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1.0 Introduction

In 1993, Naval Base (NAVBASE) Charleston was added to the list of bases scheduled for
closure as part of the Defense Base Realignment and Closure Act (BRAC), which regulates
closure and transition of property to the community. The Charleston Naval Complex {CNC)
was formed as a result of the dis-establishment of the Charleston Naval Shipyard and
NAVBASE on April 1, 1996.

Corrective Action (CA) activities are being conducted under the Resource Conservation and
Recovery Act (RCRA), with the South Carolina Department of Health and Environmental
Control (SCDHEC) as the lead agency for CA activities at the CNC. All RCRA CA activities
are performed in accordance with the Final Permit (Permit No. SC0 170 022 560). In April
2000, CH2M-Jones was awarded a contract to provide environmental investigation and

remediation services at the CNC.

A RCRA Facility Investigation (RFI) Report Addendum and Corrective Measures Study
(CMS) Work Plan were prepared for Solid Waste Management Unit (SWMU) 65 and Areas
of Concern (AOCs) 544 and 546 in Zone E of CNC (CH2M-Jones, 2003). These units were
investigated together during the RFI due to their proximity and will be referred to as
Combined SWMU 65 in this report. The location of Combined SWMU 65 in Zone E is shown
in Figure 1-1. Figure 1-2 shows an aerial photograph of the site. The Combined SWMU 65

area is zoned M-2 (for marine industrial land use).

The RFI Report Addendum and CMS Work Plan presented the remedial action objectives
(RAOs) and media cleanup standards (MCSs) proposed for Combined SWMU 65. This
report was reviewed by EPA Region IV on behalf of SCDHEC, and it was approved by EPA
in August 2003. This CMS report has been prepared by CH2M-Jones to complete the next
stage of the CA process for Combined SWMU 65.

1.1 Corrective Measures Study Report Purpose and Scope

This CMS report evaluates corrective measure alternatives for antimony, lead,
trichloroethene (TCE) and vinyl chloride in shallow groundwater and TCE and vinyl
chloride in deep groundwater at Combined SWMU 65. This report consists of: 1) the
identification of a set of corrective measure alternatives that are considered to be technically

appropriate for addressing contaminated groundwater; 2) an evaluation of the alternatives

CMBSWMUB5ZECMSRPTREV0.D0C -1
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using standard criteria from EPA RCRA guidance; and 3) the selection of a recommended

{preferred) corrective measure alternative for the site.

1.2 Facility Description and Site History

This section of the CMS report presents background information on the facility and site
history.

1.2.1 SWMU 65 - Lead Storage Area, Building 221, and South of the Building

SWMU 65 consists of a former lead storage area in which lead blankets and shielding
materials were stored on pallets and shelves inside Building 221 and on a paved area south
of the building. The majority of the lead was encased in rubber, but some exposed lead was
stored beneath a tarp inside the building. This site was also a staging area for scrap lead
awaiting disposal. Building 221 was built in 1970 and was used for lead storage and pickling
operations until 1985. Building 221 is currently a heavy equipment repair and maintenance
shop being used by Metal Trades, Inc., and the area south of the building is used for storage

of old metal parts and machinery.

As identified in the RCRA Facility Assessment (RFA) documentation (EnSafe Inc.
[EnSafe]/ Allen & Hoshall, 1995), the materials of concern for SWMU 65 include lead, other
heavy metals, and acids.. The CNC RCRA Permit identified SWMU 65 as requiring an RFIL.

1.2.2 AOC 544 - Former Pickling Plant, Building 221

AQOC 544 is the site of a former pickling plant at Building 221. From 1940 to 1970, the
pickling plant consisted of an open-air facility with only the pickling tanks covered by a
roof. In 1970, a single-story structure was built to house the pickling operations. The process
used a series of chemical baths and water rinses. Until 1974, spent pickling bath solutions
were discharged via the storm drainage system into the Cooper River. After 1974, a private
contractor disposed of the wastes. Operations were discontinued in 1984 and the process

equipment was removed.

As identified in the RFA documentation, the materials of concern for AOC 544 include
acids, caustics, volatile organic compounds (VOCs), petroleum products, and heavy metals.
The CNC RCRA Permit identified AOC 544 as requiring an RFI.

CMBSWMUESZECMSAPTREVD.DOC 1-2
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1.2.3 AOC 546 - Former Galvanizing/Pickling Shop, South of Building 221

AOC 546 consists of a former galvanizing/pickling shop that operated within Building 1025
from the early 1920s until 1967. Building 1025 was located at two separate areas during its
existence. Originally, it was situated adjacent to the southwest corner of Building 6 (at the
current location of Building 3) and approximately co-located with SWMU 67 until 1942.
During this time, historical engineering drawings referred to it is as a galvanizing shed.
After it was relocated south of Building 221, it was referred to as a pipe shop/pickling plant.
No information was found during the RFA or RFI regarding its operational processes.
Currently, both the former and present locations of AOC 546 are covered with pavement or
structures. At this time, only a concrete slab exists at the location of Building 1025 south of
Building 221, and it is being used as a storage area. The RFI Report Addendum/CMS Work
Plan for Combined SWMU 65 (CH2M-Jones, 2003) addressed only the portion of AOC 546
that is located next to SWMU 65 and AOC 544. The portion of AOC 546 that is co-located
with SWMU 67 was addressed in the RFI Report Addendum/CMS Work Plan for
Combined SWMU 67 (CH2M-]ones, 2002).

As identified in the Zone E RFI Work Plan (EnSafe / Allen & Hoshall, 1995), the materials of
concem for AOC 546 include VOCs, inorganic acids, and heavy metals. The CNC RCRA
Permit identified AOC 546 as requiring a confirmatory sampling investigation (CSI).

The RFI activities initially conducted by the Navy/EnSafe team were described in the Zone
E RFI Report, Revision 0 (EnSafe, 1997). Regulatory review was conducted on this document
and draft responses to the comments from SCDHEC were prepared by the Navy/EnSafe
team. Remaining issues related to the RFI phase of the CA program were addressed in the
RFI Report Addendum/CMS Work Plan (CH2M-Jones, 2003). RFI soil and groundwater

sampling locations are shown in Figure 1-3.

1.3 Nature and Extent of COCs At Combined SWMU 65

This section presents a summary of the nature and extent of the chemicals of concern
(COCs) at the site. This information is essential to the understanding of the remedial goal
options (RGOs), MCSs, and ultimately the evaluation of corrective measure alternatives for
Combined SWMU 65. Additional information on the site and hydrogeology in the Zone E
area of the CNC is provided in the Zone E RFI Report, Revision 0 (EnSafe, 1997).

Based on the results of the sampling and analysis and evaluation of current contamination

levels in the RFI Report Addendum, no soil COCs for the industrial land use scenario were

CMBSWMUS5ZECMSRPTREV0.00C 13
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identified for Combined SWMU 65. Antimony, lead, TCE, and vinyl chloride were
identified as shallow groundwater COCs and TCE and viny! chloride were identified as
deep groundwater COCs for Combined SWMLU 65.

1.3.1 Summary of Hydrogeologic Setting at Combined SWMU 65
Combined SWMU 65 is located in the northeastern portion of Zone E at the CNC, where the

surface topography is relatively flat and nearly completely paved. Elevations range between
approximately 8 to 10 feet above mean sea level (ft msl). Because the area is highly
industrialized, surface water runoff is largely controlled by a system of stormwater sewers

that discharge to the Cooper River.

Surface Geology

Due to the extensive surface soil disturbance at CNC during the history of its operations, the
soils from land surface to depths of up to approximately 6 feet are typically a mixhure of
artificial fill and native sediments. The extent of fill material present varies extensively, but
in the vicinity of Combined SWMU 65, undifferentiated clay, sand, gravel, dredged
material, and construction debris may be present at or near the land surface. In undisturbed
areas, surface deposits consist of Quaternary age (Holocene epoch to recent) fine-grained
sands and clays typical of a coastal plain environment, repeatedly reworked by marine and

river water erosion prior to development by man.

Subsurface Geology

The Zone E RFI report included the installation of soil borings and more than 185
monitoring wells, from which geologic information was collected to develop geologic cross
sections. The data indicate that Quaternary (Pleistocene to Holocene) and Tertiary age
unconsolidated sediments were encountered in the subsurface. The lowermost unit
encountered is the Tertiary age Ashley Formation member of the Mid-Tertiary age Cooper
Group. Overlying the Ashley Formation are younger upper Tertiary and Quaternary age

deposits, which are in turn overlain by the Holocene to recent surface soils.

In most of Zone E, the Ashley Formation is encountered in deeper borings, occurring at
depths of approximately 16 to 43 feet below land surface (ft bls). However, in northern Zone

E, the Ashley Formation dips downward and was not encountered to depths of 75 ft bls

CMBSWMUB5ZECMSRPTREV0.DOC 14
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during installation of deep borings as part of the RFL. The deeper occurrence of the Ashley
Formation in this part of the CNC is probably due to secondary erosion. In the remainder of
Zone E, the top of the Ashley Formation is gently rolling and slopes gently downward to the
east toward the Cooper River, with measured thickness approaching 40 feet. The Ashley
Formation is comprised of brown to olive marine silts with varying amounts of clay,
phosphatic sand and microfossils. The Ashley consistency is generally dense to stiff and
plastic, with low vertical permeability. The overlying Quaternary age deposits are back
barrier and near shore shelf deposits from various past marine transgressions, with
subsequent reworking erosion and redeposition. The result is a sequence approximately 15
to 85 feet thick at the CNC and comprised mainly of Pleistocene age Wando Formation

sands, silts, and clays, with varying amounts of organic matter including peat.

In the area where Combined SWMU 65 is located, the bottom of the shallow aquifer system
is delineated by Quaternary (dewatered marsh) clay at a depth of approximately -30 ft msl,
or approximately 40 bls. The Quaternary clay at Combined SWMU 65 is overlain by
interbedded sand, silt and clay layers (including marsh clay), with layers of peat occurring

intermittently, and finally by about 5 feet of fill to land surface.

Boring logs for wells installed at Combined SWMU 65 are provided in Appendix A.
Inspection of these logs indicates that the shallow portion of the surficial aquifer at
Combined SWMU 65 consists predominantly of interbedded clay and peat layers, with thin

sand and silt layers also present.

Hydrogeology

The shallow aquifer system at Combined SWMU 65 is an unconfined water table aquifer
occurring within the Quaternary sediments. The underlying low-permeability Quaternary
clay acts as an aquitard for the shallow aquifer system and as a confining unit for deeper
geologic units. The Cooper River acts as a regional discharge boundary for the aquifer to the
east. The average saturated aquifer thickness in the Combined SWMU 65 area, based on the

Zone E RFI Report, is approximately 35 feet.

