and composite. For more 
detailed information on sample collection methods, permit writers should refer to Chapter 5 (Sampling) of 
the NPDES Compliance Inspection Manual1 
<www.epa.gov/compliance/resources/publications/monitoring/cwa/inspections/npdesinspect/npdesmanual.html>. 

8.1.4.1 Grab Samples 

Grab samples are individual samples collected over a period not exceeding 15 minutes and that are 
representative of conditions at the time the sample is collected. Grab samples are appropriate when the 
flow and characteristics of the wastestream being sampled are relatively constant. The sample volume 
depends on the type and number of analyses to be performed. A grab sample is appropriate when a 
sample is needed to 

 Monitor an effluent that does not discharge on a continuous basis. 
 Provide information about instantaneous concentrations of pollutants at a specific time. 
 Allow collection of a variable sample volume. 
 Corroborate composite samples. 
 Monitor parameters not amenable to compositing (e.g., temperature). 

Grab samples can also be used to determine the spatial variability of a parameter or information on 
variability over a short period. They also are useful for monitoring intermittent wastewater flows from 
well-mixed batch process tanks. 

8.1.4.2 Composite Samples 

Composite samples are collected over time, either by continuous sampling or by mixing discrete samples, 
and represent the average characteristics of the wastestream during the sample period. Composite samples 
might provide a more representative measure of the discharge of pollutants over a given period than grab 
samples, and are used when any of the following is true: 

 A measure of the average pollutant concentration during the compositing period is needed. 
 A measure of mass loadings per unit of time is needed. 
 Wastewater characteristics are highly variable. 

Composite samples can be discrete samples (see discussion of sequential sampling in section 8.1.4.3 
below) or a single combined sample and are collected either manually or with automatic samplers. There 
are two general types of composite sampling: time-proportional and flow-proportional. The permit writer 
should clearly express which type is required in the permit. 

Time-proportional composite sample: This method collects a fixed volume (V) of discrete sample aliquots 
in one container at constant time intervals (t) as shown in Exhibit 8-2. 
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Exhibit 8-2 Visual interpretation of time-proportional composite monitoring 

 

Time-proportional composite monitoring is appropriate when the flow of the sampled stream is constant 
(flow rate does not vary more than ±10 percent of the average flow rate) or when flow-monitoring 
equipment is not available. Automatically timed composited samples are usually preferred over manually 
collected composites. Composite samples collected by hand are appropriate for infrequent analyses and 
screening or if the subsamples have a fixed volume at equal time intervals. 

Flow-proportional composite sample: There are two methods used for this type of sample: constant-
volume when the interval time varies between samples, or constant-time when the interval volume 
collected varies between samples as shown in Exhibit 8-3. 

Exhibit 8-3 Visual interpretation of flow-proportional composite monitoring 

 

The constant-volume, flow-proportional, composite monitoring method collects a constant sample 
volume at varying time intervals proportional to stream flow (e.g., 200 milliliters sample collected for 
every 5,000 gallons of flow). The constant-time, flow-proportional, composite monitoring method 
collects the sample by adjusting the volume of each aliquot as the flow varies, while maintaining a 
constant time interval between the aliquots. 

Flow-proportional composite sampling is usually preferred over time-proportional composite sampling 
when the effluent flow volume varies appreciably over time. If there is no flow-measuring device, 
effluent samples can be manually composited using the influent flow measurement without any correction 
for time lag. The error in the influent and effluent flow measurement is insignificant except in those cases 
where large volumes of water are impounded, as in equalization basins. 

If a sampling protocol is not specified in the regulations, the permit writer should establish the duration of 
the compositing period and frequency of aliquot collection. The permit writer should also establish the 
time frame within which the sample is to be collected and the number of individual aliquots in the 
composite. 
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There are instances where composite samples are inappropriate. For example, the permit application 
regulations at § 122.21(g)(7) indicate that grab samples must be used for sampling several parameters that 
may change during the time it takes to composite the sample. Composite samples can be used for whole 
effluent toxicity (WET) testing; however, if there is concern that there are toxicity spikes or that the 
toxicant is a parameter for which composite sampling is not appropriate, grab samples for WET testing 
could be specified in the permit. 

8.1.4.3 Sequential and Continuous Monitoring 

Sequential monitoring refers to collecting discrete samples in individual containers in regular succession, 
such as timed intervals or discharge increments. Sequential grab samples provide a characteristic of the 
wastestream over a given time. Automatic sequential monitoring may be done with a special type of 
automatic sampling device that collects relatively small amounts of a sampled wastestream with the 
interval between sampling proportioned based on either time or effluent flow. Unlike a combined 
composite sampler, the sequential sampling device automatically retrieves a sample and holds it in a 
bottle separate from other automatically retrieved samples. Many individual samples can be stored 
separately in the unit rather than combining aliquots in a common bottle. 

Continuous monitoring is another option for a limited number of parameters such as flow, total organic 
carbon (TOC), temperature, pH, conductivity, residual chlorine, fluoride, and dissolved oxygen. When 
establishing continuous monitoring requirements, the permit writer should be aware that the NPDES 
regulations concerning pH limitations allow for a period of excursion when the effluent is being 
continuously monitored (§ 401.17). The reliability, accuracy, and cost of continuous monitoring vary with 
the parameter monitored. The permit writer should consider the environmental significance of the 
variation of any of these parameters in the effluent and the cost of continuous monitoring before 
establishing continuous monitoring requirements in the permit. 

8.2 Additional Monitoring Requirements and WET Testing 
A variety of discharges other than traditional POTW or industrial wastewater discharges, including 
biosolids (sewage sludge), combined sewer and sanitary sewer overflows, and stormwater, are regulated 
under the NPDES permit program. In addition, many permits include requirements for WET testing. As 
discussed in this section, a permit writer should account for such unique discharges and testing 
requirements in establishing monitoring requirements. 

8.2.1 Biosolids (Sewage Sludge) 

The purpose of monitoring sewage sludge is to ensure safe use or disposal of the sludge. Sewage sludge 
regulations specified in Part 503 require monitoring of sewage sludge that is applied to land, placed on a 
surface disposal site, or incinerated. The frequency of monitoring is based on the annual amount of 
sewage sludge that is used or disposed of by those methods. POTWs that provide the sewage sludge to 
another party for further treatment (such as composting) must provide that party with the information 
necessary to comply with regulations at Part 503. Sewage sludge disposed of in a municipal solid waste 
landfill unit must meet the criteria for municipal solid waste landfills in the regulations at Part 258. 
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Exhibit 8-4 shows the minimum monitoring requirements established in Part 503 for sewage sludge 
before use and disposal. More frequent monitoring for any of the required or recommended parameters is 
appropriate when the POTW has any of the following: 

 A highly variable influent load of toxics or organic solids. 
 A significant industrial load. 
 A history of process upsets due to toxics, or of adverse environmental impacts due to sludge use 

or disposal activities. 

Exhibit 8-4 Minimum requirements for sewage sludge monitoring, based on method of sludge 
use or disposal 

Method Monitoring requirements Frequency 
Citation 
(40 CFR) 

Land application 

 Sludge weight and percent total 
solids 

 Metals: As, Cd, Cu, Pb, Hg, Mo, 
Ni, Se, and Zn 

 Pathogen Density 
 Vector Attraction Reduction 

Based on dry weight of sludge in metric 
tons per year: 
 > zero but < 290: annually 
 = or > 290 but < 1,500: quarterly 
 = or > 1,500 but < 15,000: bimonthly 
 = or > 15,000: monthly 

§ 503.16 

Co-disposal in 
municipal solid 
waste landfill 

 Sludge weight and percent total 
solids 

 Passes Paint-Filter Liquid Test 
 Suitability of sludge used as cover 
 Characterize in accordance with 

hazardous waste rules 

Monitoring requirements or frequency not 
specified by Part 503. Determined by 
local health authority or landfill 
owner/operator. 

Part 258 

 Sludge weight and percent total 
solids 

 Metals: As, Cr, Ni (Unlined sites 
only) 

 Pathogen Density 
 Vector Attraction Reduction 

Based on dry weight of sludge in metric 
tons per year: 
 > zero but < 290: annually 
 = or > 290 but < 1,500: quarterly 
 = or > 1,500 but < 15,000: bimonthly 
 = or > 15,000: monthly 

Surface 
disposal: 
lined sites with 
leachate 
collection and 
unlined sites 

 Methane gas  Continuously 

§ 503.26 

 Sludge weight and percent total 
solids 

 Metals: As, Cd, Cr, Pb, and Ni 

Based on dry weight of sludge in metric 
tons per year: 
 > zero but < 290: annually 
 = or > 290 but < 1,500: quarterly 
 = or > 1,500 but < 15,000: bimonthly 
 = or > 15,000: monthly 

 Be and Hg (National Emissions 
Standards) 

 As required by permitting authority 
(local air authority) 

 THC or O2, moisture, combustion 
temperatures  Continuously 

Incineration 

 Air pollution control device 
operating parameters  As required by permitting authority 

§ 503.46 

Notes: 
Monitoring frequencies required by Part 503 may be reduced after 2 years of monitoring, but in no case may be less than once 
per year. 
A successful land application program could necessitate sampling for other constituents of concern (such as nitrogen) in 
determining appropriate agronomic rates. The permit writer will determine additional monitoring requirements. 
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The sampling and analysis methods specified in § 503.8 and Part 136 should be followed for monitoring 
the required parameters. Without any specific methods in Part 503, guidance on appropriate methods is in 
the following documents: 

 Part 503 Implementation Guidance2 <www.epa.gov/npdes/pubs/owm0237.pdf>. 
 POTW Sludge Sampling and Analysis Guidance Document3 <www.epa.gov/npdes/pubs/owm012.pdf>. 
 Control of Pathogens and Vector Attraction in Sewage Sludge4 

<www.epa.gov/ORD/NRMRL/pubs/625r92013/625r92013.htm>. 

8.2.2 Combined Sewer Overflows (CSOs) and Sanitary Sewer Overflows 
(SSOs) 

EPA’s Combined Sewer Overflow (CSO) Control Policy (59 FR 18688, April 19, 1994) requires 
monitoring to characterize the combined sewer system, assist in developing a Long-Term Control Plan 
(LTCP), and show compliance with permit requirements. The permit writer should ensure the following: 

 Monitoring is done to develop an initial system characterization as part of the nine minimum 
controls to reduce CSOs and their effect on receiving water quality. Such monitoring includes 
analyzing existing data on precipitation events, on the combined sewer system and CSOs, on 
water quality, and conducting field inspections. 

 As part of the LTCP, a permittee is required to develop a more complete characterization of the 
sewer system through monitoring and modeling. 

 To show compliance with the permit requirements and ultimately the attainment of water quality 
standards, the permittee is required to conduct a post-construction compliance monitoring 
program. Specific monitoring requirements of the post-construction compliance monitoring 
program will be unique to each permittee’s LTCP and should be established as specific 
monitoring conditions in the individual NPDES permit. 

These monitoring conditions should require monitoring of certain key parameters during a representative 
number of CSOs from a representative number of wet-weather events along with ambient water quality 
monitoring to ascertain attainment of water quality standards. EPA has prepared a guidance manual on 
monitoring entitled Combined Sewer Overflows: Guidance for Monitoring and Modeling5 
<www.epa.gov/npdes/pubs/sewer.pdf>. 

A facility’s permit might also contain monitoring requirements for sanitary sewer overflows (SSOs). SSO 
monitoring requirements would be developed on a case-by-case basis. 

8.2.3 Stormwater Monitoring Considerations 

Stormwater monitoring requirements vary according to the type of permit regulating the stormwater 
discharge and the activity. Municipal separate storm sewer systems (MS4s) serving more than 100,000 
people (and some serving less than 100,000) are typically issued individual NPDES permits with 
monitoring requirements that are specific to the MS4. Smaller MS4s regulated under the stormwater Phase 
II rule are typically not required to conduct water quality monitoring as a condition in their NPDES general 
permit, though evaluation of measurable goals may include monitoring. EPA’s multi-sector general permit 
(MSGP) for stormwater discharges from industrial facilities includes analytical monitoring requirements 
based on the type of industrial activity. Finally, operators of construction activity regulated under the 
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construction general permit are typically not required to conduct water quality monitoring; however, some 
states and EPA Regions do require monitoring if the construction activity will discharge to a water 
impaired by sediment. 

Specific monitoring conditions for the federal general stormwater permits are detailed in the most recent 
Construction General Permit or MSGP issued by EPA (available on the EPA Stormwater Program 
Website <www.epa.gov/npdes/stormwater>). Additional documents on stormwater monitoring are: 

 Urban Stormwater BMP Performance: A Guidance Manual for Meeting the National Stormwater 
BMP Database Requirements6 <www.epa.gov/npdes/pubs/montcomplete.pdf>. 

 Guidance Manual for the Monitoring and Reporting Requirements of the NPDES Stormwater 
Multi-Sector General Permit (MSGP)7 <www.epa.gov/npdes/pubs/dmr-fin.pdf>. 