Regionally in Zone E, the shallow groundwater flow direction is east, toward the Cooper

River. Because a significant portion of Zone E is along the riverfront, the Cooper River is a

CMBSWMUG5ZECMSRPTREV0.DOC 15
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major discharge boundary for the shallow aquifer system. Locally at Combined SWMU 65,
groundwater flow has been observed to be generally radially outward, with a local
groundwater high elevation located in the vicinity of well E065GW003. This outward radial
flow pattern was observed during groundwater elevation measurements made during the
RFI (see Figure 2-GA in the Zone E RFI Report, Revision 0) in 1996, as well as during more
recent groundwater elevation measurements as shown in Figure 1-4 {measured in May
2002) made by CH2M-Jones. Section 2.3.7 of the Zone E RFI Report, Revision 0 (EnSafe, 1997)
indicates that one shallow monitoring well (E0656GW002) indicated a water elevation change
of approximately 0.6 ft between measurements made during low tide and high tide,

indicating minor tidal influence in this area.

The low groundwater elevation trough located west of SWMU 65, as shown in Figure 1-4,
may be due to local groundwater drainage into a storm sewer line that runs between

Buildings 3 and 56.

1.3.2 COC Distribution in Groundwater

Table 1-1 summarizes all shallow groundwater analyses at the site for the two metal COCs
(antimony and lead). As shown in Table 1-1, out of 80 total analyses for COCs, only 10
exceedances of the applicable screening criteria (maximum contaminant level [MCL] or
Region III tap water risk-based concentration {[RBC]) have been observed (approximately

12.5 percent), indicating that the number of exceedances is relatively limited.

Figure 1-5 shows concentrations of antimony and lead detected in shallow groundwater
monitoring wells above the target MCSs (6 micrograms per liter [ug/L] for antimony and 15
ng/ L for lead) at Combined SWMU 65. It can be seen in this figure that all but two of the
MCS exceedances occurred in well E065GW003. Well E065GW004 had two exceedances of
lead above its target MCS of 15 ug/L. No other wells had exceedances of the MCSs for these
two COCs.

As indicated in Table 1-1, the lead concentrations in well E065GW003 have consistently
exceeded the target MCS of 15 ug/L. However, the two exceedances for lead in E065GW004
have been interceded by several detections below the MCS at less than 3 pug/L. Antimony
exceedances of the MCL have been limited to well E065GW003 and antimony has not
consistently been detected above the MCL in this well.

CMBSWMUGSZECMSRPTREVO.DOC 16
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The presence of peat and clay layers in the shallow aquifer may be attenuating lead
concentrations and limiting the migration of lead in groundwater at the site. Lead is known
to be strongly sorbed by clay and peat and the presence of these features at Combined
SWMU 65 is limiting lead migration.

Figure 1-6 shows concentrations of TCE and vinyl chloride in shallow groundwater above
their respective MCSs (5 and 2 ug/L, respectively). As indicated in Figure 1-6, all VOC
exceedances in shallow groundwater have occurred in well E0O65GW003. The extent of VOC

contamination in shallow groundwater at the site is limited.

Figure 1-7 shows the TCE and vinyl chloride exceedances in deep groundwater. Only two
exceedances of the TCE MCL have been observed, at 6 and 8 ug/L. No TCE exceedances
have been observed in deep groundwater since 1996. All vinyl chloride exceedances have
been no greater than 6 pg/L. Overall, VOC concentrations are relatively low in deep

groundwater.

1.4 Overall Approach for Selecting Candidate Corrective
Measure Alternatives for Combined SWMU 65

Because of the relatively small areal extent of impacted groundwater at Combined SWMU

65, the list of practicable remedial alternatives for this site is limited.

Remedies that will be considered for the groundwater COCs in this CMS for Combined
SWMU 65 are as follows:

¢ Monitored Natural Attenuation and land use controls (LUCs);
¢ In Situ Stabilization and LUCs; and
¢ Groundwater Recovery, Treatment, and Discharge to the Sanitary Sewer and LUCs.

1.5 Report Organization

This CMS report consists of the following sections, including this introductory section:

1.0 Introduction — Presents the purpose of and background information relating to this
CMS report.

2.0 Remedial Goal Objectives and Evaluation Criteria — Defines the RGOs for Combined
SWMU 65, in addition to the criteria used in evaluating the corrective measure alternatives

for the site.

CMBSWMUBSZECMSRPTREY(C.DOC -7
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3.0 Description of Candidate Corrective Measure Alternatives — Describes each of the

candidate corrective measure alternatives for addressing COCs at the site.

4.0 Evaluation and Comparison of Corrective Measure Alternatives — Evaluates each
alternative relative to standard criteria, then compares the alternatives and the degree to

which they meet or achieve the evaluation criteria.

5.0 Recommended Corrective Measure Alternative — Describes the preferred corrective
measure alternative to achieve the MCS and RGOs for COCs based on a comparison of the

alternatives.
6.0 References — Lists the references used in this document.

Appendix A contains boring logs for SWMU 65 wells and well sampling forms from the
RFL

Appendix B contains a draft report recently released by the U.S. Environmental Protection

Agency (EPA) that provides an overview of metal geochemistry.

Appendix C contains cost estimates developed for the proposed corrective measure

alternatives.

All tables and figures appear at the end of their respective sections.
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TABLE 141

Lead and Antimory Results for Groundwater Samples At Combined SWMU 65

SWMU 65, Charleston Naval Complex

Station Sample Chemical Result Unit Qualifier Date_Co! MCL

E065GW001 065GWO00101 Lead 3.00000 ugl/l U 04/17/1996 15
E065GWO001 065GW00102 Lead 1.70000 pg/L U 08/14/1996 15
E065GW001 065GW00103 Lead 1.70000 pg/l U 12/11/1996 15
E0B5GWO001 065GW00104 Lead 0.90000 ug/l U 02/26/1997 15
EO65GWO001 065GW001M2 Lead 1.24000 pa/L U 09/11/2002 15
EOB5GW002  065GW00201b Lead 3.00000 g/l U 04/18/1996 15
E085GW002 065GW00202 Lead 1.70000 ug/L u 08/13/1996 15
E065GW002 065GW00203 Lead 1.70000 ug/L U 12/11/1996 15
E065GW002 065GW00204 Lead 0.80000 ug/L U 02/25/1997 15
E065GW002 065GW002M2 Lead 1.57000 HgiL U 09/11/2002 15
E085GW003  065GW00301b l.ead 1690.00000 ug/L = 04/18/1996 15
E065GWO003 065GW00302 Lead 349.00000 uagll = 08/14/1996 15
E065GW003 065GW00303 Lead 224.00000 ug/l = 12/10/1996 15
E065GW003 065GW00304 Lead 207.00000 Hg/l = 02/26/1997 15
E065GW003 065GWO003M2 Lead 683.00000 ugll = 09/11/2002 15
E065GW004 065GW00401 Lead 315.00000 ug/L = 04/17/1996 15
E065GW004 065GW00402 Lead 2.90000 ug/L J 08/15/1996 15
E065GW004 065GW00403 Lead 1.70000 Hg/L u 12/09/1996 15
E065GW004 065GW00404 Lead 1.30000 ug/l J 02/25/1997 15
EQ065GW004 065GW004M2 Lead 25.60000 ugil. = 09/11/2002 15
E065GW005 065GW00501 Lead 3.60000 ug/L = 04/17/1996 15
E065GW005 065GW00502 Lead 1.70000 ug/l. U 08/15/1996 15
E065GW005 065GW00503 Lead 1.70000 poll U 12/10/1996 15
E065GW005 065GW00504 Lead 1.70000 ug/l J 02/25/1997 15
E065GW005  065GW005M2 Lead 1.77000 pg/L U 09/11/2002 15
EO65GWO006 065GW 00601 Lead 8.90000 ug/l = 04/19/1996 15
E065GW006 065GW00602 Lead 5.10000 pg/L = 08/14/1996 15
E065GWO06 065GW00603 Lead 4.50000 ug/L = 12/12/19986 15
E065GW006 065GW00604 Lead 7.60000 pa/l = 02/26/1997 15
E085GWQ06  0B65GWO0BM2 Lead 2.10000 ugl/L U 09/11/2002 15
E065GWO007 065GW00701 Lead 1.70000 pa/L J 10/30/1996 15
EQ65GWO007 065GWO007A2 Lead 1.50000 pg/L U 03/06/1997 15
E065GW007 065GWO007A3 Lead 0.90000 HgiL U 06/27/1997 15
E065GW007 065GW00704 Lead 0.90000 pg/L U 10/09/1997 15
E085GW008 065GW (00801 Lead 1.70000 pg/l U 10/30/1996 15
E065GW008 065GW008A2 Lead 0.90000 pg/L U 03/06/1997 15
EO65GW008 065GWO008A3 Lead 2.10000 ug/l U 06/27/1997 15
E065GW008 065GW 00804 Lead 0.90000 ug/L U 10/09/1997 15
E065GW008 065GW008M2 Lead 1.24000 ug/L U 09/11/2002 15
E065GW009 065GW009M2 Lead 1.24000 ug/L ] 08/11/2002 15
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TABLE 1-1
Lead and Antimony Resulls for Groundwater Samples At Combined SWMU 65
SWMU 65, Charleston Naval Complex
Station Sample Chemical Result Unit Qualifier Date_Col MCL
E065GW001 065GW00101 Antimony 4.00000 Hg/L U 04/17/1996 6
E065GW001 065GW00102 Antimony 2.10000 ugiL U 08/14/1996 6
E0B5GWO001 065GW00103 Antimony 2.50000 agiL ) 12/11/1996 6
EO065GWO0C1 065GW00104 Antimony 2.30000 Ha/L U 02/26/1997 6
EO065GWO001 065GW001M2 Antimony 4.79000 pg/l U 09/11/2002 6
E065GW002  065GWQ0201b Antimony 4.00000 ng/L V] 04/18/1996 6
E065GW002 065GW00202 Antimony 2.10000 Hg/L V] 08/13/1996 6
E065GW002 065GW00203 Antimony 2.80000 pg/l U 12/11/1996 6
E065GW002 065GW 00204 Antimony 2.60000 pg/l U 02/25/1997 6
EO65GW002  065GW002M2 Antimony 4.79000 g/l U 09/11/2002 6
EO65GW003  065GWO00301b Antimony 42.00000 Lo/l J 04/18/1996 6
EO65GW003 065GW00302 Antimony 24.20000 pg/ll U 08/14/1996 6
E065GW003 065GW00303 Antimony 13.90000 pg/lL u 12/10/1996 6
E065GW003 065GW00304 Antimony 17.90000 ug/L J 02/26/1997 6
EO65GW003  065GWO003M2 Antimony 30.70000 uo/l J 09/11/2002 6
E065GW004 065GW00401 Antimony 4.00000 o/l U 04/17/1996 6
E065GW004 065GW00402 Antimony 4.20000 g/l U 08/15/1996 6
E065GW004 065GW00403 Antimony 2.90000 Hg/t U 12/09/1996 6
E065GW004 065GW00404 Antimony 3.10000 pg/L U 02/25/1997 6
E065GW004  065GWO004M2 Antimony 4.79000 Ho/l U 09/11/2002 6
E065GW005 065GW00501 Antimony 4.50000 Hg/l J 04/17/1996 6
E065GW005 065GW00502 Antimony 2.10000 ugll U 08/15/1996 6
E065GW005 065GW00503 Antimony 2.10000 ug/L U 12/10/1996 6
E065GW005 065GW00504 Antimony 3.20000 Hg/L U 02/25/1997 6
E065GW005 065GWO005M2 Antimony 4.79000 ug/L U 09/11/2002 6
E065GW006 065GW00601 Antimony 4.00000 Hg/L U 04/19/1996 6
E065GW006 065GW00602 Antimony 2.10000 ug/L U 08/14/1996 6
E065GW006 065GW00603 Antimony 2.90000 HO/L U 12/12/1996 6
E065GW006 065GW00604 Antimony 1.60000 ug/L U 02/26/1997 6
EO65GW006  065GWO006M2 Antimony 4.73000 ugll U 09/11/2002 6
EO0B85GW007 065GW00701 Antimony 2.10000 Holl. U 10/30/1996 6
E065GW007 065GWO07A2 Antimony 1.70000 ug/l u 03/06/1997 6
EO65GWO007 065GWO007A3 Antimony 2.10000 ug/l u 06/27/1997 6
E065GW007 065GW00704 Antimony 1.60000 Hg/l U 10/09/1997 6
E065GWO008 065GW00801 Antimony 2.10000 Hg/L U 10/30/1996 6
E065GW008 065GW008A2 Antimony 1.60000 ug/l U 03/06/1997 6
E065GW008 065GW008A3 Antimony 1.60000 pgfL uJ 06/27/1997 6
E065GW008 065GW00804 Antimony 1.80000 pg/l U 10/09/1997 6
E0O65GWO008  065GWO008M2 Antimony 4.79000 pgll U 09/11/2002 6
E0OB5GWO009  065GWO09M2 Antimony 4.79000 Ha/l u 09/11/2002 6
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2.0 Remedial Goal Objectives and Evaluation
Criteria

2.1 Remedial Action Objectives

RAOs are medium-specific goals that protect human health and the environment by
preventing or reducing exposures under current and future land use conditions. The RAO
identified for the subsurface soil at Combined SWMU 65 is to achieve concentrations of
COCs that are protective of groundwater (prevent leaching of COCs at concentrations that
cause concentrations of COCs in groundwater to exceed their target MCSs. The RAO for
groundwater is to prevent ingestion of groundwater containing COCs at unacceptable levels

and to restore the aquifer to its beneficial use to the extent practicable.

2.2 Media Cleanup Standards

Throughout the process of remediating a hazardous waste site, a risk manager uses a
progression of increasingly acceptable site-specific media levels in considering remedial
alternatives. Under the RCRA program, RGOs and MCSs are developed at the end of the
risk assessment in the RFI/Remedial Investigation (RI) programs, before completion of the
CMS.

RGOs can be based on a variety of criteria, such as specific incremental lifetime cancer risk
(ILCR) levels (e.g., 1E-04, 1E-05, or 1E-06), Hazard Index (HI) levels (e.g., 0.1, 1.0, 3.0), or site
background concentrations. For a particular RGO, specific MCSs can be determined as
target concentration values. Achieving these MCSs is accepted as demonstrating that RGOs
and RAOs have been achieved. Achieving these goals should promote the protection of
human health and the environment, while achieving compliance with applicable state and

federal standards.

The exposure medium of concern for Combined SWMU 65 is shallow groundwater
containing antimony, lead, TCE, and vinyl chloride and deep groundwater containing TCE

and vinyl chloride.

For the chemicals identified as COCs in shallow groundwater, the following MCSs were

previously proposed in the CMS Work Plan:

CMBSWMUB5SZECMSRPTREVO.DOC 2-3
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cocC Proposed MCS j
Shallow Groundwater
Antimony MCL for antimony - 6 ug/L
Lead Drinking water Target Trealment Level for
lead - 15 pg/l.
TCE MCL for TCE - 5 ug/L
Vinyl chloride MCL for vinyl chloride - 2 ug/L
Deep Groundwater
TCE MCL for TCE - 5 ug/L
Vinyl chloride MCL for vinyl chloride - 2 pg/L

2.3 Evaluation Criteria

According to the EPA RCRA CA guidance, corrective measure alternatives should be

evaluated using the following five criteria:

1.
2.

Protection of human health and the environment.
Attainment of MCSs.

The control of the source of releases to minimize future releases thal may pose a threat

to human health and the environment.

Compliance with applicable standards for the management of wastes generated by

remedial activities.

Other factors, including (a) long-term reliability and effectiveness; (b) reduction in
toxicity, mobility, or volume of wastes; (c) short-term effectiveness; (d)

implementability; and (e) cost.

Each of these criteria is defined in more detail below:

1.

Protection of human health and the environment. The altermatives will be evaluated on
the basis of their ability to protect human health and the environment. The ability of an
alternative to achieve this criterion may or may not be independent of its ability to
achieve the other criteria. For example, an alternative may be protective of human
health, but may not be able to attain the MCSs if the MCSs were not developed based on

human health protection factors.

Attainment of MCSs. The alternatives will be evaluated on the basis of their ability to
achieve the MCS defined in this CMS. Another aspect of this criterion is the time frame

CMBSWMUG5ZECMSRPTREVQ.DOC 2-2
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required to achieve the MCS. Estimates of the time frame for the alternatives to achieve
RGOs will be provided.

The control the source of releases. This criterion deals with the control of releases of
contamination from the source (the area in which the contamination originated) and the

prevention of fitture migration to uncontaminated areas.

Compliance with applicable standards for management of wastes. This criterion deals
with the management of wastes derived from implementing the alternatives (i.e.,
treatment or disposal of residuals from groundwater treatment processes). Corrective
measure alternatives will be designed to comply with all standards for management of
wastes. Consequently, this criterion will not be explicitly included in the detailed
evaluation presented in the CMS, but such compliance would be incorporated into the

cost estimates for which this criterion is relevant.

Other factors. Five other factors are to be considered if an alternative is found to meet

the four criteria described above. These other factors are as follows:

a. Long-term reliability and effectiveness

Corrective measure alternatives will be evaluated on the basis of their reliability, and
the potential impact should the alternative fail. In other words, a qualitative
assessment will be made as to the chance of the alternative’s failing and the

consequences of that failure.

b. Reduction in the toxicity, mobility, or volume of wastes
Alternatives with technologies that reduce the toxicity, mobility, or volume of the
contamination will be generally favored over those that do not. Consequently, a

qualitative assessment of this factor will be performed for each alternative.

c. Short-term effectiveness
Alternatives will be evaluated on the basis of the risk they create during the
implementation of the remedy. Factors that may be considered include fire,

explosion, and exposure of workers to hazardous substances.

d. Implementability

The alternatives will be evaluated for their implementability by considering any
difficulties associated with conducting the alternatives (such as the construction
disturbances they may create), operation of the alternatives, and the availability of

equipment and resources to implement the technologies comprising the alternatives.

CMBSWMUSSZECMSRPTREVD.DCC 2-3
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e. Cost

A net present value of each alternative will be developed. These cost estimates will
be used for the relative evaluation of the alternatives, not to bid or budget the work.
The estimates will be based on information available at the time of the CMS and on a
conceptual design of the alternative. They will be “order-of-magnitude” estimates
with a generally expected accuracy of -50 percent to +100 percent for the scope of
action described for each alternative. The estimates will be categorized into capital

costs and operations and maintenance costs for each alternative.
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3.0 Description of Candidate Corrective
Measure Alternatives

3.1 Introduction

Currently available groundwater remedial technologies were screened for applicability to
the contaminants and physical conditions present at Combined SWMU 65, with only the
most viable technologies known for addressing the COCs present at the site selected for

alternatives analysis.

Three remedies will be considered for the groundwater COCs in the CMS5 for Combined
SWMU 65:

e Monitored Natural Attenuation and LUCs;
e In Situ Stabilization and LUCs; and
» Groundwater Recovery, Treatment, and Discharge to the Sanitary Sewer and LUCs.

The sections below describe each alternative in more detail.

3.2 Alternative 1: Monitored Natural Attenuation and LUCs

3.2.1 Description of Alternative

Alternative 1 would rely on natural attenuation processes, such as adsorption, ion exchange,
precipitation, dispersion, and dilution, to reduce concentrations of antimony and lead in
groundwater over time. Similarly, natural attenuation processes, such as biodegradation,
adsorption, volatilization, dispersion, and dilution, would act to reduce concentrations of

TCE and vinyl chloride in shallow and deep groundwater.

This alternative is considered feasible for the site because the extent of groundwater
contamination is limited in size, groundwater concentrations of COCs are relatively low,

and there are no ongoing sources of release for the COCs.

Groundwater samples from only two shallow wells at the site have exhibited concentrations
of lead above the target MCS; samples from only one shallow well have exhibited
concentrations of antimony above their respective MCSs, and samples from only one

shallow and one deep well have exhibited TCE and vinyl chloride concentrations above
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their respective MCSs. To date, there is little to no evidence that migration of any COCs
from the vicinity of these wells is occurring. Because no sources of release of these chemicals
remain, it is expected that over time, concentrations of all COCs in all wells exhibiting

exceedances will decline to below the target MCSs.

During the period while natural attenuation processes are actively decreasing the
groundwater COC concentrations, periodic groundwater monitoring would be conducted
to track the rate at which concentrations are decreasing. LUCs, which would preclude uses
of groundwater that may cause inadvertent exposure to COCs, would be applied until all
groundwater COCs achieve their MCSs.

3.2.2 Key Uncertainties

The only significant uncertainty regarding Altemnative 1 is the length of time that may be
required for the natural attenuation processes to achieve a reduction in COC concentrations
to below the MCSs. For some COCs, such as the VOCs in the shallow and deep well, it may
take only a few years until concentrations are consistently below the MCS. For antimony
and lead, the expected time to achieve the MCSs is more difficult to estimate, but is likely to
be on the order of no more than 10 to 15 years; it is also possible that concentrations of lead

and antimony may attenuate to less than their MCSs in less than 10 years.

3.2.3 Other Considerations

LUCs restricting the use of groundwater at the site will be necessary during the period until

MCLs are achieved. The LUCs will also address restricting the site use to industrial only.

3.3 Alternative 2: In Situ Stabilization and LUCs

3.3.1 Description of Alternative

Alternative 2 would use in situ stabilization to accelerate the reduction of lead and
antimony concentrations in groundwater. Dissolved concentrations of heavy metals in
groundwater are typically significantly influenced by a wide variety of geochemical factors,
such as the types of minerals present in the aquifer, pH, and the presence or absence of
other anions, such as sulfides, phosphates, and carbonates. A complete discussion of the
geochemistry of these two metals is beyond the scope of this CMS, but a useful draft
summary report on the environmental chemistry of metals recently released by EPA is
included as Appendix B. A brief summary of relevant factors regarding the geochemistry of

lead and antimony is presented below.
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Lead Geochemistry - Lead is considered a relatively immobile heavy metal in soil and
groundwater systems, largely due to its propensity to adsorb to or be sequestered by
organic matter, clays, and iron and manganese oxides. Lead in groundwater typically does
not migrate significantly through the aquifer. The most common form of lead in
groundwater systems at a pH up to 7 is as a divalent cation (Pb*2). Its oxidation state is not
significantly influenced by oxidation-reduction potential (ORP) conditions. At a pH above 7,
it is typically present as lead carbonate (PbCO3) or complexed with a hydroxyl ion (PbOH*).
An Eh-pH phase diagram for lead in water is shown in Figure 23 of the draft report in

Appendix B.