8.2.4 WET Monitoring 

The use of WET testing to evaluate the toxicity in a receiving stream is discussed in section 6.4 of this 
manual and on the NPDES WET Website <www.epa.gov/npdes/wet>. The WET (or biomonitoring) test 
procedures were promulgated in § 136.3 (60 FR 53529, October 16, 1995). EPA revised the WET 
methods in 67 FR 69951, November 19, 2002. WET monitoring conditions included in permits should 
specify the particular biomonitoring test to be used, the test species, required test endpoints, and quality 
assurance/quality control procedures. 

To support permitting agencies in implementing WET methods, EPA has revised and published manuals 
for toxicity test protocols: 

 Methods for Measuring the Acute Toxicity of Effluents and Receiving Waters to Freshwater and 
Marine Organisms. 5th ed.8 <www.epa.gov/waterscience/WET/disk2/atx.pdf>. 

 Short-Term Methods for Estimating the Chronic Toxicity of Effluents and Receiving Waters to 
Freshwater Organisms. 4th ed.9 <www.epa.gov/waterscience/WET/disk3/ctf.pdf>. 

 Short-Term Methods for Estimating the Chronic Toxicity of Effluents and Receiving Waters to 
Marine and Estuarine Organisms. 3rd ed.10 <www.epa.gov/waterscience/WET/disk1/ctm.pdf>. 

 NPDES Compliance Monitoring Inspector Training: Biomonitoring11 (No Link). 

WET testing samples could be composite or grab samples. Twenty-four hour composite samples are 
suggested except when any of the following are true: 

 The effluent is expected to be more toxic at a certain time of day. 
 Toxicity may be diluted during compositing. 
 The size of the sample needed exceeds the composite sampler volume. 

WET tests are relatively expensive compared to single parameter tests. Therefore, a permit writer should 
carefully consider the appropriate frequency for WET testing. A discharge with highly variable flow or 
observed toxicity should have more frequent monitoring than a discharge that is relatively consistent over 
time. As with other parameters, factors that a permit writer should consider when establishing appropriate 
WET monitoring frequencies include the following: 

 Type of treatment process. 
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 Environmental significance and nature of the toxicity. 
 Past compliance record or history. 
 Cost of monitoring relative to financial capabilities. 
 Number of monthly samples used in developing the permit limitation. 
 The frequency of intermittent discharges. 

Samples should be evenly spaced throughout the year so that seasonal variability can be ascertained. 

8.3 Analytical Methods 
The permit writer must specify the analytical methods to be used for monitoring. EPA’s Office of Science 
and Technology’s Clean Water Act Analytical Methods Website <www.epa.gov/waterscience/methods/> 
contains information about analytical methods. 

The standard conditions of the permit [§§ 122.41(j)(4) and 122.44(i)] require that, when available, 
permittees use test procedures specified in Part 136 <www.epa.gov/waterscience/methods/basic.htm>. The 
analytical methods contained in Part 136 are established for conventional, toxic (priority), and some 
nonconventional pollutants. Without analytical methods for a parameter, the permit writer should specify 
the analytical method to be used. There are also procedures to apply for approval of alternative test 
methods in accordance with § 136.4. 

While Part 136 identifies the analytical methods approved for use in the NPDES program, additional 
methods information is available through the National Environmental Methods Index (NEMI) 
<www.nemi.gov/>. NEMI is a Web-based, searchable clearinghouse of methods supported by the U.S. 
Geological Survey and EPA’s Office of Water. NEMI contains summaries of more than 1,100 methods 
and describes them by their performance characteristics and their regulatory status, relative cost, detection 
level, detection level type, accuracy, precision, spiking level, instrumentation, lab equipment, and the 
greenness of analytic methods. Permit writers might find that information useful in comparing the 
features of Part 136 methods that will be used for assessing compliance with the calculated effluent 
limitations. 

When establishing effluent limitations for a specific parameter (based on technology or water quality 
regulatory requirements), it is possible for the value of the calculated limit to fall below the method 
detection limit (MDL) and the minimum level (ML) established by the approved analytical method(s). 
Regardless of whether current analytical methods are available to detect and quantify the parameter at the 
concentration of the calculated limitation, the limitation must be included in the permit as calculated. 

In some instances, there might be two or more approved Part 136 analytical methods available for the 
analysis of a parameter. In such cases, the permit should determine whether there is a need to select one 
of the approved methods and to include a requirement in the permit mandating the use of only the selected 
method. That approach might be necessary where an effluent limit is established at a level that is 
quantifiable by one approved method but is below the ML of another approved method. 

Such a situation often occurs where a permit contains a WQBEL for mercury. To clarify the EPA’s 
position with respect to effluent monitoring for mercury, EPA developed a memo Analytical Methods for 
Mercury in National Pollutant Discharge Elimination System (NPDES) Permits12 
<www.epa.gov/npdes/pubs/mercurymemo_analyticalmethods.pdf>. 
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Sufficiently Sensitive Methods 

At the time of the writing of this manual, EPA had proposed regulations at §§ 122.21(e), 122.44(i), and 
Part 136, to require the use of sufficiently sensitive methods for analyses conducted for NPDES permit 
applications and for compliance monitoring (75 FR 35712, June 23, 2010). To ensure that appropriate 
analytical methods are required and performed, see the most current version of these federal 
regulations and applicable state analytical method regulations and policy. 

 

8.4 Reporting Monitoring Results 
The NPDES regulations require the permittee to maintain records and periodically report on monitoring 
activities. The regulations at § 122.41(l)(4)(i) require that monitoring results must be reported on a DMR 
<www.epa.gov/npdes/pubs/dmr.pdf>. Data reported include both data required by the permit and any additional 
data the permittee has collected consistent with permit requirements. All facilities must submit reports (on 
discharges and sludge use or disposal) at least annually, as required by § 122.44(i)(2). POTWs with 
pretreatment programs must submit a pretreatment report at least annually as required by § 403.12(i). 
However, the NPDES regulation states that monitoring frequency and reporting should be dependent on 
the nature and effect of the discharge or sludge use or disposal. Thus, the permit writer can require 
reporting more frequent than annually. 

8.5 Recordkeeping Requirements 
Generally, the permit writer is required by § 122.41(j) to include in the permit the requirement to retain 
records for at least three years, subject to extension by the State Director. Recordkeeping requirements for 
sewage sludge [§ 122.41(j)] and the CAFO program [§ 122.42(e)(2)] require records be kept five years or 
longer if required by the State Director. The permit writer should designate in the permit where records 
should be kept. 

Monitoring records must include the following: 

 Date, place, time of sampling. 
 Name of sampler. 
 Date of analysis. 
 Name of analyst. 
 Analytical methods used. 
 Analytical results. 

According to § 122.41(j), monitoring records must be representative of the discharge. Monitoring records, 
which must be retained, include continuous strip chart recordings, calibration data, copies of all reports 
for the permit, and copies of all data used to compile reports and applications. 

Sewage sludge regulations under §§ 503.17, 503.27, and 503.47 establish recordkeeping requirements 
that vary depending on the use and disposal method for the sewage sludge. The same recordkeeping 
requirements should be applied to other sludge monitoring parameters not regulated by the Part 503 rule. 
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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 the hazardous substance described therein.  Each peer-reviewed profile identifies 
and reviews the key literature that describes a hazardous 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 public health statement that describes, in nontechnical language, a substance's 
relevant toxicological properties. Following the public health statement is information concerning levels 
of significant human exposure and, where known, significant health effects.  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 protection of public health are identified by ATSDR and EPA.  

Each profile includes the following: 

(A) The examination, summary, and interpretation of available toxicologic information and 
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant 
human exposure for the substance and the associated acute, subacute, and chronic health 
effects; 

(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, subacute, and chronic health effects; and 

(C) 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. Staff 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 is being made available for public review.  Final responsibility for the 
contents and views expressed in this toxicological profile resides with ATSDR. 



 

vi 

The toxicological profiles are developed in response to the Superfund Amendments and 
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive 
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).  This 
public law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly 
found at facilities on the CERCLA National Priorities List and that pose the most significant potential 
threat to human health, as determined by ATSDR and the EPA.  The availability of the revised priority 
list of 275 hazardous substances was announced in the Federal Register on December 7, 2005 (70 FR 
72840). For prior versions of the list of substances, see Federal Register notices dated April 17, 1987 
(52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17, 1990 (55 
FR 42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801);  February 28, 1994 (59 
FR 9486); April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); October 21, 1999 (64 FR 
56792); October 25, 2001 (66 FR 54014); and  November 7, 2003 (68 FR 63098). Section 104(i)(3) of 
CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each 
substance on the list. 
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous 
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation 
of available toxicologic and epidemiologic information on a substance.  Health care providers treating 
patients potentially exposed to hazardous substances will find the following information helpful for fast 
answers to often-asked questions. 

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating 
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant 
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of 
the general health effects observed following exposure. 

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, 
and assesses the significance of toxicity data to human health. 

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type 
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length 
of exposure (acute, intermediate, and chronic).  In addition, both human and animal studies are 
reported in this section. 
NOTE: Not all health effects reported in this section are necessarily observed in the clinical 
setting. Please refer to the Public Health Statement to identify general health effects observed 
following exposure. 

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health 
issues: 
Section 1.6 How Can (Chemical X) Affect Children? 

Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)? 

Section 3.7 Children’s Susceptibility 

Section 6.6 Exposures of Children 


Other Sections of Interest: 
Section 3.8 Biomarkers of Exposure and Effect 
Section 3.11 Methods for Reducing Toxic Effects 

ATSDR Information Center  
Phone:  1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY)   Fax: (770) 488-4178 
E-mail: cdcinfo@cdc.gov Internet: http://www.atsdr.cdc.gov 

The following additional material can be ordered through the ATSDR Information Center: 

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an 
exposure history and how to conduct one are described, and an example of a thorough exposure 
history is provided.  Other case studies of interest include Reproductive and Developmental 
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity; and numerous chemical-specific case studies. 

mailto:cdcinfo@cdc.gov
http://www.atsdr.cdc.gov
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene 
(prehospital) and hospital medical management of patients exposed during a hazardous materials 
incident. Volumes I and II are planning guides to assist first responders and hospital emergency 
department personnel in planning for incidents that involve hazardous materials.  Volume III— 
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care 
professionals treating patients exposed to hazardous materials. 

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances. 

Other Agencies and Organizations 

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease, 
injury, and disability related to the interactions between people and their environment outside the 
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, 
GA 30341-3724 • Phone: 770-488-7000 • FAX: 770-488-7015. 

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational 
diseases and injuries, responds to requests for assistance by investigating problems of health and 
safety in the workplace, recommends standards to the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains 
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue, 
SW, Washington, DC 20201 • Phone: 800-356-4674 or NIOSH Technical Information Branch, 
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998 
• Phone: 800-35-NIOSH. 

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for 
biomedical research on the effects of chemical, physical, and biologic environmental agents on 
human health and well-being.  Contact:  NIEHS, PO Box 12233, 104 T.W. Alexander Drive, 
Research Triangle Park, NC 27709 • Phone: 919-541-3212. 

Referrals 

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics 
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 • Phone:  202-347-4976 
• FAX: 202-347-4950 • e-mail: AOEC@AOEC.ORG • Web Page:  http://www.aoec.org/. 

The American College of Occupational and Environmental Medicine (ACOEM) is an association of 
physicians and other health care providers specializing in the field of occupational and 
environmental medicine.  Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, Elk 
Grove Village, IL 60007-1030 • Phone:  847-818-1800 • FAX:  847-818-9266. 

mailto:AOEC@AOEC.ORG
http://www.aoec.org/
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1 HEPTACHLOR AND HEPTACHLOR EPOXIDE 

1. PUBLIC HEALTH STATEMENT 


This public health statement tells you about heptachlor and heptachlor epoxide and the effects of 

exposure to them. 

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in 

the nation. These sites are then placed on the National Priorities List (NPL) and are targeted for 

long-term federal clean-up activities.  Heptachlor has been found in at least 210 of the 

1,684 current or former NPL sites.  Heptachlor epoxide has been found in at least 200 NPL sites.  

Although the total number of NPL sites evaluated for these substances is not known, the 

possibility exists that heptachlor and heptachlor epoxide may be found in the future as more sites 

are evaluated. This information is important because these sites may be sources of exposure and 

exposure to these substances may harm you. 

When a substance is released either from a large area, such as an industrial plant, or from a 

container, such as a drum or bottle, it enters the environment. Such a release does not always 

lead to exposure. You can be exposed to a substance only when you come in contact with it.  

You may be exposed by breathing, eating, or drinking the substance, or by skin contact. 

If you are exposed to heptachlor or heptachlor epoxide, many factors will determine whether you 

will be harmed. These factors include the dose (how much), the duration (how long), and how 

you come in contact with them.  You must also consider any other chemicals you are exposed to 

and your age, sex, diet, family traits, lifestyle, and state of health. 

1.1 WHAT ARE HEPTACHLOR AND HEPTACHLOR EPOXIDE? 

Heptachlor is a manufactured chemical that was used in the past for killing insects in homes, in 

buildings, and on food crops. It has not been used for these purposes since 1988.  There are no 

natural sources of heptachlor or heptachlor epoxide.  Trade names for heptachlor include 

Heptagran®, Heptamul®, Heptagranox®, Heptamak®, Basaklor®, Drinox®, Soleptax®, Gold Crest 

H-60®, Termide®, and Velsicol 104®. Heptachlor is both a breakdown product and a component 

of the pesticide chlordane (approximately 10% by weight).  Pure heptachlor is a white powder.  
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Technical-grade heptachlor is a tan powder and has a lower level of purity than pure heptachlor.  