Antimony Geochemistry - Antimony is considered a near metal or metalloid element.
Located beneath arsenic on the standard periodic table, it exhibits several similarities to
arsenic in its geochemical behavior. Antimony is an ORP-sensitive element and its oxidation
state will change depending on the ORP conditions. Like arsenic, it forms oxyanions in
aqueous solutions. In oxic water, antimony is typically found in the +5 oxidation state (in
the form of the oxyanion antimonate), but can be reduced to the +3 oxidation state (as the
oxyanion antimonite) at lower ORP levels. These oxyanions exhibit negative charges and
generally behave quite differently geochemically than metals that form cations, such as lead.
Antimony is strongly adsorbed to iron and manganese oxides at neutral to low pH but may
be more mobile at elevated pH. Antimony generally forms weak complexes, except with
sulfide, at low ORP conditions. A phase diagram for antimony is shown in Figure 32 of the

draft report provided in Appendix B.

Alternative 2 would involve injection into the aquifer of a liquid solution containing a
chemical that would react with and promote precipitation or adsorption of the dissolved
lead and antimony in the vicinity of well E065GW003 and, potentially, well E065GW004.
The purpose of the injection would be to promote and enhance the precipitation/adsorption
of the metal COCs such that their dissolved phase concentrations decrease towards or below
their respective MCS. This injection process would essentially accelerate the natural
precipitation processes already acting to decrease lead and antimony concentrations at the

site.

Bench-scale testing might be required to select the best-suited reagent for injection, or a
reagent that is considered likely to be effective could be selected based on a geochemical
evaluation. After the selected reagent is injected, the groundwater would be monitored to
assess the effectiveness of the stabilization process. Monitoring would continue until all

COCs were below their respective target MCS.
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The other COCs (TCE and vinyl chloride) would be allowed to naturally attenuate, as
described in Alternative 1. Natural attenuation processes are expected to be adequate for
TCE and vinyl chloride in both shallow and deep groundwater, given the low

concentrations of these VOCs.

3.3.2 Key Uncertainties

Some uncertainty exists regarding which chemical reagent would be best suited for in situ
stabilization of lead and antimony. Review of the groundwater sampling forms for SWMU
65 (see Appendix A) indicate that the pH of groundwater samples collected from well
E065GW003 are elevated compared to other Combined SWMU 65 wells, with groundwater
from well E065GW003 exhibiting a pH in the range of 9 to 9.5. This elevated pH may be
contributing to or causing the elevated concentrations of lead and antimony observed in this
well. It is possible that simply lowering the pH of the groundwater in the vicinity of this
well to a near neutral pH by injection of a dilute acidic solution could restore the attenuative
capacity of the soil and result in lower dissolved concentrations of the two metals COCs.
Other potentially effective chernical agents that could be injected include polysulfide (for
lead). Some bench-scale testing may be required to determine the chemical additive that

would be best suited for this application.

An additional uncertainty is the permeability of the aquifer and whether it is adequate to
accept the dosage of reagent that would be required. If the aquifer formation has a very low

permeability, injection may be impracticable.

3.3.3 Other Considerations

As with the other alternative considered, LUCs restricting the use of groundwater at the site
will be necessary during the period until MCLs are achieved. The LUCs will also address

restricting the site use to industrial only.

3.4 Alternative 3: Groundwater Recovery, Treatment, and
Discharge to the Sanitary Sewer and LUCs

3.4.1 Description of Alternative

This alternative would involve recovering impacted groundwater in the vicinity of well
E065GWO03, treating the groundwater if necessary to meet applicable wastewater discharge
requirements, and discharging the groundwater to the North Charleston Sanitary Sewer

(NCSS) system. This alternative is typically referred to as pump and treat.
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Because of the limited extent of COC-impacted groundwater, it is assumed that a single
recovery well installed near well E065GW003 would be adequate for this approach. The
recovery well would be screened in the shallow aquifer. Deep groundwater, which contains
only low levels of VOCs, would not be actively recovered. Natural attenuation processes are
expected to be adequate to address the VOCs in the deep aquifer. It is expected that the
groundwater recovery rate for a single well in this area would be relatively low, below 5

gallons per minute (gpm), possibly in the range of 1 to 3 gpm.

It is possible that the groundwater may not require pretreatment prior to discharge to the
sanitary sewer. The discharge limits for the NCSS for antimony and lead are 2,000 and 300
ug/ L, respectively. Since antimony has not been previously detected at a concentration
greater than 42 pg /1, no pretreatment of the groundwater to remove antimony would be
required. Pretreatment for lead may be required, based on previously measured
groundwater lead concentrations greater than 300 ug/L. However, because the
groundwater recovery rate is expected to be low, it may be feasible to regulate the discharge
of lead to the NCSS on a mass discharge basis (such as a specific number of pounds per
day), which may allow for discharge of the groundwater to the NCSS without treatrent. In
addition, experience with many other pump and treat systems has shown that
concentrations of contaminants in actively pumping wells is typically significantly less than
those concentrations measured in monitoring wells. Thus, it is possible that the lead
concentrations in recovered groundwater would decrease to below the 300 pg/L pre-

treatment level and, thus, treatment may not be required for this altenative.

3.4.2 Key Uncertainties

Several uncertainties exist regarding Alternative 3. A key uncertainty is whether the aquifer
yield is adequate to allow this alternative to be effectively implemented. A short-term
aquifer pumping test may be required to better assess the viability of this approach. The
aquifer at some locations of the CNC has been found to have inadequate yield (well below 1

gpm) to allow this type of remedial approach.

The degree of treatment that may be required is also not clear, although as indicated above,
treatment may not be required. An additional uncertainty is the length of time that pumping
of the aquifer would be required prior to concluding that an adequate amount of

groundwater had been removed, such that MCSs for the key COCs have been achieved.
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3.4.3 Other Considerations

As with the other alternative considered, LUCs restricting the use of groundwater at the site
will be necessary during the period until MCLs are achieved. The LUCs will also address

restricting the site use to industrial only.
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4.0 Evaluation and Comparison of Corrective
Measure Alternatives

The three corrective measure alternatives were evaluated relative to the evaluative criteria
previously described in Section 2.0 and then subjected to a comparative evaluation. A cost
estimate for each alternative was also developed; the assumptions and unit costs used for

these estimates are included in Appendix C.

4.1 Alternative 1 — Monitored Natural Attenuation and LUCs

The assumptions for Alternative 1 include the following:

¢ A base-wide LUC management plan (LUCMP) will be developed for the CNC. The plan
will aliow for restrictions on the use of groundwater at Combined SWMU 65 and other
areas, and it will be developed outside the scope of this CMS.

* Groundwater monitoring will be performed for up to 10 years. Samples will be collected
from up to four existing monitoring wells, including the wells that have had past MCL
exceedances, on an annual basis. The samples will be analyzed for metal COCs, (filtered
and unfiltered) and VOCs. Standard field parameters (dissolved oxygen [DO], ORP,

turbidity, temperature) will be also monitored.

4.1.1 Protection of Human Health and the Environment

Alternative 1 is effective at protecting human health because it uses LUCs to prevent
ingestion of and direct contact with groundwater until all groundwater COCs are below the
MCLs.

4.1.2 Attain MCS

Alternative 1 is expected to eventually attain the MCS.

4.1.3 Control the Source of Releases

There are no ongoing sources of releases at Combined SWMU 65; therefore, this issue is not

applicable.
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4.1.4 Compliance with Applicable Standards for the Management of Generated
Wastes

Alternative 1 does not generate any wastes that require special management. The primary
generated waste would be purge water from monitoring wells, which is easily managed to

applicable standards.

4.1.5 Other Factors (a) Long-term Reliability and Effectiveness

Alternative 1 has adequate long-term reliability and effectiveness.

4.1.6 Other Factors (b} Reduction in the Toxicity, Mobility, or Volume of Wastes

Alternative 1 relies on natural attenuation processes to reduce the toxicity, mobility, and

volume of the contaminated groundwater.

4.1.7 Other Factors (c) Short-term Effectiveness

Through the implementation of LUCs, Alternative 1 has short-term effectiveness in
preventing ingestion of, or contact with, the contaminated groundwater. No significant

short-term risks would be created using this alternative.

4.1.8 Other Factors (d) Implementability

Alternative 1 is easily implemented since it requires only the implementation of LUCs and

an appropriate monitoring well program.

4.1.9 Other Factors (e} Cost

Alternative 1 is the least costly to implement. Using the assumptions described earlier, the

total present value of this alternative is $63,000.

4.2 Alternative 2: Alternative 2: In Situ Stabilization and LUCs

The following assumptions for Alternative 2 were made:

* A base-wide LUCMP will be developed for the CNC. The plan will allow for restrictions
on the use of groundwater at Combined SWMU 65 and other areas, and it will be

developed outside the scope of this CMS.

* A limited bench-scale evaluation would be conducted to identify a reagent likely to be

effective in situ. Injection of the reagent would require installation of one new injection
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well within 10 feet of well EO65GW003. For the purpose of this evaluation, it is assumed
that a commonly used and relatively non-toxic reagent, such as ferrous sulfate, would be

suitable for this application.

¢ Groundwater monitoring would continue for up to 5 years after the reagent injection,
after which all COCs are assumed to be below their respective MCS. Samples will be
collected from up to four existing monitoring wells, including the wells that have had
past MCL exceedances, on an annual basis. The samples will be analyzed for metal
COCs, (filtered and unfiltered) and VOCs. Standard field parameters (DO, ORP,
turbidity, temperature) will be also monitored.

4.2.1 Protection of Human Health and the Environment

Alternative 2 is effective at protecting human health and the environment because it uses
LUCs to prevent ingestion of and direct contact with groundwater during the time period

when groundwater COC concentrations are greater than the MCS.

4.2.2 Attain MCS

Alternative 2 is likely to eventually achieve the MCS. The duration to achieve the MCSs is
expected to be less than that required by Alternative 1.

4.2.3 Control the Source of Releases

There are no ongoing sources of releases at Combined SWMU 65; therefore, this issue is not

applicable.

4.2.4 Compliance with Applicable Standards for the Management of Generated
Wastes

Alternative 2 does not generate any wastes that require special management. Purge water
and drill cuttings generated as part of this alternative can be handled using conventional

disposal methods.

4.2.5 Other Factors (a) Long-term Reliability and Effectiveness

Alternative 2 has long-term reliability because of the implementation of LUCs, the in situ
stabilization of the metal COCs, and natural attenuation of the VOCs.
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4.2.6 Other Factors (b) Reduction in the Toxicity, Mobility, or Volume of Wastes

Alternative 2 reduces the toxicity, mobility, and volume of the contaminated groundwater

via in situ treatment and natural attenuation.

4.2.7 Other Factors (c) Short-term Effectiveness

Because of the implementation of LUCs, this alternative will have short-term effectiveness in

preventing ingestion of, or contact with, the contaminated groundwater. No unmanageable

hazards would be created during its implementation.

4.2.8 Other Factors (d) Implementability

This alternative can be implemented with conventional equipment and standard

procedures, provided that the aquifer has adequate permeability.

4.2.9 Other Factors (e) Cost

Appendix C presents the overall cost estimate for implementing this remedy. The total

present value of Alternative 2 is $90,000.