Technical-grade heptachlor was the form of heptachlor used most often as a pesticide.  

Heptachlor smells somewhat like camphor.  Heptachlor does not burn easily and does not 

explode. It does not dissolve easily in water. 

Like pure heptachlor, heptachlor epoxide is a white powder that does not explode easily.  It was 

not manufactured and was not used as an insecticide like heptachlor.  Bacteria and animals break 

down heptachlor to form heptachlor epoxide.  This profile describes these two chemicals 

together because about 20% of heptachlor is changed within hours into heptachlor epoxide in the 

environment and in your body. 

You might find heptachlor or heptachlor epoxide in the soil or air of homes treated for termites, 

dissolved in surface water or groundwater, or in the air near hazardous waste sites.  You might 

also find heptachlor or its byproduct, heptachlor epoxide, in plants and animals near hazardous 

waste sites. Heptachlor can no longer be used to kill insects on crops or in homes and buildings. 

However, heptachlor is still approved by EPA for killing fire ants in buried power transformers, 

although it is unclear whether or not it is still being used for this purpose in the United States.  

More information on the chemical and physical properties of heptachlor and heptachlor epoxide 

is found in Chapter 4 of this document.  More information on the production and use of 

heptachlor is found in Chapter 5. 

1.2 	 WHAT HAPPENS TO HEPTACHLOR AND HEPTACHLOR EPOXIDE WHEN 
THEY ENTER THE ENVIRONMENT? 

From 1953 to 1974, heptachlor entered the soil and surface water when farmers used it to kill 

insects in seed grains and on crops.  It also entered the air and soil when homeowners and 

professional insect exterminators used it to kill termites.  Today, heptachlor is no longer used by 

homeowners to kill termites or other insects.  However, exterminators can still use existing 

stocks of heptachlor to kill fire ants in underground power transformers.   

Heptachlor and heptachlor epoxide can enter the air, soil, groundwater, and surface water from 

leaks at hazardous waste sites or landfills.  Heptachlor sticks to soil very strongly and evaporates 
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slowly into the air. Heptachlor does not dissolve easily in water.  Heptachlor epoxide dissolves 

more easily in water than heptachlor does and evaporates slowly from water.  Like heptachlor, 

heptachlor epoxide sticks to soil. 

Both heptachlor and heptachlor epoxide can travel long distances in the wind from places where 

they are released, such as treated fields or manufacturing sites.  In soil and water, heptachlor is 

changed by bacteria into the more harmful substance, heptachlor epoxide, or into other less 

harmful substances. Plants can absorb heptachlor through their roots from the soil.  Heptachlor 

in the air can be deposited on plant leaves and enter the plant from contaminated soil.   

Animals that eat plants containing heptachlor can also absorb it.  Animals can also change 

heptachlor to heptachlor epoxide in their bodies.  Heptachlor epoxide breaks down very slowly 

in the environment.  It can stay in soil and water for many years.  Both heptachlor and heptachlor 

epoxide build up in fish and in cattle. People store heptachlor epoxide in their fatty tissue.  Some 

studies show that heptachlor epoxide can still be measured in fatty tissue 3 years after a person is 

exposed to it. 

Most of the breakdown products of heptachlor are thought to be less harmful than heptachlor 

itself. However, in laboratory animals, heptachlor epoxide is more harmful than heptachlor.  For 

more information on heptachlor and heptachlor epoxide in the environment, see Chapters 5 

and 6. 

1.3 	 HOW MIGHT I BE EXPOSED TO HEPTACHLOR AND HEPTACHLOR 
EPOXIDE? 

Exposure to heptachlor and heptachlor epoxide most commonly occurs when you eat food 

contaminated with those chemicals.  Contaminated foods might include fish, shellfish (such as 

clams), dairy products, meat, and poultry.  Children and toddlers drink large amounts of milk and 

may have greater exposure if the milk is contaminated with heptachlor or heptachlor epoxide.  

Infants can be exposed to these compounds from drinking breastmilk or cow's milk.   
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Exposure can also occur when you drink water, breathe air, or touch contaminated soil at 

hazardous waste sites that contain heptachlor or heptachlor epoxide.  People whose homes have 

been treated with heptachlor to kill termites can be exposed by breathing heptachlor in the air.  

After heptachlor is changed to heptachlor epoxide in the soil, it can get into the air.  People who 

breathe this air will be exposed to heptachlor epoxide.  Workers who use heptachlor to kill fire 

ants are exposed if they breathe in the heptachlor or get it on their skin. 

Background levels of a substance are levels found in the environment that cannot be traced to a 

specific source. Information on background levels of heptachlor and heptachlor epoxide in the 

air was not found.  In one survey, the background levels of heptachlor in drinking water and 

groundwater in the United States ranged from 20 to 800 parts of heptachlor in one trillion parts 

of water (ppt). Heptachlor was found in less than 2% of U.S. groundwater samples that are 

known to be contaminated from pesticide application.  The average level of heptachlor in the 

contaminated groundwater samples was 800 ppt.  No information was found for levels of 

heptachlor epoxide in groundwater or drinking water.  Heptachlor epoxide has been found in 

surface water (river, lakes) at levels between 0.1 and 10 parts of heptachlor epoxide in one 

billion parts of water (ppb, 1 ppb is 1 thousand times more than 1 ppt).   

Heptachlor and heptachlor epoxide stick to sediment and soil.  Sediment in stream beds is likely 

to contain a lot of the heptachlor that enters the water.  Heptachlor and heptachlor epoxide were 

found in less than 0.7 and 1.8% of river bed sediments that were tested from 2003 to 2005.  

Contaminated fish and shellfish have been found to contain 2–750 ppb heptachlor and 0.1– 

480 ppb heptachlor epoxide. Heptachlor epoxide has been found in human milk samples at 

levels ranging from 0.13 to 128 ppb.  See Chapter 6 for more information on how you might be 

exposed to heptachlor and heptachlor epoxide. 

1.4 	 HOW CAN HEPTACHLOR AND HEPTACHLOR EPOXIDE ENTER AND LEAVE 
MY BODY? 

When you breathe air containing heptachlor or heptachlor epoxide, both can enter your 

bloodstream through your lungs. It is not known how fast these compounds enter and remain in 

the bloodstream.  Both heptachlor and heptachlor epoxide can also enter your body through your 



5 HEPTACHLOR AND HEPTACHLOR EPOXIDE 

1. PUBLIC HEALTH STATEMENT 

stomach after you eat food or drink water or milk containing them.  Most of the heptachlor that is 

swallowed passes through your stomach into your blood.  It can also enter your body through 

your skin. Heptachlor and heptachlor epoxide can pass directly from a mother's blood to an 

unborn baby through the placenta.  It can also pass from the mother to an infant through breast 

milk. 

Once inside your body, heptachlor is changed to heptachlor epoxide and other related chemicals.  

Most of the heptachlor, heptachlor epoxide, and other breakdown products leave your body in 

the feces within a few days after exposure.  Some breakdown products can also leave in the 

urine. Some heptachlor and heptachlor epoxide are stored in your body fat for long periods after 

exposure has occurred. The heptachlor and heptachlor epoxide that have been stored in fat leave 

your body much more slowly.  Chapter 3 contains more information on how heptachlor and 

heptachlor epoxide can enter and leave the body. 

1.5 	 HOW CAN HEPTACHLOR AND HEPTACHLOR EPOXIDE AFFECT MY 
HEALTH? 

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find 

ways for treating persons who have been harmed. 

One way to learn whether a chemical will harm people is to determine how the body absorbs, 

uses, and releases the chemical.  For some chemicals, animal testing may be necessary.  Animal 

testing may also help identify health effects such as cancer or birth defects.  Without laboratory 

animals, scientists would lose a basic method for getting information needed to make wise 

decisions that protect public health.  Scientists have the responsibility to treat research animals 

with care and compassion.  Scientists must comply with strict animal care guidelines because 

laws today protect the welfare of research animals. 

People can begin to smell heptachlor or heptachlor epoxide at around 0.3 milligrams in a cubic 

meter of air (0.3 mg/m3). No reliable studies in humans were found that show whether harmful 

health effects occur as a result of breathing heptachlor or heptachlor epoxide.  No animal studies 
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examining the harmful effects resulting from breathing air that contains heptachlor or heptachlor 

epoxide were found. 

In addition, no reliable human studies were found that show whether harmful effects occur from 

eating contaminated foods or by drinking liquids contaminated with heptachlor or heptachlor 

epoxide. Studies have shown a number of harmful health effects when animals were fed 

heptachlor or heptachlor epoxide.  These effects were more harmful when the exposure levels 

were high or when exposure lasted many weeks.  The effects observed in animals include 

damage to the liver, excitability, and decreases in fertility.   

Animals fed heptachlor throughout their lifetime had more liver tumors than animals that ate 

food without heptachlor. EPA and the International Agency for Research on Cancer have 

classified heptachlor as a possible human carcinogen.  EPA also considers heptachlor epoxide as 

a possible human carcinogen. 

Chapter 3 contains more information on the adverse health effects of heptachlor and heptachlor 

epoxide. 

1.6 	 HOW CAN HEPTACHLOR AND HEPTACHLOR EPOXIDE AFFECT 
CHILDREN? 

This section discusses potential health effects in humans from exposures during the period from 

conception to maturity at 18 years of age. 

Some studies in animals suggest that young animals exposed during gestation and infancy may 

be very sensitive to heptachlor and heptachlor epoxide.  Changes in nervous system and immune 

function were found in these animals.  There is some evidence that similar effects may occur in 

humans, but a study that found some changes in performance on some tests that measure nervous 

system function is not conclusive and exposure to other chemicals cannot be ruled out.  Exposure 

to higher doses of heptachlor in animals can also result in decreases in body weight and death in 

animal newborn babies. 
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1.7 	 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO HEPTACHLOR 
AND HEPTACHLOR EPOXIDE? 

If your doctor finds that you have been exposed to substantial amounts of heptachlor and 

heptachlor epoxide, ask whether your children might also have been exposed.  Your doctor might 

need to ask your state health department to investigate. 

Heptachlor is no longer used in the United States except to control fire ants; therefore, exposure 

should be limited.  Before the use of heptachlor was cancelled in 1988, it was used on various 

agricultural crops, in homes for the treatment of termites, and in power lines for fire ant control.  

However, because of the persistence of both heptachlor and heptachlor epoxide, exposure to the 

general population can occur from contaminated water, soil, and air.  People who live in homes 

where heptachlor was used for termite control or on farms where heptachlor was used on crops 

may have a higher risk of exposure through contaminated crops, soil, water, and air.  To avoid 

exposure from contaminated soil, you should discourage your children from eating or playing 

with dirt near home or barn foundations.  Make sure they wash their hands frequently and before 

eating. Discourage children from putting their hands in their mouths or other hand-to-mouth 

activities. 

Heptachlor and heptachlor epoxide are also persistent in food and milk.  Eating fish from 

contaminated water can increase exposure to heptachlor.  Avoid eating fish from contaminated 

water. Local fishing advisories can tell you if the water is contaminated. 

1.8 	 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN 
EXPOSED TO HEPTACHLOR AND HEPTACHLOR EPOXIDE? 

Laboratory tests can detect heptachlor and heptachlor epoxide in blood, fat, breast milk, and 

body tissues after exposure to high levels of these chemicals.  These tests are not commonly 

available at your doctor's office.  Most often, the test for heptachlor epoxide is used because 

heptachlor is quickly changed into heptachlor epoxide in your body.  Blood samples are used 

most often because they are easy to collect.  These tests are specific for heptachlor and 

heptachlor epoxide. However, heptachlor is both a breakdown product and a component of 
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chlordane, another pesticide. So if heptachlor and heptachlor epoxide are measured in the blood, 

the actual exposure could have been to chlordane.  Methods for measuring heptachlor and 

heptachlor epoxide in body fat are more precise and can detect lower levels than tests that 

measure levels in blood.  If heptachlor or heptachlor epoxide is found in your blood or fat, it is 

not possible to tell when you were exposed to these chemicals or if harmful health effects will 

occur. See Chapters 3 and 7 for more information on detecting these chemicals in the 

environment or in human tissues. 

1.9 	 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO 
PROTECT HUMAN HEALTH? 

The federal government develops regulations and recommendations to protect public health.  

Regulations can be enforced by law. The EPA, the Occupational Safety and Health 

Administration (OSHA), and the Food and Drug Administration (FDA) are some federal 

agencies that develop regulations for toxic substances.  Recommendations provide valuable 

guidelines to protect public health, but cannot be enforced by law.  The Agency for Toxic 

Substances and Disease Registry (ATSDR) and the National Institute for Occupational Safety 

and Health (NIOSH) are two federal organizations that develop recommendations for toxic 

substances. 

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a 

toxic substance in air, water, soil, or food that do not exceed a critical value that is usually based 

on levels that affect animals; they are then adjusted to levels that will help protect humans.  

Sometimes these not-to-exceed levels differ among federal organizations because they used 

different exposure times (an 8-hour workday or a 24-hour day), different animal studies, or other 

factors. 

Recommendations and regulations are also updated periodically as more information becomes 

available. For the most current information, check with the federal agency or organization that 

provides it. Some regulations and recommendations for heptachlor and heptachlor epoxide 

include the following: 



9 HEPTACHLOR AND HEPTACHLOR EPOXIDE 

1. PUBLIC HEALTH STATEMENT 

For exposures of up to 10 days, EPA recommends that a child weighing 22 pounds or less not 

drink water containing more than 0.01 mg heptachlor or heptachlor epoxide per liter of water 

(0.01 mg/L or 0.01 ppm).  EPA requires that drinking water should not contain more than 

0.0004 mg/L (0.0004 ppm) heptachlor and 0.0002 mg/L (0.0002 ppm) of heptachlor epoxide. 

FDA controls the amount of heptachlor and heptachlor epoxide on raw food crops and on edible 

seafood. The limit for most food crops is 0.01 parts heptachlor per million parts food 

(0.01 ppm).  The limit in milk is 0.1 parts heptachlor per million parts of milk fat.  The limit on 

edible seafood is 0.3 ppm. 

OSHA has set a limit of 0.5 mg/m3 for heptachlor in workplace air over an 8-hour workday for a 

40-hour workweek. For more information on standards and guidelines for heptachlor and 

heptachlor epoxide, see Chapter 8. 

1.10 WHERE CAN I GET MORE INFORMATION? 

If you have any more questions or concerns, please contact your community or state health or 

environmental quality department, or contact ATSDR at the address and phone number below. 

ATSDR can also tell you the location of occupational and environmental health clinics.  These 

clinics specialize in recognizing, evaluating, and treating illnesses that result from exposure to 

hazardous substances. 

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM.  You 

may request a copy of the ATSDR ToxProfilesTM CD-ROM by calling the toll-free information 

and technical assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at 

cdcinfo@cdc.gov, or by writing to: 

http:cdcinfo@cdc.gov
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Agency for Toxic Substances and Disease Registry 
  Division of Toxicology and Environmental Medicine 

1600 Clifton Road NE 
  Mailstop F-32 
  Atlanta, GA 30333 
  Fax: 1-770-488-4178 

Organizations for-profit may request copies of final Toxicological Profiles from the following: 

National Technical Information Service (NTIS) 

5285 Port Royal Road 


  Springfield, VA 22161 

  Phone: 1-800-553-6847 or 1-703-605-6000 

  Web site: http://www.ntis.gov/ 


http://www.ntis.gov/
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2.1 	 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO HEPTACHLOR AND 
HEPTACHLOR EPOXIDE IN THE UNITED STATES  

Heptachlor is a polychlorinated cyclodiene insecticide that was extensively used prior to 1970 to kill 

termites, ants, and soil insects in seed grains and on crops.  In 1983, the manufacturers voluntarily 

cancelled its registered uses, with the exception of termite and fire ant control.  Currently, the only 

permitted use of heptachlor is for fire ant control in buried power transformers; however, there are no 

actively registered pesticides containing heptachlor as an active ingredient.  Heptachlor epoxide is the 

primary degradation product of heptachlor.  Heptachlor epoxide is more persistent in the environment 

than heptachlor and biomagnifies in the terrestrial food chain.  Although the use of heptachlor is 

restricted, exposure to the general population can occur through the ingestion of contaminated food, 

inhalation of vapors from contaminated soil and water, and dermal contact with contaminated soil and 

water. The food classes most likely to contain residues are milk and other dairy products, vegetables, 

meat, fish, and poultry. 

2.2 	 SUMMARY OF HEALTH EFFECTS  

There are limited data on the toxicity of heptachlor or heptachlor epoxide following inhalation or dermal 

exposure. Most of the available information on the toxicity of heptachlor comes from oral exposure 

studies in laboratory animals, although some human data have been identified.  Oral exposure of 

laboratory animals to heptachlor results in a variety of adverse effects including liver effects, neurological 

effects, reproductive system dysfunction, and developmental effects.  Although there are very few studies 

involving exposure to heptachlor epoxide, it is likely that the effects resulting from heptachlor exposure 

are due to its metabolism to heptachlor epoxide.  Several human studies have examined the possible 

relationship between increased serum levels of heptachlor or heptachlor epoxide and adverse health 

outcomes.  Most of these studies involved exposure to a variety of organochlorine pesticides and the 

observed effects cannot be ascribed to heptachlor.  Additionally, a small number of studies have 

examined populations consuming milk products from cows fed heptachlor-contaminated feed.  In these 

types of studies, there is a greater degree of certainty in attributing the observed effects to heptachlor 

exposure. 

In mature animals, liver and neurological effects appear to have similar thresholds of toxicity.  Acute- or 

intermediate-duration exposure of rats or mice to 5–10 mg/kg/day has resulted in a variety of liver effects 
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including increases in serum alanine aminotransferase activity, necrosis, hepatocytomegaly, hepatitis, and 

increased liver weights.  These studies suggest that the severity of the hepatic lesions is related to the 

duration of exposure.  No alterations in serum liver enzyme activity levels or hepatocytomegaly incidence 

were observed in individuals exposed to heptachlor and heptachlor metabolites in contaminated milk 

products. Neurological alterations indicative of excitability and increased arousal were observed in rats 

exposed to 7 mg/kg/day for an acute duration and mink exposed to 1.7 or 6.2 mg/kg/day for an 

intermediate duration.  At higher doses (17 mg/kg/day), mice exhibited difficult standing, walking, and 

righting. Seizures have also been observed in mink prior to death. 

The reproductive system may be a more sensitive target of heptachlor toxicity than the liver or nervous 

system.  A decrease in fertility and an increase in resorptions were observed in female rats acutely 

exposed to 1.8 mg/kg/day.  Exposure of males to 0.65 mg/kg/day for 70 days resulted in decreased 

epididymal sperm count and increased resorptions when the males were mated with untreated females.  In 

contrast, two acute studies involving exposure to 10 mg/kg/day heptachlor, 8 mg/kg/day heptachlor 

epoxide, or 15 mg/kg heptachlor/ heptachlor epoxide mixture did not find dominant lethal effects.  

Reduced fertility has also been observed in mice exposed to 8.4 mg/kg/day.  

The available data provide suggestive evidence that the developing organism is the most sensitive target 

of heptachlor toxicity.  Increases in pup mortality have been observed at doses of 5.0 mg/kg/day and 

higher in rats and at 1.7 mg/kg/day in mink; these doses were also associated with serious maternal 

toxicity.  Decreases in pup body weight have also been observed at 4.5 mg/kg/day and higher. Heptachlor 

does not appear to increase the occurrence of anomalies or malformations.  Perinatal and postnatal 

exposure adversely affected the development of the nervous and immune systems; the lowest-observed

adverse-effect level (LOAEL) for these effects is 0.03 mg/kg/day. No adverse effects were observed in 

the developing reproductive system.  Studies of a population exposed to heptachlor-contaminated milk 

products found similar effects to those reported in animals.  The risk of fetal or neonatal deaths, low birth 

weight infants, or major congenital malformations was not significantly altered.  However, alterations in 

neurobehavioral performance were found when the children of women exposed to contaminated milk 

products reached high school. In particular, abstract concept formation, visual perception, and motor 

planning were adversely affected. 

The carcinogenicity of heptachlor and heptachlor epoxide has been evaluated in a number of human 

studies. In general, these studies have examined possible associations between heptachlor and/or 

heptachlor epoxide tissue levels or a surrogate of heptachlor exposure and the prevalence of cancer.  



13 HEPTACHLOR AND HEPTACHLOR EPOXIDE 

2. RELEVANCE TO PUBLIC HEALTH 

Mixed results have been reported across tumor types and within tumor types.  Interpretation of the studies 

is limited by the lack of information on heptachlor exposure, variables that may affect organochlorine 

levels (including diet and body mass index), and possible concomitant exposure to other chemicals.  

Increases in the incidence of hepatocellular carcinoma were observed in mice exposed to 2.4 mg/kg/day 

heptachlor and higher for 2 years, but not in rats exposed to 2.6 mg/kg/day and higher.  The EPA has 

classified heptachlor and heptachlor epoxide in group B2 (probable human carcinogen) and the 

International Agency for Research on Cancer (IARC) considers heptachlor as possibly carcinogenic to 

humans (Group 2b).  EPA has derived an oral slope factor of 4.5 per (mg/kg)/day for heptachlor and 

9.1 per (mg/kg)/day for heptachlor epoxide.  These slope factors correspond to drinking water unit risk 

levels of 1.3x10-4 and 2.6x10-4 per (µg/L), respectively.   

2.3 MINIMAL RISK LEVELS (MRLs) 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for heptachlor.  An 

MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 

noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure. 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990b), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

Inhalation MRLs 

Data on the toxicity of heptachlor or heptachlor epoxide following inhalation exposure are limited to 

several mortality studies of pesticide applicators or manufacturers (Blair et al. 1983; MacMahon et al. 
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1988; Shindell and Associates 1981; Wang and MacMahon 1979a) and a case control study examining 

the possible association between organochlorine pesticide exposure and aplastic anemia (Wang and 

Grufferman 1981).  No significant associations were found.  Interpretation of the results are limited by co

exposure to other organochlorine pesticides and lack of monitoring data.  No inhalation exposure animal 

studies were identified. 

The available inhalation data are considered inadequate for the development of MRLs for heptachlor and 

heptachlor epoxide. 

Oral MRLs 

Heptachlor. 

•	 An MRL of 0.0006 mg/kg/day has been derived for acute-duration oral exposure (14 days or less) 
to heptachlor. 

A number of studies have examined the toxicity of heptachlor following acute-duration oral exposure; 

many of the toxicity studies are limited by the lack of statistical analysis and poor reporting of the 

observed effects, including incidence data. Despite the limitations in the studies, the acute database does 

identify several targets of toxicity including the liver, nervous system, reproductive capacity, and the 

developing offspring.  Although some other adverse health effects have been reported, they have not been 

replicated in other studies or were observed at lethal doses.  The most sensitive effect following acute-

duration exposure appears to be a decrease in fertility and an increase in resorptions observed in female 

rats administered via gavage 1.8 mg/kg/day heptachlor in groundnut oil for 14 days prior to mating 

(Amita Rani and Krishnakumari 1995).  Gestational exposure to 4.5 or 6.8 mg/kg/day resulted in 

decreases in pup body weight (Narotsky and Kavlock 1995; Narotsky et al. 1995); a decrease in pup 

righting reflex was also observed at 4.2 mg/kg/day (Purkerson-Parker et al. 2001b).  At twice these dose 

levels, an increase in pup mortality was observed (Narotsky et al. 1995; Purkerson-Parker et al. 2001b).  

Liver effects were observed at doses similar to those resulting in developmental effects.  Increases in 

serum alanine aminotransferase and aldolase activity levels, hepatocytomegaly, and minimal 

monocellular necrosis were observed in rats administered 7 mg/kg/day heptachlor in oil for 14 days 

(Berman et al. 1995; Krampl 1971).  Exposure to 7 mg/kg/day also resulted in excitability and increased 

arousal in rats administered heptachlor in oil via gavage for 1 or 14 days (Moser et al. 1995). 



15 HEPTACHLOR AND HEPTACHLOR EPOXIDE 

2. RELEVANCE TO PUBLIC HEALTH 

The lowest LOAEL identified in the acute-duration oral database is 1.8 mg/kg/day for reduced fertility 

and an increase in resorptions in female rats (Amita Rani and Krishnakumari 1995).  In this study, groups 

of 30 female CFT-Wistar rats received gavage doses of heptachlor in groundnut oil for 14 days 

(presumably 7 days/week).  The total administered doses were 25 and 50 mg/kg body weight and the 

daily doses were 1.8 and 3.6 mg/kg/day.  A vehicle control group was also used.  After 14 days of 

exposure, the animals were mated with unexposed male rats.  A significant decrease in the number of 

pregnant females (56.3 and 44.4%) and increase in the number of resorptions (18.90 and 11.40%) were 

observed in both groups of heptachlor-exposed rats.  Significant decreases in estradiol-17beta and 

progesterone levels were also observed in the 1.8 mg/kg/day group.  No alterations in the number of 

implantations were observed.  The investigators noted that focal necrosis was observed in the liver; 

however, they did not note at which dose level and no incidence data were provided.  This LOAEL of 

1.8 mg/kg/day was divided by an uncertainty factor of 1,000 (10 for use of a LOAEL, 10 for extrapolation 

from rats to humans, and 10 for human variability) and a modifying factor of 3 to account for the use of a 

serious end point, resulting in an acute-duration oral MRL of 0.0006 mg/kg/day. 

•	 An MRL of 0.0001 mg/kg/day has been derived for intermediate-duration oral exposure (15– 
364 days) to heptachlor. 