4.3 Alternative 3: Groundwater Recovery, Treatment, and
Discharge to the Sanitary Sewer and LUCs

The following assumptions for Altemative 3 were made:

A base-wide LUCMP will be developed for the CNC. The plan wili allow for restrictions
on the use of groundwater at Combined SWMU 65 and other areas, and it will be
developed outside the scope of this CMS.

The aquifer is assumed to have adequate capacity to yield approximately 2 gpm from a
single new recovery well that is installed near well E065GW003. Groundwater treatment
is assumed to be required for up to 1 year prior to discharge to the NCSS sewer.
Treatment is assumed to be precipitation and filtration for lead removal using a small
off-the-shelf package treatment system. It is assumed that after the first year, treatment

of the groundwater prior to discharge is no longer necessary.

Active groundwater recovery would continue for up to 3 years, after which all COCs are
assumed to be below their respective MCS. An additional 1 year of monitoring is
assumed to be implemented to ensure that rebound of contaminant concentrations does

not occur after shutdown of the groundwater recovery system. Samples will be collected
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from up to four existing monitoring wells, including the wells that have had past MCL
exceedances, on an annual basis. The samples will be analyzed for metal COCs (filtered
and unfiltered) and VOCs. Standard field parameters (DO, ORP, turbidity, temperature)

will be also monitored.

4.3.1 Protection of Human Health and the Environment

Alternative 3 is effective at protecting human health and the environment because it uses
LUCs to prevent ingestion of and direct contact with groundwater during the time period

when groundwater COC concentrations are greater than the MCS.

4.3.2 Attain MCS

Alternative 3 is expected to achieve the MCSs. The duration to achieve the MCSs is expected
to be less than that required by Alternative 1.

4.3.3 Control the Source of Releases

There are no ongoing sources of releases at Combined SWMU 65; therefore, this issue is not

applicable.

4.3.4 Compliance with Applicable Standards for the Management of Generated
Wastes

Alternative 3 does not generate any wastes that require special management. Purge water
and drill cuttings generated as part of this alternative can be handled using conventional
disposal methods. The recovered groundwater is assumed to be disposed to the NCSS

sewer without treatment.

4.3.5 Other Factors (a) Long-term Reliability and Effectiveness

Alternative 3 has long-term reliability because of the implementation of LUCs, the
permanent removal from the aquifer of contaminated groundwater, and the natural

attenuation of the VOCs.

4.3.6 Other Factors (b) Reduction in the Toxicity, Mobility, or Volume of Wastes

Alternative 3 reduces the toxicity, mobility, and volume of the contaminated groundwater

via groundwater recovery and natural attenuation.
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4.3.7 Other Factors (c) Short-term Effectiveness

Because of the implementation of LUCs, this alternative will have short-term effectiveness in
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preventing ingestion of, or contact with, the contaminated groundwater. No unmanageable

hazards would be created during its implementation.

4.3.8 Other Factors (d) Implementability

This alternative is moderately difficult to implement due to the need to ensure that the

recovery system continues to work effectively.

4.3.9 Other Factors (e) Cost

Appendix C presents the overall cost estimate for implementing this remedy. The total
present value of Alternative 3 is $180,000.

4.4 Comparative Evaluation of Corrective Measure
Alternatives

Each corrective measure alternative’s overall ability to meet the evaluation criteria is
described above. In Table 4-1, a comparative evaluation of the degree to which each

alternative meets a particular criteria is presented.
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TABLE 4-1
Comparative Evaluation of Corrective Measure Allernatives

Corrective Measures Study Report, Combined SWMU 65, Zone E, Charleston Naval Complex

Criterion

Alternative 1
Monitored Natural
Attenuation and LUCs

Alternative 2
In Situ Stabilization
and LUCs

Alternative 3
Groundwater
Recovery, Treatment,
Disposal and LUCs

Overall Protection of
Human Health and the
Environment

Attainment of MCS

Control of the Source of
Releases

Compliance with
Applicable Standards for
the Management of
Wastes

Long-term Reliability and
Effectiveness

Reduction of Toxicity,
Mobility, or Volume
through Treatment

Short-term Effectiveness

Implementability

Estimated Cost

CMBSWMUBSZECMSRPTREV0.DOC

Adequately protects
human health and the
environment

Expected to attain
MCSs within 10 to 15
years

No sources presenl at
this site

Can be implemenled to
comply with applicable
standards

Expected to be reliable
and effective in the long
term

Reduces toxicity,
mobility, and volume via
natural attenuation

Effective in short term
via LUCs

Easily implemented

$63,000

Adequately protects
human health and the
environment

Expected to aftain
MCSs within 10 years
orless

No sources present at
this site

Can be implemented to
comply with applicable
standards

Expected to be reliable
and effective in the long
term

Reduces toxicity,
mobility, and volume via
in situ stabilization and
natural attenualion

Effective in short term
via LUCs

Moderately easy 1o
implement, provided
aquifer has adequate

permeability

$90.,000

Adequately protects
human health and the
envircnment

Expected to attain
MCSs within 10 years
or less

No sources present at
this site

Can be implemented to
comply with applicable
standards

Expected to be reliable
and effective in the long
term

Reduces toxicity,
mobility, and volume via
groundwater extraction
and natural attenuation

Effective in short term
via LUCs

Moderately easy to
implement, provided
aquifer has adequate

permeability

$180,000
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5.0 Recommended Corrective Measure
Alternative

Three corrective measure alternatives were evaluated for groundwater COCs using the
criteria described in Section 2.0 of this CMS report: Alternative 1: Monitored Natural
Attenuation and LUCs; Alternative 2: In Situ Stabilization and LUCs; and Alternative 3:
Groundwater Recovery, Treatment, and Discharge to the Sanitary Sewer and LUCs.

Based on the alternatives evaluation and RAQOs for the site as identified in Section 2.0 and
the current uncertainties associated with each alternative, the preferred corrective measure
alternative is Alternative 1: Monitored Natural Attenuation and LUCs. Alternative 1 would
provide protection of human health and the environment by allowing natural attenuation
mechanisms to reduce concentrations of COCs to below the MCSs. Alternative 1 is suitable
because the areal extent of impacted groundwater is relatively limited, significant migration
of contaminants away from impacted wells has not been observed, and natural attenuation
mechanisms are expected to be adequate to reduce all COC concentrations to the MCS over

time.

This alternative also provides for maintaining the current and planned future use of the site
as industrial while site COCs exceed applicable levels for unrestricted land use. LUCs
would prevent residential and other unrestricted land uses, including installation of water

supply wells, that could expose sensitive populations.

Alternative 2 is potentially viable, but uncertainty exists regarding which stabilization
reagent would be most effective for lead and antimony and whether the aquifer has
adequate permeability to accept the stabilization injectate at a reasonable injection pressure.

Alternative 2 is significantly more expensive than Alternative 1.

Alternative 3 may also be viable, but uncertainty exists regarding whether the aquifer has
adequate permeability to allow for effective groundwater recovery to occur. Uncertainty
also exists with regard to the required level of pretreatment needed prior to discharge to the

sanitary sewer system. Alternative 3 is the most expensive of the available alternatives.

An LUCMP is being developed for the industrial areas of the CNC and Combined SWMU
65 will be added to the plan. The LUCMP will limit future site activities to those that would

limit exposure to groundwater. The expected reliability of this alternative is good. Should
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monitoring data indicate that this alternative is not as effective as expected, additional
measures could be safely implemented.
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EnSare/Allen & Hoshall

Monitoring Well NBCEO65001

Project: ZONE E - Naval Base Charesiton

Coordnates: 23I7543.39 E, 37725657 N

Location: Chardeston, SC

Surface Elevation: 7./ feet ms!

Started at 000 n P-7-95

Completed at #50 on 2-7-95

Oriing Method 425" JD (7.5 00) HSA with spit spoon
Driing Company: Atiantic Driing (SC cert #0210
Geologist: B &ythe

TOC Elevatio:  £92 feet ms!

Depth to Groundwater: 278 feet TOC
Groundwater Elevation: 4.1 feet ms
Total Wel Depthc 25 feet bgs

Wel Screerc 25 to 15 feet bgs

Measuredt 3/13/96

il WELL DIAGRAM
g 13 15|E|-|8|9 £
BulCul & Elg|3 GEOLOGIC DESCRIPTION &
AR g
@Z j I gm O] »n E g 3 u ——
L} ]
(=]
o &
Surface cenditions: concrete walk & T
(&)
z 4‘_‘]
b
=1 o
- -
A 2
= 5
1 34 | €
M\ Sand: light brown, gravelly, muddy, dry to moist. /-J.’.B c -l v
U L Clay: dark gray-black, high organic content, fat, o g E
soft, moist to wet, low plasticity, HyS odor bt =1
i leo!l o -—Marsh clay. % =
(=] -
S FE s
(5] —F =
= - -
a =¥ g
o | % -f 4
Clay: Marsh clay as above. < mi -
16 o bt 3
Peat: dark brown with light brown root material a =1
and grass fibers, soft, moist, HoS odor. __J__ 28 N o
10- 2 |es| o =t
19 1=t
Peat: as above with interbedded clay laminae =f
throughout. :
PT _A‘.—-:.
3 |wof o 59 L
8
] °
5
15+
20

Page 1 of 1



EnSarfe/Allen & Hoshall Monitoring Well NBCEOB65002
Project: ZONE £ - Naval Base (harleston Coordnates: 237574.05 E, 3776528 N
Location: Chareston, SC Surface Elevation: 7.3 feet ms/
Started at 330 an P-7-95 ' TOC Elevation: 786 feet ms!
Compieted at 1500 on £-7-95 Depth to Groundwater: 379 feet TOC  Measwred 3/13/96
Driing Method: 42510 (7.5™ O0) HGA with spit spoon Groundwater Elevationn 337 feet ms!
DOring Company: Atiantc Drling (SC cert #20) Tota Wel Depthc 125 feet bgs
Geologist: B Rythe Wel Screenc 25 to 15 feet bgs
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EnSarfe/Allen & Hoshall Monitoring Well NBCEO65003
Project: ZONE E - Naval Base Charleston Coordnates; 231746931 E, 3771229 N
Locatiors Charieston, SC Surface Elevation: 83 feet msi
Started at 1015 on 0-26-85 TOC Elevation: 8145 feet ms!
Completed at 200 on 10-26-95 Depth to Groundwater: 265 feet TOC _ Measwed 3/13/96
Dxi¥ing Method 425" ID (7.5 O0) HSA with spit spoon Groundwater Elevation: 550 feet ms/
Oriing Company: Atiantic Drling (SC cert #2210) Total Wet Depthc 2.5 feet bgs
Geologist: T. Kafka Wel Screerc 25 to L5 feet bgs
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fine to fine), well —sorted, gray. z P
3 = S
4 SM L Sand: gray, very fine to fine, well-sorted, silty, ! 5 %
i SC \ with some clay pods, saturated. 0 "
A oH = -
2 ool o il oL Clay: dark gray to black with light gray silty —E Y
10— 7T, laminae, low plasticity, high organic content, B
AN S| | et -
| ' —22 E
Shelby tube (8.7-1.7°): top and botiom—-marsh b= B
3 | 12 clay as above.
T 46 | RORRR)
(| CH | clay: marsh clay as above. a l
PT Peat: brown, with goiden to orange wood fibers © [
[ = CLe
4 87 0 and Qrass, silty, high organic content, soft, wet, © [ _!L
strong H,S odor,
15
20
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EnSafe/Allen & Hoshall