Intermediate-duration oral exposure studies have identified a number of targets of heptachlor toxicity 

including the liver, nervous system, reproductive system, and the developing offspring.  Other less 

documented effects have also been observed.  In the absence of maternal toxicity, heptachlor is not 

associated with alterations in pup mortality or body weight gain (Lawson and Luderer 2004; Purkerson-

Parker et al. 2001b; Smialowicz et al. 2001).  Additionally, gestational exposure does not appear to result 

in significant alterations in the occurrence of anomalies or abnormalities (Narotsky et al. 1995; 

Smialowicz et al. 2001) or the development of the reproductive system (Lawson and Luderer 2004; 

Smialowicz et al. 2001).  In utero exposure followed by postnatal exposure (until postnatal day 42) did 

not alter reproductive function (Smialowicz et al. 2001), but did adversely affect neurobehavioral 

performance (Moser et al. 2001) and immune function (Smialowicz et al. 2001).  The neurological effects 

included impaired spatial memory at 0.03 mg/kg/day and higher, impaired spatial learning at 0.3 or 

3 mg/kg/day, and decreased righting reflex (Moser et al. 2001; Purkerson-Parker et al. 2001b) and 

increased open field activity (Moser et al. 2001) at 3 mg/kg/day.  When the exposure was terminated at 

postnatal day 21, rather than postnatal day 42, spatial memory and learning were not adversely affected 

(Moser et al. 2001).  The difference in results may have been due to higher heptachlor epoxide body 

burden in rats exposed to postnatal day 42, testing at different ages, or exposure may have occurred 

during a critical window of vulnerability.  The effects observed in rats are consistent with those observed 



16 HEPTACHLOR AND HEPTACHLOR EPOXIDE 

2. RELEVANCE TO PUBLIC HEALTH 

in humans.  Impaired performance on several neurobehavioral tests, including abstract concept formation, 

visual perception, and motor planning, was observed in high school students presumably prenatally 

exposed to heptachlor from contaminated milk products (Baker et al. 2004b).  Alterations in immune 

function were also observed in the rats exposed until postnatal day 42.  At 0.03 mg/kg/day and higher, 

suppression of the immune response to sheep red blood cells was observed (Smialowicz et al. 2001).  A 

reduction in the percentage of B lymphocytes was also observed in the spleen of rats exposed to 

3 mg/kg/day.  Other tests of immune function were not significantly altered. 

The liver effects observed in rats or mice exposed to heptachlor in the diet include increased liver weights 

(Izushi and Ogata 1990; Pelikan 1971), increased serum alanine aminotransferase activity levels (Izushi 

and Ogata 1990), steatosis (Pelikan 1971), and hepatitis and necrosis (Akay and Alp 1981).  The lowest 

LOAEL values for these effects range from 5 to 8.4 mg/kg/day. Neurological signs such as 

hyperexcitability, seizures, and difficulty standing, walking, and righting were observed at similar dose 

levels; LOAELs ranged from 1.7 to 17 mg/kg/day (Akay and Alp 1981; Aulerich et al. 1990; Crum et al. 

1993). Decreases in epididymal sperm count were observed in rats administered 0.65 mg/kg/day 

heptachlor in groundnut oil for 70 days (Amita Rani and Krishnakumari 1995).  This dose also resulted in 

increased resorptions when the exposed males were mated with unexposed females.  Reduced fertility 

was observed in all mice exposed to 8.4 mg/kg/day heptachlor for 10 weeks (Akay and Alp 1981).   

The intermediate-duration oral MRL for heptachlor is based on the results of the study reported by Moser 

et al. (2001) and Smialowicz et al. (2001), which found alterations in development of the nervous and 

immune systems.  In this study, groups of 15–20 pregnant Sprague Dawley rats were administered via 

gavage 0, 0.03, 0.3, or 3 mg/kg/day heptachlor in corn oil on gestational day 12 through postnatal day 7; 

pups were also exposed from postnatal day 7 to 21 or 42.  The liver, kidneys, adrenals, thymus, spleen, 

ovaries, uterus/vagina, testes, epididymides, seminal vesicles/coagulating glands, and ventral and 

dorsolateral prostate were histologically examined in the offspring on postnatal day 46. Neurological 

(functional observational battery tests, motor activity, passive avoidance tests learning and memory, and 

Morris water maze test to assess spatial and working memory) and immunological (splenic 

lymphoproliferative responses to T cell mitogens, and to allogeneic cells in a mixed lymphocyte reaction, 

primary immunoglobulin M (IgM) antibody response to sheep red blood cells, examination of splenic 

lymphocytes subpopulations, and delayed-type and contact hypersensitivity) function tests were 

performed on the offspring exposed until postnatal day 42; neurological function tests were also 

performed on offspring exposed until postnatal day 21.  Reproductive assessment included evaluation of 

vaginal opening (index of female puberty) and prepuce separation (index of male puberty) beginning at 
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postnatal days 25 and 35, respectively.  The offspring were mated with an untreated mate and the dams 

were allowed to rear the first litter to postnatal day 10.  The results of the neurobehavioral assessment 

were reported by Moser et al. (2001); the remaining results were reported by Smialowicz et al. (2001). 

No significant alterations in maternal body weight, number of dams delivering litters, litter size, or pup 

survival were observed. Additionally, no alterations in pup growth rates, age at eye opening, anogenital 

distance, or age at vaginal opening or preputial separation were observed.  A significant decrease in pup 

body weight at postnatal day 1 was observed at 3 mg/kg/day; this effect was not observed at postnatal 

days 7, 14, or 21.  No consistent, statistically significant alterations in offspring body weights were 

observed at post natal days 21, 28, 35, or 42.  Significant alterations in absolute and relative liver weights 

were observed in males and females exposed to 3 mg/kg/day; increases in absolute and relative ovary 

weights were also observed at 3 mg/kg/day.  No histological alterations were observed in the examined 

tissues. No alterations in fertility were observed in the adult males and females mated to untreated 

partners, and no effects on soft tissue or gross body structure of the offspring (F2 generation) were 

observed. No alterations in sperm count or sperm motility were observed. 

A dose-related, statistically significant suppression of primary IgM antibody response to sheep red blood 

cells (sRBC) was found in male offspring, but not females.  The primary IgM response to sRBCs was 

reduced in 21-week-old males exposed to 0.3 mg/kg/day.  A second immunization with sRBCs 

administered 4 weeks later resulted in a significant reduction in IgG antibody response in males 

administered 0.03, 0.3, or 3 mg/kg/day heptachlor; no response was seen in females.  A decrease in the 

OX12+OX19- (i.e., B/plasma cells) population was also found in the spleen of males exposed to 

3 mg/kg/day.  No alterations in the following immunological parameters assessed at 8 weeks of age were 

found:  lymphoid organ weights, splenic NK cell activity, splenic cellularity or cell viability, and 

lymphoproliferative responses of splenic lymphocytes to T-cell mitogens ConA and phytohemagglutinin 

(PHA) or to allogenic cells in the mixed lymphocyte reaction.  The results of this portion of the study 

suggest that exposure to heptachlor adversely affects the development of the immune system.   

Righting was significantly delayed in the female offspring of rats exposed to 3 mg/kg/day heptachlor; no 

significant alterations were observed in the male offspring.  The investigators suggested that this was due 

to a delay in the ontogeny of righting rather than an inability to perform the task.  The following 

significant alterations in the functional observation battery (FOB) and motor activity tests were found in 

the offspring dosed until postnatal day 21:  increased open field activity in 3 mg/kg/day males, non-dose

related increased activity in figure-eight chambers in females (significant only in 0.03 mg/kg/day group), 
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and faster decline in habituation of activity in 3 mg/kg/day males.  Alterations in the offspring dosed until 

postnatal day 42 included:  increased levels of urination in males in the 0.03 and 0.3 mg/kg/day groups, 

increased landing foot splay in males in the 0.03 mg/kg/day group, and removal reactivity in males and 

females in the 0.03 mg/kg/day group.  No alterations in the passive avoidance test were observed in the 

offspring exposed until postnatal day 21; in those exposed until postnatal day 42, an increase in the 

number of nose pokes was observed in all groups of females.  No significant alterations in performance 

on the water maze test were found in the offspring exposed until postnatal day 21.  In those exposed until 

postnatal day 42, increases in latency to find the platform were observed in males and females exposed to 

3 mg/kg/day and increases in the time spent in the outer zone were found in males exposed to 0.3 or 

3 mg/kg/day.  In the water maze memory trial, no differences in performance were found between 

controls and animals exposed until postnatal day 21.  Alterations in significant quadrant bias were 

observed in 0.03, 0.3, and 3 mg/kg/day males during the first probe test and in 0.3 and 3 mg/kg/day males 

and 3 mg/kg/day females in the second probe test.  The study investigators noted that the heptachlor-

exposed rats did not develop an efficient search strategy for locating the platform; they spent more time 

circling the outer zone of the tank.  By the second week of the test, control rats had learned to venture into 

the zone where the platform was located.   

The Smialowicz et al. (2001) and Moser et al. (2001) study identified a LOAEL of 0.03 mg/kg/day for 

developmental immunological and neurological effects.  These alterations were considered to be 

minimally adverse and suggestive of immunotoxicity and neurotoxicity.  An intermediate-duration oral 

MRL was calculated by dividing the minimal LOAEL of 0.03 mg/kg/day by an uncertainty factor of 

300 (3 for use of a minimal LOAEL, 10 for extrapolation from animals to humans, and 10 for human 

variability).  The resulting MRL is 0.0001 mg/kg/day. 

There is a limited publicly available database on the chronic oral toxicity of heptachlor.  In a 

multigeneration study conducted by Mestitzova (1967), decreases in litter size, increased postnatal 

mortality, and increased occurrence of lens cataracts (observed in F0, F1, and F2 generations) were 

observed at a heptachlor dose of 6 mg/kg/day.  Because the only reliable chronic-duration study identified 

a serious LOAEL at the lowest dose tested, a chronic-duration MRL was not derived for heptachlor. 

Heptachlor Epoxide. Publicly available data on the toxicity of heptachlor epoxide are limited to an LD50 

study (Podowski et al. 1979), and a dominant lethal study (Epstein et al. 1972).  Neither of these studies is 

suitable for derivation of MRLs for heptachlor epoxide. 
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This fact sheet answers the most frequently asked health questions (FAQs) about ethylbenzene.  For 
more information, call the ATSDR Information Center at 1-800-232-4636.  This fact sheet is one in a 
series of summaries about hazardous substances and their health effects. It is important you 
understand this information because this substance may harm you. The effects of exposure to any 
hazardous substance depend on the dose, the duration, how you are exposed, personal traits and 
habits, and whether other chemicals are present. 

HIGHLIGHTS: Ethylbenzene is a colorless liquid found in a number of 
products including gasoline and paints. Breathing very high levels can cause 
dizziness and throat and eye irritation. Breathing lower levels has resulted in 
hearing effects and kidney damage in animals. Ethylbenzene has been found in 
at least 829 of 1,689 National Priorities List sites identified by the 
Environmental Protection Agency (EPA). 

What is ethylbenzene? 

Ethylbenzene is a colorless, flammable liquid that smells like 
gasoline. 
It is naturally found in coal tar and petroleum and is also 
found in manufactured products such as inks, pesticides, 
and paints. 
Ethylbenzene is used primarily to make another chemical, 
styrene. Other uses include as a solvent, in fuels, and to 
make other chemicals. 

What happens to ethylbenzene when it enters the 
environment? 
‘ Ethylbenzene moves easily into the air from water and soil. 
‘ It takes about 3 days for ethylbenzene to be broken down 
in air into other chemicals. 
‘ In surface water, ethylbenzene breaks down by reacting with 
other chemicals found naturally in water. 
‘ Ethylbenzene can move through soil into groundwater 
‘ In soil, it is broken down by bacteria. 

How might I be exposed to ethylbenzene? 
‘ If you live in a city or near many factories or heavily 
traveled highways, you may be exposed to ethylbenzene in 
air. 
‘ Releases of ethylbenzene into the air occur from burning 
oil, gas, and coal and from industries using ethylbenzene. 

‘ Ethylbenzene is not often found in drinking water. 
Higher levels may be found in residential drinking water 
wells near landfills, waste sites, or leaking underground fuel 
storage tanks. 
‘ Working in an industry where ethylbenzene is used or 
made. 
‘ Using products containing it, such as gasoline, carpet 
glues, varnishes, and paints. 

How can ethylbenzene affect my health? 

Exposure to high levels of ethylbenzene in air for short 
periods can cause eye and throat irritation. Exposure to 
higher levels can result in dizziness. 
Irreversible damage to the inner ear and hearing has been 
observed in animals exposed to relatively low concentrations 
of ethylbenzene for several days to weeks. 
Exposure to relatively low concentrations of ethylbenzene in 
air for several months to years causes kidney damage in 
animals. 

How likely is ethylbenzene to cause cancer? 

The International Agency for Research on Cancer (IARC) 
has determined that ethylbenzene is a possible human 
carcinogen. 

U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES, Public Health Service 
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How can ethylbenzene affect children? 

There are no studies evaluating the effects of ethylbenzene 
exposure on children or immature animals. It is likely that 
children would have the same health effects as adults.  We 
do not know whether children would be more sensitive than 
adults to the effects of ethylbenzene. 
We do not know if ethylbenzene will cause birth defects in 
humans. Minor birth defects and low birth weight have 
occurred in newborn animals whose mothers were exposed to 
ethylbenzene in air during pregnancy. 

How can families reduce the risks of exposure to 
ethylbenzene? 
‘ Use adequate ventilation to reduce exposure to 
ethylbenzene vapors from consumer products such as 
gasoline, pesticides, varnishes and paints, and newly 
installed carpeting. 
‘ Sometimes older children sniff household chemicals, 
including ethylbenzene, in an attempt to get high. Talk with 
your children about the dangers of sniffing chemicals. 
‘ Household chemicals should be stored out of reach of 
children to prevent accidental poisoning. Always store 
household chemicals in their original containers; never store 
them in containers that children would find attractive to eat 
or drink from, such as old soda bottles. Gasoline should be 
stored in a gasoline can with a locked cap. 

Is there a medical test to determine whether I’ve 
been exposed to ethylbenzene? 

Ethylbenzene is found in the blood, urine, breath, and some 
body tissues of exposed people. The most common way to 
test for ethylbenzene is in the urine. This test measures 
substances formed by the breakdown of ethylbenzene. 
Because these substances leave the body very quickly, this 
test needs to be done within a few hours after exposure 
occurs. 

These tests can show you were exposed to ethylbenzene, 
but cannot predict the kind of health effects that might 
occur. 

Has the federal government made recommendations 
to protect human health? 
The EPA has determined that exposure to ethylbenzene in 
drinking water at concentrations of 30 ppm for 1 day or 3 ppm 
for 10 days is not expected to cause any adverse effects in a 
child. 
The EPA has determined that lifetime exposure to 0.7 ppm 
ethylbenzene is not expected to cause any adverse effects. 
The Occupational Health and Safety Administration (OSHA) has 
limited workers' exposure to an average of 100 ppm for an 8-hour 
workday, 40-hour workweek. 
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HEPTACHLOR and HEPTACHLOR EPOXIDE 

CAS # 76-44-8 and 1024-57-3 

Division of Toxicology and Environmental Medicine ToxFAQsTM  August 2007 

This fact sheet answers the most frequently asked health questions (FAQs) about heptachlor and 
heptachlor epoxide.  For more information, call the ATSDR Information Center at 1-800-232-4636. 
This fact sheet is one in a series of summaries about hazardous substances and their health effects. It 
is important you understand this information because these substances may harm you. The effects of 
exposure to any hazardous substance depend on the dose, the duration, how you are exposed, personal 
traits and habits, and whether other chemicals are present. 

HIGHLIGHTS: The primary exposure to heptachlor and heptachlor epoxide is 
from contaminated foods and milk. Little is known about their health effects in 
humans. At high levels, they may cause damage to your liver and nervous system. 
Exposure of animals during gestation and infancy can result in damage to the nervous 
system and the immune systems. Heptachlor and heptachlor epoxide have been 
found in at least 210 and 200, respectively, of the 1,684 National Priority List sites 
identified by the Environmental Protection Agency (EPA). 

What are heptachlor and heptachlor epoxide? 
Heptachlor is a manufactured chemical and doesn’t occur 
naturally. Pure heptachlor is a white powder that smells like 
camphor (mothballs). The less pure grade is tan. Trade 
names include Heptagran®, Basaklor®, Drinox®, Soleptax®, 
Termide®, Gold Crest H-60®, and Velsicol 104®. 

Heptachlor was used extensively in the past for killing 
insects in homes, buildings, and on food crops.  
These uses stopped in 1988. Currently it can only be 
used for fire ant control in underground power transformers. 

Heptachlor epoxide is also a white powder. Bacteria and 
animals break down heptachlor to form heptachlor epoxide. 
The epoxide is more likely to be found in the environment 
than heptachlor. 

What happens to heptachlor and heptachlor epoxide 
when they enter the environment? 
‘ Heptachlor doesn’t dissolve easily in water; heptachlor 
epoxide dissolves more easily 
‘ They stick strongly to soil particles and evaporate slowly 
to air. 
‘ Heptachlor epoxide can stay in the soil and water for 
many years. 

‘ Plants can take up heptachlor from the soil. Levels of 
heptachlor and heptachlor epoxide can build up in the 
tissues of fish and cattle. 

How might I be exposed to heptachlor or heptachlor 
epoxide? 
‘ Eating fish, dairy products, and fatty meats from animals 
exposed to heptachlor in their food. 
‘ Breast milk from mothers who had high exposures can 
expose breastfed infants. 
‘ Drinking water, breathing air, or touching soil at waste 
sites that contain these substances. 

How can heptachlor and heptachlor epoxide affect 
my health? 
There is no reliable information on health effects in humans. 
Liver damage, excitability, and decreases in fertility have 
been observed in animals ingesting heptachlor.  The effects 
are worse when the exposure levels were high or when 
exposure lasted many weeks. 

Although there is very little information on heptachlor 
epoxide, it is likely that similar effects would also occur after 
exposure to this compound. 
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How likely are heptachlor and heptachlor epoxide to 
cause cancer? 
Lifetime exposure to heptachlor resulted in liver tumors in 
animals. The International Agency for Research on Cancer 
(IARC) and the EPA have classified heptachlor as a possible 
human carcinogen. EPA also considers heptachlor epoxide 
as a possible human carcinogen. 

How can heptachlor and heptachlor epoxide affect 
children? 
Animals exposed to heptachlor during gestation and infancy 
may be very sensitive to heptachlor and heptachlor epoxide. 
Changes in nervous system and immune function were found 
in these animals. Exposure to higher doses of heptachlor in 
animals can also result in decreases in body weight and 
death in newborn animals. 

How can families reduce the risks of exposure to 
heptachlor and heptachlor epoxide? 
‘ People who live in homes where heptachlor was used for 
termite control or on farms where heptachlor was used on 
crops may have a higher risk of exposure through 
contaminated crops, soil, water, and air.  To avoid exposure 
from contaminated soil, you should discourage your children 
from eating dirt. Make sure they wash their hands frequently 
and before eating. Discourage children from putting their 
hands in their mouths or other hand-to-mouth activities. 
‘ Heptachlor and heptachlor epoxide are also persistent in 
food and milk. Eating fish from contaminated water can 
increase exposure to heptachlor.  Do not fish or eat fish from 
contaminated water.  Local fishing advisories can tell you if 
the water is contaminated. 

Is there a medical test to determine whether I’ve 
been exposed to heptachlor or heptachlor epoxide? 
Laboratory tests can detect heptachlor and heptachlor 
epoxide in blood, fat, breast milk, and body tissues after 
exposure to high levels of these chemicals. These tests are 

not commonly available at your doctor’s office.  Most often, 
the test for heptachlor epoxide is used because heptachlor is 
quickly changed into heptachlor epoxide in your body. 
Blood samples are used most often because they are easy to 
collect. These tests are specific for heptachlor and 
heptachlor epoxide. 

Methods for measuring heptachlor and heptachlor epoxide in 
body fat are more precise and can detect lower levels than 
tests that measure levels in blood. If heptachlor or 
heptachlor epoxide is found in your blood or fat, it is not 
possible to tell when you were exposed to these chemicals or 
if harmful health effects will occur. 

Has the federal government made recommendations 
to protect human health? 
The EPA requires that drinking water should not contain 
more than 0.0004 milligrams heptachlor per liter of water 
(0.0004 mg/L) and 0.0002 mg heptachlor epoxide per liter of 
water (0.0002 mg/L). 

The FDA controls the amount of heptachlor and heptachlor 
epoxide on raw food crops and on edible seafood. The limit 
on food crops is 0.01 parts heptachlor per million parts food 
(0.01 ppm). The limit in milk is 0.1 parts per million of milk 
fat. The limit on edible seafood is 0.3 ppm. 

The Occupational Safety and Health Administration (OSHA) 
has set a limit of 0.5 milligrams heptachlor per cubic meter of 
workplace air (0.5 mg/m³) for 8 hour shifts and 40 hour work 
weeks. 
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TOLUENE 
CAS # 108-88-3 

Division of Toxicology ToxFAQsTM February 2001 

This fact sheet answers the most frequently asked health questions (FAQs) about toluene. For more information, 

call the ATSDR Information Center at 1-888-422-8737. This fact sheet is one in a series of summaries about 

hazardous substances and their health effects. It’s important you understand this information because this 

substance may harm you. The effects of exposure to any hazardous substance depend on the dose, the duration, 

how you are exposed, personal traits and habits, and whether other chemicals are present. 

HIGHLIGHTS: Exposure to toluene occurs from breathing contaminated 
workplace air, in automobile exhaust, some consumer products paints, paint 
thinners, fingernail polish, lacquers, and adhesives.  Toluene affects the nervous 
system. Toluene has been found at 959 of the 1,591 National Priority List sites 
identified by the Environmental Protection Agency 

What is toluene? 

Toluene is a clear, colorless liquid with a distinctive smell. 
Toluene occurs naturally in crude oil and in the tolu tree.  It 
is also produced in the process of making gasoline and 
other fuels from crude oil and making coke from coal. 

Toluene is used in making paints, paint thinners, fingernail 
polish, lacquers, adhesives, and rubber and in some printing 
and leather tanning processes. 

What happens to toluene when it enters the 
environment? 

o Toluene enters the environment when you use materials 
that contain it. It can also enter surface water and 
groundwater from spills of solvents and petrolieum products 
as well as from leasking underground storage tanks at 
gasoline stations and other facilities. 

o When toluene-containing products are placed in landfills 
or waste disposal sites, the toluene can enter the soil or 
water near the waste site. 

o Toluene does not usually stay in the environment long. 

o Toluene does not concentrate or buildup to high levels in 
animals. 

How might I be exposed to toluene? 

o Breathing contaminated workplace air or automobile 
exhaust. 

o Working with gasoline, kerosene, heating oil, paints, and 
lacquers. 

o Drinking contaminated well-water. 

o Living near uncontrolled hazardous waste sites containing 
toluene products. 

How can toluene affect my health? 

Toluene may affect the nervous system.  Low to moderate 
levles can cause tiredness, confusion, weakness, drunken-
type actions, memory loss, nausea, loss of appetite, and 
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TOLUENE 
CAS # 108-88-3 

hearing and color vision loss. These symptoms usually 
disappear when exposure is stopped. 

Inhaling High levels of toluene in a short time can make you 
feel light-headed, dizzy, or sleepy.  It can also cause 
unconsciousness, and even death. 

High levels of toluene may affect your kidneys. 

How likely is toluene to cause cancer? 

Studies in humans and animals generally indicate that 
toluene does not cause cancer. 

The EPA has determined that the carcinogenicity of toluene 
can not be classified. 

How can toluene affect children? 

It is likely that health effects seen in children exposed to 
toluene will be similar to the effects seen in adults. 
Some studies in animals suggest that babies may be more 
sensitive than adults. 

Breathing very high levels of toluene during pregnancy can 
result in children with birth defects and retard mental 
abilities, and growth. We do not know if toluene harms the 
unborn child if the mother is exposed to low levels of toluene 
during pregnancy. 

How can families reduce the risk of exposure to 
toluene? 

o Use toluene-containing products in well-ventilated areas. 

o When not in use, toluene-containing products should be 
tightly covered to prevent evaporation into the air. 

Is there a medical test to show whether I’ve been 
exposed to toluene? 

There are tests to measure the level of toluene or its 
breakdown products in exhaled air, urine, and blood. To 
determine if you have been exposed to toluene, your urine or 
blood must be checked within 12 hours of exposure. Several 
other chemicals are also changed into the same breakdown 
products as toluene, so some of these tests are not specific 
for toluene. 

Has the federal government made 
recommendations to protect human health? 

EPA has set a limit of 1 milligram per liter of drinking water (1 
mg/L). 

Discharges, releases, or spills of more than 1,000 pounds of 
toluene must be reported to the National Response Center. 

The Occupational Safety and Health Administration has set a 
limit of 200 parts toluene per million of workplace air (200 
ppm). 
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TETRACHLOROETHYLENE 
CAS # 127-18-4 

Agency for Toxic Substances and Disease Registry ToxFAQs September 1997 

This fact sheet answers the most frequently asked health questions (FAQs) about tetrachloroethylene. For 

more information, call the ATSDR Information Center at 1-888-422-8737. This fact sheet is one in a series 

of summaries about hazardous substances and their health effects. It’s important you understand this information 

because this substance may harm you.  The effects of exposure to any hazardous substance depend on the dose, 

the duration, how you are exposed, personal traits and habits, and whether other chemicals are present. 

HIGHLIGHTS: Tetrachlor oethylene is a manufactured chemical used for dry 
cleaning and metal degreasing.  Exposure to very high concentrations of 
tetrachloroethylene can cause dizziness, headaches, sleepiness, confusion, nausea, 
difficulty in speaking and walking, unconsciousness, and death. 
Tetrachloroethylene has been found in at least 771 of the 1,430 National Priorities 
List sites identified by the Environmental Protection Agency (EPA). 

What is tetrachloroethylene? 
(Pronounced t±tÀrí-klôr  ∑-±th í-l≤nÀ) 

Tetrachloroethylene is a manufactured chemical that is 
widely used for dry cleaning of fabrics and for metal-degreas
ing. It is also used to make other chemicals and is used in 
some consumer products. 

Other names for tetrachloroethylene include perchloroet
hylene, PCE, and tetrachloroethene. It is a nonflammable 
liquid at room temperature. It evaporates easily into the air 
and has a sharp, sweet odor.  Most people can smell tetra
chloroethylene when it is present in the air at a level of 1 part 
tetrachloroethylene per million parts of air (1 ppm) or more, 
although some can smell it at even lower levels. 