Monitoring Well NBCEO65004

Project: ZONE £ ~ Naval Base OCharteston

Coordnates: 23[744143 E, 37707690 N

Locatiory Charteston, SC

Surface Elevatiory 8.3 feet ms/

Started at 1055 on 0-18-95

TOC Elevation: 8./ feet ms/

Completed at 140 on 10-23-95

Depth to Groundwater: 2.2 feet TOC Measwed 3/13/96

Driing Method: 4,25 1D (7.5 00) HSA with spi spoon

Groundwater Elevationr 599 feet ms/

Oriing Company. Atiantic Lriing (SC cert #210)

Total Wel Deptiv 225 feet bgs

Geologist: 7. Kafka

Wel Screent 2.5 {o 115 feet bgs

A7)
9 5 g E R §, @ t WELL DIAGRAM
G |BuwlEw| & E 3 GEOLOGIC DESCRIPTION £
FREHEL R = g
QE 53123 8| | B é B w -
L) =
[a]
o o
Surface conditions: concrete pad &=
: T
: 5|
]
3
&
c
[=]
5
§ A
5 33 b3}
ILHd OL Clay: black, silty, low plasticity, soft, wet. og b
SM - X - °
\SC Sand: light to dark gray, very fine to fine, silty, 24 it
moderately well sorted, irace clay, wet. /— g
1|45 |58 g |
P 8
- =
1 5 e
2 | o4 Clay: dark gray to black with light gray silty n °
“A I' OL | '2minae, low plasticity, some wood and grass = =
0 2 100 1 i -~ fibers, soft, wet. /J—M &
.“-1 o PR
Clay: as above with extensive yeliow to orange \ 3 ]
-\broun wood/grass fibers. 149 a
3 |00 Peat: brown to orange brown, extensive wood |5 o [
_\ and grass fibers, silly, wet, /- o —J
S 2
15+
20
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EnSafe/Allen & Hoshall Monitoring Well NBCEOB504D
Project: ZONE £ — Naval Base Charieston Coordnates: 231742131 E, 3771832 N
Locatior: Charestan, SC Surface Elevation: 8.5 feet ms/
Started at 1030 on +-19-96 TOC Elevation: & 41 feet ms
Compieted at £O0 on F19-96 Depth to Groundwater: 837 feet TOC Measued 3/13/96
Driing Method: Rotasonic (85 Q0 casing 38" 1D corng bit) Graundwater Elevatiory [44 feet ms!
Driing Company: Alance Enwonmental (SC Cert #889) Total Wel Depth: 397 feet bgs
Geologist: &8 Bythe Wel Screert 228 to 392 feet bgs
ﬁ
o g g E| § 0 Z WELL OTAGRAM
B BulEwl u| & Bl 213 GEOLOGIC DESCRIPTION s
&w gg > 8 z i
s SE E| ¥ 5 g &
gE Ju|Sn] o | » | & g 73 w .
C 7 Surface conditions: concrete i \
>O ot GH. |  Gravel: light brown, cobbles and silty medium §
Q I GM ] sand, wet. %
° 5 §
SM Sand: brown, fine to medium, with some silty clay, %
SC molst. ] %
JIE A 8h ~ Clay: dark gray, fat, firm, moisl. 5 §
N
\
N
5 1 |70 |us 35 N
|: ! Clay: black, fat, moist, marsh clay. %‘
4 i { | %4
i ft N
d'TI' oL N
if'fs N
el \
i %‘
UM N
7 N
Peat: brown, high organic content. 5 N
2 N
¢ NN
a § -
101 il g % 3
£ \ &
S N
o N
Q N
0. - O U & %
e Sand: gray, fine to medium, no fines, moist. %
576 N
o':‘_’- 6 SHW \\\
ol N
0. © S1 §
N
\
5 2 86|34 55 65 \
o Sand: as above. N\
6. -6 N
66 §
AP
o:;° §
%0 SW N
R N
"o %
e §
o0 \
20 0. ° A N L
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EnSafe/Allen & Hoshall Monitoring Well NBCE0O6504D
Project: ZONE £ — Naval Base (harieston Coordnates: 23742131 E, 37THAI2 N
Location: Charieston, SC Surface Elevatiory 85 feet ms!
Started at 1030 on 1986 TOC Elevation: 841 feet ms!
Completed at £200 on FI9-96 Depth to Groundwater: 697 feet TOC  Measwred: 3/13/96
Driing Method Rotasoric (6.5 00 casing 38" ID coring bit) Groundwaler Elevation: [44 feetl ms/
Ording Company: Aance Enaronmental (SC Cert #889) Total Wel Depth: 327 feet bgs
Geologst: B Bythe Wel Screen: 298 to 392 feet bgs
o _6_, g = § @ ‘% WELL DIAGRAM
E18ulEw u| & 5|23 GEOLOGIC DESCRIPTION £
x E > 8 £ &
AL I :
L |Juf=aswnl v | » | & 3 ul
CNRG)
.-‘.o ..’
0. - O
..“‘0:. sw
0. - O
..'..0-.‘
o 135 =
Peat: yellow 10 brown. g
PT 5
s
64 | &
3
[- %
o
25 3180 g 65 | ¥ v
o Sand: gray, fine to medium, no fines, moist. £ =
6.0 o e
-0 o S
0.0 I <
O ~
5: -0 SW
o) .+
6.0 -
._..o:‘ ':
CHEN N
RN 20 -
Sand: brown to black, intermixed with peat, firm
to stiff, moist.
- | 1=
- SM 3 =5
30 PT =
23 -}
Sand: gray to brown, moist. |-
SH. -t
1 & = A G
5 v i ©
Clay: gray, fat, stiff, moist—-—dewatered marsh e - o
7 gﬁ- clay; increase in sand content with depth to g i b4 -
/) sandy clay/clayey sand of medium to high o I
35 4 |w00] 0 Lplaslicily. firm. /”‘26-5 2 =}
Sand; medium to coarse, clayey. g -l
SsC a i
a -t
@© —f
o _r.:.
st SM | Lag deposit lly PO4 nodules and shell 3 __!Lg o)
ag deposit: gravelly PO4 nodules and she 307 =
\ﬂ/—vash. silly, sandy. /— .__EJ ‘O
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EnSafe/Allen & Hoshall

Monitoring Well NBCEO6504D

Project: ZONE E - Naval Base Chareston

Coordnates: 231742L31 E, 377189.32 N

Locatiore Charestony SC

Surtace Elevation: 85 feet ms/

Started at 1030 on H9-96

TOC Elevatiore 8.4! feet ms/

Completed at 200 on -19-86

Depth to Groundwater; 697 feet TOC Measwed 3/13/96

Dring Methodt_Rotasanic (6.5 00 casing 38" ID corng bit)

Groundwater Elevation: {44 feet ms/

Driing Company: Afance Envwonmental (SC Cert #889)