What happens to tetrachloroethylene when it 
enters the environment? 
o Much of the tetrachloroethylene that gets into water or 

soil evaporates into the air. 

o Microorganisms can break down some of the tetrachloro
ethylene in soil or underground water. 

o In the air, it is broken down by sunlight into other chemi
cals or brought back to the soil and water by rain. 

o It does not appear to collect in fish or other animals that 
live in water. 

How might I be exposed to tetrachloroethylene? 
o When you bring clothes from the dry cleaners, they will 

release small amounts of tetrachloroethylene into the air. 

o When you drink water containing tetrachloroethylene, 
you are exposed to it. 

How can tetrachloroethylene affect my health? 

High concentrations of tetrachloroethylene (particularly 
in closed, poorly ventilated areas) can cause dizziness, head
ache, sleepiness, confusion, nausea, difficulty in speaking and 
walking, unconsciousness, and death. 

Irritation may result from repeated or extended skin con
tact with it. These symptoms occur almost entirely in work (or 
hobby) environments when people have been accidentally 
exposed to high concentrations or have intentionally used 
tetrachloroethylene to get a “high.” 

In industry, most workers are exposed to levels lower than 
those causing obvious nervous system effects. The health 
effects of breathing in air or drinking water with low levels of 
tetrachloroethylene are not known. 

Results from some studies suggest that women who work 
in dry cleaning industries where exposures to tetrachloroethyl-
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TETRACHLOROETHYLENE 
CAS # 127-18-4 

formed at special laboratories that have the right equipment. 

Because exposure to other chemicals can produce the 
same breakdown products in the urine and blood, the tests for 
breakdown products cannot determine if you have been ex
posed to tetrachloroethylene or the other chemicals. 

Has the federal government made 
recommendations to protect human health? 

The EPA maximum contaminant level for the amount of 
tetrachloroethylene that can be in drinking water is 0.005 mil
ligrams tetrachloroethylene per liter of water (0.005 mg/L). 

The Occupational Safety and Health Administration 
(OSHA) has set a limit of 100 ppm for an 8-hour workday over 
a 40-hour workweek. 

The National Institute for Occupational Safety and Health 
(NIOSH) recommends that tetrachloroethylene be handled as a 
potential carcinogen and recommends that levels in workplace 
air should be as low as possible. 

Glossary 
Carcinogen: A substance with the ability to cause cancer. 

CAS: Chemical Abstracts Service. 

Milligram (mg): One thousandth of a gram. 

Nonflammable:  Will not burn. 
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ene can be quite high may have more menstrual problems and 
spontaneous abortions than women who are not exposed. 
However, it is not known if tetrachloroethylene was respon
sible for these problems because other possible causes were 
not considered. 

Results of animal studies, conducted with amounts much 
higher than those that most people are exposed to, show that 
tetrachloroethylene can cause liver and kidney damage. Ex
posure to very high levels of tetrachloroethylene can be toxic 
to the unborn pups of pregnant rats and mice. Changes in 
behavior were observed in the offspring of rats that breathed 
high levels of the chemical while they were pregnant. 

How likely is tetrachloroethylene to cause 
cancer? 

The Department of Health and Human Services (DHHS) 
has determined that tetrachloroethylene may reasonably be 
anticipated to be a carcinogen.  Tetrachloroethylene has been 
shown to cause liver tumors in mice and kidney tumors in 
male rats. 

Is there a medical test to show whether I’ve been 
exposed to tetrachloroethylene? 

One way of testing for tetrachloroethylene exposure is to 
measure the amount of the chemical in the breath, much the 
same way breath-alcohol measurements are used to determine 
the amount of alcohol in the blood. 

Because it is stored in the body’s fat and slowly released 
into the bloodstream, tetrachloroethylene can be detected in 
the breath for weeks following a heavy exposure. 

Tetrachloroethylene and trichloroacetic acid (TCA), a 
breakdown product of tetrachloroethylene, can be detected in 
the blood. These tests are relatively simple to perform. These 
tests aren't available at most doctors' offices, but can be per
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TRICHLOROETHYLENE 
CAS # 79-01-6 

This fact sheet answers the most frequently asked health questions (FAQs) about trichloroethylene. 
For more information, call the ATSDR Information Center at 1-888-422-8737. This fact sheet is one in 
a series of summaries about hazardous substances and their health effects. This information is 
important because this substance may harm you. The effects of exposure to any hazardous substance 
depend on the dose, the duration, how you are exposed, personal traits and habits, and whether other 
chemicals are present. 

HIGHLIGHTS: Trichloroethylene is a colorless liquid which is used as a solvent 
for cleaning metal parts. Drinking or breathing high levels of trichloroethylene 
may cause nervous system effects, liver and lung damage, abnormal heartbeat, 
coma, and possibly death. Trichloroethylene has been found in at least 852 of 
the 1,430 National Priorities List sites identified by the Environmental Protection 
Agency (EPA). 

What is trichloroethylene? 
Trichloroethylene (TCE) is a nonflammable, 

colorless liquid with a somewhat sweet odor and a sweet, 
burning taste. It is used mainly as a solvent to remove 
grease from metal parts, but it is also an ingredient in 
adhesives, paint removers, typewriter correction fluids, and 
spot removers. 

Trichloroethylene is not thought to occur naturally 
in the environment. However, it has been found in 
underground water sources and many surface waters as a 
result of the manufacture, use, and disposal of the chemical. 

What happens to trichloroethylene when it enters 
the environment? 

Trichloroethylene dissolves a little in water, but it can 

remain in ground water for a long time. 

Trichloroethylene quickly evaporates from surface water, 

so it is commonly found as a vapor in the air. 

Trichloroethylene evaporates less easily from the soil than 

from surface water. It may stick to particles and remain for a 

long time. 

Trichloroethylene may stick to particles in water, which 

will cause it to eventually settle to the bottom sediment. 

Trichloroethylene does not build up significantly in 

plants and animals. 

How might I be exposed to trichloroethylene? 
Breathing air in and around the home which has been 

contaminated with trichloroethylene vapors from shower 

water or household products such as spot removers and 

typewriter correction fluid. 

Drinking, swimming, or showering in water that has been 

contaminated with trichloroethylene. 

Contact with soil contaminated with trichloroethylene, 

such as near a hazardous waste site. 

Contact with the skin or breathing contaminated air while 

manufacturing trichloroethylene or using it at work to wash 

paint or grease from skin or equipment. 

How can trichloroethylene affect my health? 
Breathing small amounts may cause headaches, lung 

irritation, dizziness, poor coordination, and difficulty 
concentrating. 

Breathing large amounts of trichloroethylene may 
cause impaired heart function, unconsciousness, and death. 
Breathing it for long periods may cause nerve, kidney, and 
liver damage. 
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TRICHLOROETHYLENE 
CAS # 79-01-6 

Drinking large amounts of trichloroethylene may 
cause nausea, liver damage, unconsciousness, impaired heart 
function, or death. 

Drinking small amounts of trichloroethylene for long 
periods may cause liver and kidney damage, impaired immune 
system function, and impaired fetal development in pregnant 
women, although the extent of some of these effects is not 
yet clear. 

Skin contact with trichloroethylene for short periods 
may cause skin rashes. 

How likely is trichloroethylene to cause cancer? 
Some studies with mice and rats have suggested that 

high levels of trichloroethylene may cause liver, kidney, or lung 
cancer. Some studies of people exposed over long periods to 
high levels of trichloroethylene in drinking water or in workplace 
air have found evidence of increased cancer. Although, there are 
some concerns about the studies of people who were exposed 
to trichloroethylene, some of the effects found in people were 
similar to effects in animals. 

In i ts  9th  Report on Carcinogens, the National 
Toxicology Program (NTP) determined that trichloroethylene is 
“reasonably anticipated to be a human carcinogen.” The 
International Agency for Research on Cancer (IARC) has 
determined that trichloroethylene is “probably carcinogenic to 
humans.” 

Is there a medical test to show whether I’ve been 
exposed to trichloroethylene? 

If you have recently been exposed to 
trichloroethylene, it can be detected in your breath, blood, or 
urine. The breath test, if it is performed soon after exposure, 
can tell if you have been exposed to even a small amount of 
trichloroethylene. 

Exposure to larger amounts is assessed by blood 

and urine tests, which can detect trichloroethylene and many 
of its breakdown products for up to a week after exposure. 
However, exposure to other similar chemicals can produce 
the same breakdown products, so their detection is not 
absolute proof of exposure to trichloroethylene. This test 
isn’t available at most doctors’ offices, but can be done at 
special laboratories that have the right equipment. 

Has the federal government made 
recommendations to protect human health? 

The EPA has set a maximum contaminant level for 
trichloroethylene in drinking water at 0.005 milligrams per liter 
(0.005 mg/L) or 5 parts of TCE per billion parts water. 

The EPA has also developed regulations for the 
handling and disposal of trichloroethylene. 

The Occupational Safety and Health Administration 
(OSHA) has set an exposure limit of 100 parts of 
trichloroethylene per million parts of air (100 ppm) for an 8
hour workday, 40-hour workweek. 

Glossary 
Carcinogenicity: The ability of a substance to cause cancer. 
CAS: Chemical Abstracts Service. 
Evaporate: To change into a vapor or gas. 
Milligram (mg): One thousandth of a gram. 
Nonflammable: Will not burn. 
ppm: Parts per million. 
Sediment: Mud and debris that have settled to the bottom of 
a body of water. 
Solvent: A chemical that dissolves other substances. 

References 
This ToxFAQs information is taken from the 1997 

Toxicological Profile for Trichloroethylene (update) produced 
by the Agency for Toxic Substances and Disease Registry, 
Public Health Service, U.S. Department of Health and Human 
Services, Public Health Service in Atlanta, GA. 
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CAS # 7440-28-0
 

Agency for Toxic Substances and Disease Registry ToxFAQs September 1995 

SUMMARY:  Exposure to thallium occurs mainly from eating food.  Exposure to 
higher levels of thallium may occur in the workplace.  Breathing high levels of 
thallium may result in effects on the nervous system, while ingesting high levels 
of it results in vomiting, diarrhea, temporary hair loss, and other effects.  This 
chemical has been found in at least 210 of 1,416 National Priorities List sites 
identified by the Environmental Protection Agency. 

This fact sheet answers the most frequently asked health questions (FAQs) about thallium.  For more 
information,  call the ATSDR Information Center at 1-888-422-8737. This fact sheet is one in a series of 
summaries about hazardous substances and their health effects. This information is important because 
this substance may harm you. The effects of exposure to any hazardous substance depend on the dose, 
the duration, how you are exposed, personal traits and habits, and whether other chemicals are present. 

What is thallium? 
(Pronounced thØl ≤-ím) 

Pure thallium is a bluish-white metal that is found in trace 
amounts in the earth’s crust.  In the past, thallium was ob
tained as a by-product from smelting other metals; however, it 
has not been produced in the United States since 1984. 
Currently, all the thallium is obtained from imports and from 
thallium reserves. 

In its pure form, thallium is odorless and tasteless. It can 
also be found combined with other substances such as 
bromine, chlorine, fluorine, and iodine. When it's combined, 
it appears colorless-to-white or yellow. 

Thallium is used mostly in manufacturing electronic 
devices, switches, and closures, primarily for the semiconduc
tor industry.  It also has limited use in the manufacture of 
special glass and for certain medical procedures. 

What happens to thallium when it enters the 
environment? 

D Thallium enters the environment primarily from coal-
burning and smelting, in which it is a trace contaminant 
of the raw materials. 

D It stays in the air, water, and soil for a long time and is not 
broken down. 

D Some thallium compounds are removed from the atmo
sphere in rain and snow. 

D It's absorbed by plants and enters the food chain. 

D It builds up in fish and shellfish. 

How might I be exposed to thallium? 
D Eating food contaminated with thallium may be a major 

source of exposure for most people. 

D Breathing workplace air in industries that use thallium 

D Smoking cigarettes. 

D Living near hazardous waste sites containing thallium 
(may result in higher than normal exposures). 

D Touching or, for children, eating soil contaminated with 
thallium. 

D Breathing low levels in air and water. 

How can thallium affect my health? 

Exposure to high levels of thallium can result in harmful 
health effects.  A study on workers exposed on the job over 
several years reported nervous system effects, such as numb
ness of fingers and toes, from breathing thallium. 

Studies in people who ingested large amounts of thallium 
over a short time have reported vomiting, diarrhea, temporary 
hair loss, and effects on the nervous system, lungs, heart, liver, 
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These tests require special equipment that is not usually 
available in most doctor’s offices.  In addition, these tests 
cannot determine if adverse health effects will occur from the 
exposure to thallium. 

Has the federal government made 
recommendations to protect human health? 

The EPA requires that discharges or accidental spills into 
the environment of 1,000 pounds or more of thallium be 
reported. 

The Occupational Safety and Health Administration 
(OSHA) has set an exposure limit of 0.1 milligrams per cubic 
meter (0.1 mg/m3) for thallium in workplace air.  The Ameri
can Conference of Governmental Industrial Hygienists 
(ACGIH) has established the same guidelines as OSHA for the 
workplace. 

The National Institute for Occupational Safety and 
Health (NIOSH) has recommended that 15 mg/m3 of thallium 
be considered immediately dangerous to life and health. 
This is the exposure level of a chemical that is likely to cause 
permanent health problems or death. 

Glossary 
Carcinogenicity:  Ability to cause cancer. 

Ingesting:  Taking food or drink into your body. 

Milligram (mg): One thousandth of a gram. 

References 

Agency for Toxic Substances and Disease Registry (ATSDR). 
1992. Toxicological profile for thallium. Atlanta, GA: U.S. 
Department of Health and Human Services, Public Health 
Service. 

and kidneys. It has caused death. It is not known what the 
effects are from ingesting low levels of thallium over a long 
time. 

Birth defects were not reported in the children of mothers 
exposed to low levels from eating vegetables and fruits 
contaminated with thallium. Studies in rats, however, 
exposed to high levels of thallium, showed adverse develop
mental effects. 

It is not known if breathing or ingesting thallium affects 
human reproduction. Studies showed that rats that ingested 
thallium for several weeks had some adverse reproductive 
effects.  Animal data suggest that the male reproductive 
system may be susceptible to damage by low levels of 
thallium. 

There is no information available on the health effects of 
skin contact with thallium in people or animals. 

How likely is thallium to cause cancer? 

The Department of Health and Human Services, the 
International Agency for Research on Cancer, and the Envi
ronmental Protection Agency (EPA) have not classified 
thallium as to its human carcinogenicity. 

No studies are available in people or animals on the 
carcinogenic effects of breathing, ingesting, or touching 
thallium. 

Is there a medical test to show whether I’ve 
been exposed to thallium? 

There are medical tests available to measure levels of 
thallium in urine and hair.  In addition, thallium can also be 
measured in blood; however, this is not a good indicator of 
exposure since thallium only stays in blood a very short time. 

Federal Recycling Program  Printed on Recycled Paper 



CAS # 7782-49-2 

SELENIUM 

Division of Toxicology ToxFAQsTM September 2003 

This fact sheet answers the most frequently asked health questions (FAQs) about selenium.  For more 
information, call the ATSDR Information Center at 1-888-422-8737.  This fact sheet is one in a series 
of summaries about hazardous substances and their health effects. It is important you understand this 
information because this substance may harm you. The effects of exposure to any hazardous substance 
depend on the dose, the duration, how you are exposed, personal traits and habits, and whether other 
chemicals are present. 

HIGHLIGHTS: People may be exposed to low levels of selenium daily through 
food and water.  Selenium is a trace mineral needed in small amounts for good 
health, but exposure to much higher levels can result in neurological effects and 
brittle hair and deformed nails. Occupational inhalation exposure to selenium 
vapors may cause dizziness, fatigue, irritation of mucous membranes, and 
respiratory effects. This substance has been found in at least 508 of the 1,636 
National Priorities List sites identified by the Environmental Protection Agency 
(EPA). 

What is selenium? 
Selenium is a naturally occurring mineral element that is 
distributed widely in nature in most rocks and soils. In its 
pure form, it exists as metallic gray to black hexagonal 
crystals, but in nature it is usually combined with sulfide or 
with silver, copper, lead, and nickel minerals.  Most 
processed selenium is used in the electronics industry, but it 
is also used: as a nutritional supplement; in the glass 
industry; as a component of pigments in plastics, paints, 
enamels, inks, and rubber; in the preparation of 
pharmaceuticals; as a nutritional feed additive for poultry 
and livestock; in pesticide formulations; in rubber 
production; as an ingredient in antidandruff shampoos; and 
as a constituent of fungicides. Radioactive selenium is used 
in diagnostic medicine. 

What happens to selenium when it enters the 
environment? 
‘ Selenium occurs naturally in the environment and can be 
released by both natural and manufacturing processes. 
‘ Selenium dust can enter the air from burning coal and oil. 
This selenium dust will eventually settle over the land and 
water. 
‘ It also enters water from rocks and soil, and from 
agricultural and industrial waste. Some selenium compounds 
will dissolve in water, and some will settle to the bottom as 
particles. 

‘ Insoluble forms of selenium will remain in soil, but soluble 
forms are very mobile and may enter surface water from 
soils. 
‘ Selenium may accumulate up the food chain. 

How might I be exposed to selenium? 
‘ The general population is exposed to very low levels of 
selenium in air, food, and water.  The majority of the daily 
intake comes from food. 
‘ People working in or living near industries where selenium 
is produced, processed, or converted into commercial 
products may be exposed to higher levels of selenium in the 
air. 
‘ People living in the vicinity of hazardous waste sites or 
coal burning plants may also be exposed to higher levels of 
selenium. 

How can selenium affect my health? 
Selenium has both beneficial and harmful effects. Low doses 
of selenium are needed to maintain good health. However, 
exposure to high levels can cause adverse health effects. 
Short-term oral exposure to high concentrations of selenium 
may cause nausea, vomiting, and diarrhea. Chronic oral 
exposure to high concentrations of selenium compounds can 
produce a disease called selenosis. The major signs of 
selenosis are hair loss, nail brittleness, and neurological 
abnormalities (such as numbness and other odd sensations 
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in the extremities). 
Brief exposures to high levels of elemental selenium or 
selenium dioxide in air can result in respiratory tract irritation, 
bronchitis, difficulty breathing, and stomach pains. Longer-
term exposure to either of these air-borne forms can cause 
respiratory irritation, bronchial spasms, and coughing. 
Levels of these forms of selenium that would be necessary to 
produce such effects are normally not seen outside of the 
workplace. 
Animal studies have shown that very high amounts of 
selenium can affect sperm production and the female 
reproductive cycle. We do not know if similar effects would 
occur in humans. 

How likely is selenium to cause cancer? 
Studies of laboratory animals and people show that most 
selenium compounds probably do not cause cancer.  In fact, 
studies in humans suggest that lower-than-normal selenium 
levels in the diet might increase the risk of cancer. 
The International Agency for Research on Cancer (IARC) has 
determined that selenium and selenium compounds are not 
classifiable as to their carcinogenicity to humans. 
The EPA has determined that one specific form of selenium, 
selenium sulfide, is a probable human carcinogen. Selenium 
sulfide is not present in foods and is a very different 
chemical from the organic and inorganic selenium compounds 
found in foods and in the environment. 

How can selenium affect children? 
It is likely that the health effects seen in children exposed to 
selenium will be similar to the effects seen in adults. 
However, one study found that children may be less 
susceptible to the health effects of selenium than adults. 
Selenium compounds have not been shown to cause birth 
defects in humans or in other mammals. 

How can families reduce the risk of exposure to 
selenium? 
‘ Certain dietary supplements and shampoos contain 
selenium; these should be used according to the 

manufacturer’s directions. 
‘ Children living near waste sites that contain selenium or 
coal burning plants should be encouraged to wash their 
hands before eating and to avoid putting their unwashed 
hands in their mouths. 

Is there a medical test to show whether I’ve been 
exposed to selenium? 
Low levels of selenium are normally found in body tissues 
and urine. Blood and urine tests for selenium are most 
useful for people who have recently been exposed to high 
levels. Toenail clippings can be used to determine longer-
term exposure. These tests are not usually available at your 
doctor’s office, but your doctor can send the samples to a 
laboratory that can perform the tests. None of these tests, 
however, can predict whether you will experience any health 
effects. 

Has the federal government made 
recommendations to protect human health? 
The EPA restricts the amount of selenium allowed in public 
water supplies to 50 parts total selenium per billion parts of 
water (50 ppb). 
The Occupational Safety and Health Administration (OSHA) 
sets a limit of 0.2 mg selenium/m3 of workroom air for an 
8-hour work shift. 
ATSDR and the EPA have determined that 5 micrograms of 
selenium per kilogram of body weight taken daily would not 
be expected to cause any adverse health effects over a 
lifetime of such intake. 

References 
Agency for Toxic Substances and Disease Registry 
(ATSDR).  2003. Toxicological Profile for Selenium (Update) 
Atlanta, GA: U.S. Department of Health and Human Services, 
Public Health Service. 
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VINYL CHLORIDE 
CAS # 75-01-4 

Division of Toxicology and Environmental Medicine ToxFAQsTM July 2006 

This fact sheet answers the most frequently asked health questions (FAQs) about vinyl chloride.  For 
more information, call the ATSDR Information Center at 1-888-422-8737.  This fact sheet is one in a 
series of summaries about hazardous substances and their health effects. It is important you 
understand this information because this substance may harm you. The effects of exposure to any 
hazardous substance depend on the dose, the duration, how you are exposed, personal traits and 
habits, and whether other chemicals are present. 

HIGHLIGHTS: Exposure to vinyl chloride occurs mainly in the workplace. Breathing 
high levels of vinyl chloride for short periods of time can cause dizziness, sleepiness, 
unconsciousness, and at extremely high levels can cause death. Breathing vinyl 
chloride for long periods of time can result in permanent liver damage, immune 
reactions, nerve damage, and liver cancer.  This substance has been found in at least 
616 of the 1,662 National Priority List sites identified by the Environmental Protection 
Agency (EPA). 

What is vinyl chloride? 
Vinyl chloride is a colorless gas.  It burns easily and it is not 
stable at high temperatures. It has a mild, sweet odor.  It is a 
manufactured substance that does not occur naturally.  It can 
be formed when other substances such as trichloroethane, 
trichloroethylene, and tetrachloroethylene are broken down. 
Vinyl chloride is used to make polyvinyl chloride (PVC).  PVC 
is used to make a variety of plastic products, including pipes, 
wire and cable coatings, and packaging materials. 

Vinyl chloride is also known as chloroethene, chloroethylene, 
and ethylene monochloride. 

What happens to vinyl chloride when it enters the 
environment? 
‘ Liquid vinyl chloride evaporates easily.  Vinyl chloride in 
water or soil evaporates rapidly if it is near the surface. 
‘ Vinyl chloride in the air breaks down in a few days to other 
substances, some of which can be harmful. 
‘ Small amounts of vinyl chloride can dissolve in water. 
‘ Vinyl chloride is unlikely to build up in plants or animals that 
you might eat. 

How might I be exposed to vinyl chloride? 
‘ Breathing vinyl chloride that has been released from plastics 
industries, hazardous waste sites, and landfills. 
‘ Breathing vinyl chloride in air or during contact with your 
skin or eyes in the workplace. 
‘ Drinking water from contaminated wells. 

How can vinyl chloride affect my health? 
Breathing high levels of vinyl chloride can cause you to feel 
dizzy or sleepy.  Breathing very high levels can cause you to 
pass out, and breathing extremely high levels can cause death. 

Some people who have breathed vinyl chloride for several years 
have changes in the structure of their livers. People are more 
likely to develop these changes if they breathe high levels of 
vinyl chloride. Some people who work with vinyl chloride have 
nerve damage and develop immune reactions. The lowest levels 
that produce liver changes, nerve damage, and immune reaction 
in people are not known. Some workers exposed to very high 
levels of vinyl chloride have problems with the blood flow in 
their hands. Their fingers turn white and hurt when they go into 
the cold. 
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The effects of drinking high levels of vinyl chloride are unknown. 
If you spill vinyl chloride on your skin, it will cause numbness, 
redness, and blisters. 

Animal studies have shown that long-term exposure to vinyl 
chloride can damage the sperm and testes. 

How likely is vinyl chloride to cause cancer? 
The U.S. Department of Health and Human Services has 
determined that vinyl chloride is a known carcinogen. Studies 
in workers who have breathed vinyl chloride over many years 
showed an increased risk of liver, brain, lung cancer, and some 
cancers of the blood have also been observed in workers. 

How can vinyl chloride affect children? 
It has not been proven that vinyl chloride causes birth defects 
in humans, but studies in animals suggest that vinyl chloride 
might affect growth and development.  Animal studies also 
suggest that infants and young children might be more susceptible 
than adults to vinyl chloride-induced cancer. 

How can families reduce the risk of exposure to vinyl 
chloride? 
Tobacco smoke contains low levels of vinyl chloride, so limiting 
your family’s exposure to cigarette or cigar smoke may help reduce 
their exposure to vinyl chloride. 

Is there a medical test to show whether I’ve been 
exposed to vinyl chloride? 
The results of several tests can sometimes show if you have 
been exposed to vinyl chloride. Vinyl chloride can be measured 
in your breath, but the test must be done shortly after exposure. 
This is not helpful for measuring very low levels of vinyl chloride. 

The amount of the major breakdown product of vinyl chloride, 
thiodiglycolic acid, in the urine may give some information about 
exposure. However, this test must be done shortly after exposure 
and does not reliably indicate the level of exposure. 

Has the federal government made recommendations 
to protect human health? 
Vinyl chloride is regulated in drinking water, food, and air.  The 
EPA requires that the amount of vinyl chloride in drinking water 
not exceed 0.002 milligrams per liter (mg/L) of water. 

The Occupational Safety and Health Administration (OSHA) has 
set a limit of 1 part vinyl chloride per 1 million parts of air (1 ppm) 
in the workplace. 

The Food and Drug Administration (FDA) regulates the vinyl 
chloride content of various plastics. These include plastics that 
carry liquids and plastics that contact food. The limits for vinyl 
chloride content vary depending on the nature of the plastic and 
its use. 
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