Tota Wel Depthc 397 feet bgs

Geologst: A Bythe

Wel Screen: 2@8 to 332 feet bgs

=
Q 3 g z ,. § @ f WELL DIAGRAM
e M EEEE GEOLOGIC DESCRIPTION s
Ed SE g% & 8 Z| S :
BE 5525/ |2 8|3 :
& [Dut=<a| v » | & 2 u
T
1 Clay: gray, fat, firm to stiff, with fine sand and
shell hash laminae interspersed
throughout--dewatered marsh clay.
2
Q
o
2
CH
45 5 1100} O _l_
Shelby tube 45-47.5": dewatered marsh clay as
above.
6 ]100 39
l
50
65
60—
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EnSafe/Allen & Hoshall Monitoring Well NBCE065005
Project: ZONE £ — Naval Base Charieston Coordinates: 23741239 E, 37766228 N
Locationc Chareston SC Surface Elevatiore 85 feet msl
Started at 1300 on 0-26-85 TOC Elevation: 822 feet ms!
Completed at 500 an 10-26-95 Depth to Groundwater: 548 feet TOC  Measwed 3/13/96
Driing Methodt 425710 (7.5" O0) HSA with spiit spoon Groundwater Elevation: 2.74 feet ms/
Driing Company: Atiantic Driing (SC cert #2210} Total Wel Depthc 25 fee! bgs
Geotogist: T Katka Wel Screen: 2.5 to 15 feet bgs
k] RAM
o 5 g E _ _8_, Q f WELL DIAG
=k Ew Fwlw|g| § 3 GEOLOGIC DESCRIPTION £
W =
E & j% gg g 2t E 2 %
4 S
o
§ o
1 Surface conditions: concrete alleyway. o T
[6]
>
< AN L]
; H
: L
E €
. O
; k=
s | 3
¢ B
S 35 o B
M Sand: dark gray to gray, very fine to fine, Fl : :
1 : \Z_E/ moderalely weli-sorted, silly, some clayey pods, [ 2 B
- / P -— -
OH wel. 23 g
1 g0 | o Clay: dark gray to black, silty, moderately S N o
plastic, soft, wet. z =
| < I 3
c b
T : ; - . ; ]
Bl oL Clay: dark gray to dark brown, with wood fibers 5 : =
dMrz and grass, silty, moderately plastic, wet. i '
i) oH a |
2 (100f 0 NPT A\ Peat: dark brown, soft, sitty, with grass and P I §
10 wood fibers, wel. 3
25 3
< Sand: ighl gray, very fine to fine, well-sorted, g
e sitty, with grass and wood fibers, saturated:
M SM 1 clayey lens at 113"
l 3 jwol o < 4 :E—! ;
a .
(%]
he)
[ =
[ 13
15
|
20
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EnSarfe/Allen & Hoshall Monitoring Well NBCE0OB5006
Projectt ZONE £ — Naval Base Charieston Coordnates: 2317402.43 £, 37724338 N
Locationn Charleston, SC Surtace Elevatior: 8.3 feet ms/
Started at 0905 on I-7-95 TOC Bevatior 802 feet msl
Completed at 300 on l-7-85 Depth to Groundwater: 527 feet TOC ~ Measwed 3/13/96
Driing Method: 4.25™ 1D (7.5 00} HSA with spit spoon Groundwater Elevatione 2.75 feet msi
Oring Company: Allantc (ring (SC cert #20) Total Wed Depthc £25 feet bgs
Geologist: T. Karka Wel Screen: 25 o 5 feet bgs
o 3 = Q 9 ‘g WELL DIAGRAM
2 198 L
CMEMER Q GEOLOGIC DESCRIPTION £
= o gg r.g g 8 Z '
w ) = oo 5
EE Sw gm 51 =| 8 g B .
L) L]
o
Surface conditions: asphalt drive, & |—:‘_
[a) s _‘[_
> i Fl e A
o Tl & al
A -]
¥ m 8
b 2
B S =
; ]
R =
3 a
38 s [IF:
5 4 SM |  sand: gray to light brown, very fine to fine, g . :
NSC AT moderately well-sorted, silty, clayey, wet; 32 R
bottom 0.1' marsh clay with grass fibers; Oily © ClEf
residue on tip of spoon - HE S
1 ]135]72 g 5k !
; A=} 2
- = £
a : o
© Ol
2 s FEEl =
GC 1. Gravel: coarse gravel and black clay, some steel 5 g =B
-\ﬂagments: Free product in and on spoon-oil. [ - :
PT D
10— Peat: brown wilh tan to orange grass fibers, =1
| some woody layers, moist, sharp contact with R
2 {100] 18 oL ) :
h ML /] |\ above. :_
Silt: brown with orange grass fibers and bits of 30 E
| PT wood, organic-rich, clayey, wet. —35 HER
e 1 | - 1 CTF
MiRt] SM | | Peat: as above. \ :
3 B
i F Sand: light gray to brown, very fine to fine, B a [
3 [100 20 well-sorted, silty, with clay, peat, and grass 82 S = X
intermixed throughout; Oiy pods throughout. %
15
20
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EnSafe/Allen & Hoshall Monitoring Well NBCEOG5007
Project: ZONE £ — Naval Base Charleston Coordinates: 23I7497.72 £, 37705581 N
Location; (harfestan, SC Surface Elevation: 86 feet ms/
Started at 0900 an 9-1-96 TOC Elevation; 8.3/ feet ms/
Compieted at 1030 on 8-1-56 Depth to Groundwater: 283 feet TOC  Measwed 10/16/96
Oriing Methot 425 1D (7.5 00) HSA with spit spoon Groundwater Elevation,. A48 reet msl
Driing Company: Atlantic Driing (S.C.# 210} Total Wed Depth: £33 feet bgs
Geologist: J Cooey Wel Screen. 3.3 to 2.3 feet bgs
O g e x § @0 "’%” WELL DIAGRAM
b SuwiEw &l 815 2] 3 GEOLOGIC DESCRIPTION £
FfFeigei e g o) 5| 2 :
EE Oo|<e| o | E 3 ]
Surface conditions: Asphait. T §
e ]
L
@
i
PIO reading of 150 ppm in cuttings from 2.0 to g #[:_‘
4.0 . -.-g
-”
1 ®
e
46 )
- [=
Sand: gray; fine to very fine, shefl hash 2
throughout.
5.- =
1 | wo 3l H
8
e
o v
5 g
(=]
- D
8 S g
Sand: gray; very fine. ps s
h g
4 :
ML Silt; black; clayey. é
10 2 {100 u | 2
PID reading spike of 1710 ppm in cuttings from o
10.0 to 13.0 fi.
44
Sand: ti.gray; very fine to fine; w/shell ﬂ : =
';/ : fragments. 4 ‘é
/ cL Clay: dark gray-black; silty. o
[
15-] 3 |00 % 4 ®
20+
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EnSafe/Allen & Hoshall Monitoring Well NBCE065008
R,
Project ZONE E - Naval Base Charieston Coordinates: 2317407.86 £, 37702385 N
Locationn Oharlestan, SC Surface Elevation: 8.3 feet ms/
Started at 104 on 9-1-96 TOC Blevation: 7.99 feet ms!
Completed at 225 on 9-1-96 Depth to Groundwater: 3.72 feet TOC  Measwed 10/6/96
Driing Method 425 1D (7.5 QD) H5A with spit spoon Groundwater Elevation: 4.27 feet ms/
Orkng Company: Atiantc Oring (SC# 2O) Total Wel Depth: K5 feet bgs
Geologist: J Cooey Wet Screen: 4.5 to 135 feet bgs
o 8‘ . E 2 @ ‘g WELL DIAGRAM
by —— pu | -
-5 (SulEul u| 8| §| 2|3 GEOLOGIC DESCRIPTION £
HEEHHEE '
o 3 ¥ o g 5 G
Z |9n|=5w o » a a fov] .
Surface conditions: Asphalt. L
3
o
8
Creosote odor in cuttings. i _*'
o
g _\:—|
A F 7
NEY ]
HEE 0
B ,7 Sand: gray; silly; intertayered with dark gray 43 Y SHE o
".5-:‘% silty clay, + g 5
57 / 2 ; s
:':'I-% CL - s
1 | 100 A 23 3
§ |
W
5 g
s [
7 3 - ; -
7 Clay: dark gray. =) ; ]
CL (=] : s
77 7 o g o
Clay: as above with peat stringers, grass, and a g §
10+ 2 | 100 PT | roots. Ly | S | -
£L N
l'.g A
o 8
57
Sand. very fine, _E_l LU
15 o L 3
0
Q
©
20
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Final Cowmprehiensive Sampline und Analvsis Plan
Naval Base Charleston
August 30, (994

[Figure 6-1

Groundwater Sampling Form

Groundwater Sampling

Sampla ID: NIKENSH/SGI) 61 6]

PRQJECT NAME: MNJ "Pm O\arlcsbuL

JoB No: 29085 ~fd4p  oate: _4-17-Fe

WELL NO.: (péﬁ‘@?ﬂ

LOCATION: ‘ZEM!- E

WEATHER CONDITIONS: leﬂ“.ﬁl;gu’ breeze

ampient Temp: - §B°

REVIEWED BY:

PERSONNEL: Mﬁ i; Téliglc

PURGING DEVICE

yM

Type device?

How was the device decontarmnuated?

How was the line decontaminated? __ et C&?
L

Which well was previously purged?

SAMPLING DEVICE
Type devical %ﬂ‘é&lﬁc ?U“'Q

Haw was the device decontaminated?

How was the line decontamnated? J:&f CS'AP

Which well was previousiy samgled?

-

INITIAL WELL VOLUME

A

Well diameted (0.}

Stickup {ft.)

.
Denth ta bottem of well from TOC (ft.] ,223

.33
L

Deoth to water surface from TGC (It

Laenqth of water {1t}

§
Volume of water 1t.)

tgat.) 46’
Amount of sediment at bottom of well {1t}

3 Volumes of water {gal.} ‘l‘\?_&

PURGING

Tima started IBLB
Volume purged LL?S
Camments on Well Recovery MOJM"'C" SIO.LL

Depth to water {11}

Finished ’3 g

Campletion

595 pd_

Additisnal Comments

Sampla Collected:

iN-SITU TESTING Tine:

134

el Valume Purgrd (gal)
Turbidity

Odor

pH 1uruts) .
Conductivity [pmha)
“ater Temoerature (°CH

Canth to water (It

EEREEPCL B

5

SEERLE
3

1 e length ot 47
Tuchudity choices:

NOYES:

= 0.087 11! or V.65 gal,
rlear. turbsd. opaaue

1 ft. length 27 =~ 0.022 (t* or V.16 gal.
Ravision Date: 8/5/92

0

5
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Final Comprehensive Sumpling and Analvsis Plan
Nuaval Base Charleston
Auguse 3¢ 1994

Figure 6-1

Groundwater Sanpling Form

Groutndwater Sangding

— o2

Sampls 13-

NVBeE/ S L gr2d)

WELL HO L

PRUJECT MAME: A@za/ &Si géﬂkgﬁm wo NO: PRS2 LS vAe: F78-%4

“one X

LOCATION:

AMBIENT TENF: Z6v £

CWEATHEDN CONDHIONS: __ Stiniyg +  srdrin
77

NEVIFVWED fIY:

FERSUNNEL: 4&:45 : fég&d . Qééé;

PUNGING UEVICE

Vype devical  PERT SIAL IL¢ puriy

SAMFPLING DEVICE

PEELSTALTIC FPvmp

Type device?

PER_CSHP

How was thie device decoriaaunated?

PER cSAF

How was the device decentaminated?

PEL csAp

low was tha line decontaminated?

Ifow was the line decontanunated? Eff 6&4/)

06§22

Velich well was previousty purged?

Whicl well was previously samypled? M //2—[‘(
7

INITIAL WELL VUL UME

Well dimineter fin,) Z

i1

Finished

FURGING

/5Z2o /550

TMine started

Stickup tht

2.8 34/,

Voluthe purged
%

Oagth to barioen af el tram VO (1) .

3. 8o

Unpth to water sicface feam 10C (1)

/12.20

Vecy &eo
Depth to water (11} 350 - .i: iz

Commerntts an YWell Recovery

g.%0

Leagth at vsater (it}

Complation (IIII/‘/’(?/ SA:ZAL M)C)'L Mqu%

Motinae of watet (1)

Addiienal Corenents

i /.2

Aamguant of sediment at buttom ol well (ft.]

#189¢
Samwla Cullected: Stant ) 0’.??'
Finist /0Z0

*£2¢6

T Volumns of water tgai )

1.S1TY TESTING tive:

Viell Volipeese Purgad 1gai.)
Tuprbpiddity

Udor

nH duruts)

Condnycteaty (pemhai

iaver Tempreaturn 1700

(Jeuth tey vaarer (40

/S$T0 1535 154y (578

i 2 J 4 g 6 ]
5 LS o 4.5
$ » < !
At~ 5‘7-54:*-

Vorc _Mope _Hpif Mowe
053 R .72 A
38 212 3.9% 292
274 Ze.5 20/ 28

ZBC T2 31 %2

I
Vit tength at A7

- 1Y ONT It ar OGS qatl.

elear turhad, cprxdun

LIt length 27 = 11022 1’ or 016 gal.
Hevicspn Daje- [t/5:02

6-5
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Final Comprehensive Sumpling and Analvsis Plan
Naval Base Charleston
August 30, [994

Figure 6-1

Groundwater Sampling Form

»
Groundwater Sampling

sampte 10: 1B 049G AN '

ey §

PROJECT NAME: w'@m

s08 ho: 004 CBYUD oare: 4 1§98

LOCATION: m <

WELL NO.: SS)B ! 10!.5' @%

. °
AMBIENT TEMP: iﬁ{ )

WEATHER CONDITIONS: __ S .).f\(\\:} 5 cdepr

REVIEWED 8Y:

PERSONNEL: Q Ther £\ | 5. BI;H,.

PURGING DEVICE

»

i e @

How was the device decontaminated? Dg,c Cé ﬁp

Type device?

How was the fine decontamingtad? Q(_f‘ (.Jj @

-

40

Which well was previously purged?

v

SAMPLING DEVICE

Type device? Q(r{ﬂ Aﬁl'}_; fua. h "\ﬁp

How was the device decontaminated? 9{(- Q@p
How was the line decontaminated? &C g 5&‘;
Which well was praviously sampled? m‘ a‘s -‘ iﬁlz

il
o
i

o

1
1
i
|
i
|

INITIAL WELL VOLUME

2

Well diameter Lin.)

Stickup {1t}

Tt
,
Depth to bottom ot well fram TCC (ft.) {'Q‘ Sf

Depth to water surface from TOC [ft.) 3 » SE
Bb

Length of water ift.)

PURGING

A%t Finished (LEDNO
.0

Comments on Well Recovery _Gm}

Depth to water {ft.} LL‘ qﬁ - 5:- L3
v
AT

Tina started

Volume purged

Completion 1

24

Conductivity (gmho)

Water Temoeratura (°C)

Volume of water 1{t.] Addrtional Comments . Y (e} 713
—_—
1gay __ {447 Sample Collected:  Start __ [ L4 3O
Amauat of sediment at bottom aof weit {ft.} _~ Finish ‘ﬂQ
3 Volumes af water (galt =Y, 29
IN-SITU TESTING Timie: [pul /ME RS0 B3 1340 o VR Y
| 2 3 i s 6 7
el Volgime Purge qaly B 19 a4 %0 wa s RO
Odar wu or re LY » e,
pH tumits) 3:3.?& 3.1}_!: 93
(10 o gl
Y R p T A
A9 Sia

DO=pth 1o water (1.1

o0

23X

g R B
REBE
CEBE

i
i
:’
4
|
i
|
!
|
i
|
_;
|
|
|
|
!

HOTES: 1 1t fangth ot 4*

Turtudity chaices:

= (.087 1t or U.65 gal.
clear, turbid. opague

1 (t.dength 27 = 0.Q22 t* or 0. 16 gal.
Mevision Cate: 8/5/92

6
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Final Comprehensive Sampling and Analvsis Plan
Nuval Base Charlesion
Augost 30, 1994

Figure 6-1

Groundwater Smupling Forim

roundwiner Sampling

Sample HI): ‘ﬁsw& R

PHOJECT NAME: Hv. JuB NO:
- ?w 7 -
WELL O Ng&é/ﬂéy Moo #o/ LOCATION:

2HYSeBSHone.  F-/E T
%/‘-C— E

WEATHER CONOITIONS:

AMOIENT TEMP: 5

REVIEWED RY-

5ang/" POy

#fu/kf 2- /%déf

PEASONNEL:

PUNGING DEVICE

PERISIALTLL

Type devical

SAMPLING DEVICE

PELLSTALTIe Pumf

pLvrip

Type device?

Flows was the device decontamwnated?

_PER cS5AZ

{low was (he device decontaminated?

low was the line decontanunated?

PER <SP
PEL csAp

low was the line decontannnated? IOEE Cjﬁ&

YWhiclr well was preveously myiged?

WA 2

Which well was previousty sacinled? /p/#‘ /_-?"&5

IR FIAL WELL VOLUME

Vall chametee {in.} Z

PURGING

/23 7 Fintshed /3 ,3 g

Timnmg staited

Stickop (1)

5- 27&/

Volune purged
v

[AFR

Corrmmerts on Well ARecovrry

1L2. 2F

OUnpits te battam ot el fanan 1O €01 -

Death to water sutfacs from FOC (1))

{1epth ta water {fL} 3 25

325

Leogihy ol water H)

Co=

Vol of water it}

Comptation é 2, é l
[ea cotor S, A‘:

Additianal Comments S"M/X Aéz',

Z

(gald

Start

/.53 /135‘

Sample Collected:

Aanount of sedithant at buttom ol well (1.}

[#£50

Finish

3 Yohhnes gf water tgal.}

759

(1.SITU TESTING

Vil Vahon Puctped tgal}
Tontudity

.(Jllnr

0k gt 5

Coackuntryny {guhiny

Fiater Taroperatun (7Cl
]

{Jenrh to watee (f1}

Fimmea: I’Zf é /253 /_id; /1-2% /_3_2;5 !33[

LS fe 2.0
29 8 _¢
Lore. Mbne Abne
¢ 56 A3 Z.#p ;
JPTF Sl 39 S o_éé'.-_iﬁi-
229 9 2.9 U3 AF 210
520 S 332 567 572577/ B

wrs;
:

HOIFS: P dsngih et 47

Dintidity choues:

11 length 27 - 10.022 1t or Q.16 gal.
Mevision Qatp: R/5/Q2

SN N e 1.6G% gal.

elear, ttnidvd, epagan

0-5
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Final Comprehensive Sampling and Analvsis Plan
Nuval Buase Charlesion
August 30, 1994

Figure 6-1

Groundwater Sampling Form

Groundwater Sampling

Sampie )D: m‘lg‘_’mq

PROJECT NAME:M! loatnn

s08 no: G ~ERYYD oate: Rpeil 17,1990

_——

welL no. _NREE 1 aLS -2y

[ %_L

LOCATION:

WEATHER CONDITIONS: P

s
AMBIENT TEMP: R O

REVIEWED B8Y: " 5"

PERSONNEL: &, Bimg ,Q Mot

PURGING DEVICE
ityoe o vicet _Pecinknlyie Qo Mo

How was the device decontaminated? ch C.j &L
How was ths line deconramnated? O~ Cs AT

Which wetl was previously putged? “bg ’Q &j_-m&_

SAMPLING DEVICE
Type device? Dgc ;3& Q\t{b ?‘).LQ

How was ths davice decontaminated? QOI‘ C—SRP

How was the lina decontammated? ?((‘ CS AQ
~
Which well was previousty sampled? g‘a S! ! ﬁbﬁ -g!bh

INITTAL WELL VOLUME

v

~
Stickup (ft.) M

’.Den(h to bottom of wetl from TOC (e} beL Lf‘.}
.40

Well diameter in.}

Oepth ta water susface fram TOC (it.)

WEPE

Langwh of water (1)

Volurie of water (t.)

5.4
Armourit of sediment at bottom of wel (ft.} _—

(LS

(gai.)

32 Volumes of water {gal)

PURGING q/,r

4/t% , q/.c? Y/
lime started Finished iy &

Vaolume Durged

Comments on Well Recovery hL
Depth to water L{1.) %13 = L' 35—
Campletion \\Li

sddisonal Comments Ei&:g 6;9(‘. ( :Shﬂlﬂ

Start \.O \0
Finish \\ X

Sampla Collected:

3

-

IN-SITYU TESTING Time:

w/ed Valume Purged {gal.)

Tuebidity

|

us I

&)

e

3

13 ] 7

6.0
3

L)

g
o
o
o

[a)

Derrn

Qdor
ot (uruts) Lq‘ l

Canductivity (umho)

Water Temoerature (°Cl

WS A5 LS
LA SR AT

SEIPE

E
BB &I

.

b3
A

Deoth ta water {11} K} ﬁ _%‘35 B!w :}.la L_‘n_
] NQTES: 1 1t langth ot 4° = 0 087 It or 0.65 gal. 1t length 27 = 0.022 ft or V.16 gal.
- Turtudity choices: «lear. trbid. opaque Ravisian Qats: B/5/32

b



Final Comprehensive Sumpling and Anaivsis Plan
Naval Base Charleston
Auguse 30, (994

[Figure 6-1

Groundwater Sampling Form

Groundwater Sampling

amp/ ¢S 1) 0S5 o |

s 1D:

WEATHER CONDITIONS:

PROJECT NAME: ,']//]“/a»/

s, Cloileston

108 No: RPLST-08FYL oate: % 7 " P6

WELL NO.:

LOCATION:

Mﬂc(//ae(/ 005
Clear

AMBIENT TEMP: G S

REVIEWED RY:

PERSONNEL:

PURGING DEVICE

/
PELS STALTIc

SAMPLING DEVICE

LempP

Type devica?

FPER cSAZ

How was the device decontaminated?

Type devical PEﬂI.SfﬂL.TL'C Lurp
How was the device decontannnated? PEK CSﬂ'lo
lHow was the line decorntarninated? pt;l( C Sﬂ p

PEE cSARP

How was the line decontaminated?

Which well was previcusly purged? ;L/BC,(’;'/O_) "/ ov L

Which well was previously sampled? A//?[é’,/d 57y - 0C R

INITIAL WELL VOLUME

PUAGING

/7\5—'4/ Finished /}5/('

Tima started

& O sk

Vofume purged

Caomments on Well Recovery

oot
72

Depth to water (1.}

§. 7/

Complation

Additional Cominents ‘5/?5(:1 esf //10 5" u/’M% [ pz- Rt

</
Well diameter (in} ﬁ
—~
Stickup tIt.} e
2 29
Deptl ta Lnttam nf well fram TOC () e
Depth to water surface fcom T1OC (it} \; ‘. 7’7_,
- 14
Langth ol water tit.) é S’@
Volume gof water tft.}
Nl
{gal .// O S

kot
Sample Colfected: Start /_2 (// -

Amount of sediment at bottom of well {ft.)

Finish / §/2 S‘B

/5

EJJ

3 Yalumes of water igal.}

IN-SITU TESTING Tima:

Vel Volume Purged tgal.}
Turbidity

Qdor

ot (uries)

Conductuwity (pahal

-iater Temperaturg 1°Cl
i

Denth tn warter (1t}

1300 s304 /30 13457 1RRF 1332~
2 3 4 s i !
(L8 /¢ 2.0 25 3o ¥«

93 S 43 )9 [ 9
5/?h/' o/ ) ﬂf/o/
37 4vD 6.6 (22 é?UL_

,56/‘(&44 36 £7Y Q))f 62 F
Qo2 20/ Qo857 Qo ¥ ZosT 2¢.F
$2( Ev¢ &¢2 534 §.57 §F/

HOTES: Vi lnngth of 47 = 0.087

Tinbulity chowers:

cleac, inbid. opagua

1’ ar .65 gal. I It. length 2 = 0.022 ¥1” or 0.16 gal.
Aevision Date: RIS/92

0-5
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Firet Compreliensive Sampling and Analvsis Plan
Naval Base Charleston
Angnst 10, QU4

Figure 0-1

Gromudwater Sanpling Form

Vr UL H;\:i ,‘/M/__EZL&__,%’_M/
SIRINE ﬂ&f/é@ffﬁ_@ié —

VIEATHEIC Culigstians:

—_——

ot .hilll{lf“l(f

!!g:y:,,~ bf!ez»_7 I

1

Kaenpbd 1Y

'“—: Jan HO: é?_ér_'_e_mg_ (A TE:

& -

Sroeanon:

50 '~
rHGGHHET - M 7 T"gqgé :

_ AMBIENT 1ERU':

NrVIVIED RY: é rree

EURGING DEVILC 3

‘| o alnvicad p{_;_iéﬂz p.u..*e

Howvy awas iha bna decontaninated?  oge C_Sjéﬁ

Vibuety waedl veas praviegsly aeged{

!
Ty wos the device decomanunaiel)] #ﬂ_mp e

SAMELING DEVIUE

1yne device? Z er !AtZI '( Y, “Q#
1wy was the device decontamingrad? €y g Sﬁt

1lovy was the ling dzcontanunated? _FM {'.S':Q/o

Vol senbl awwas proviously sarpled?

AL WELL VOLUTEE

2l

Vinl daresetes tue b
Shekap ey %ﬁ_ﬂwg i
D743 ¢t

Fregithy ta dsttocey of syef oo 1O 00y

e

Creprtle 11 weatnr sulace fromy TOI L)

PUNGING

Tinn gta1ted / VVO Finishad /Zg Z-—-

Valiieor parged _ !! E { sﬁ!‘ons

Conunents on Véell Mncavery _ g‘
S. YL

ety to water (dc b

Complenon Q&Ll dl"\i

I
j evenequle ol wringee A1) ,w___r*__,,,__,__4_:,1_&,_- (RS
' ) s 'Z‘ Qs/ Sacade Callected:  Stant fﬁjf/ i
i
; Asnaant ol sedunant at bottorn af sl (11} Fiatish _/03? 1
; TV apase gt cearer fgat ,3. 29{
i HISHY IRSTING Frne: L‘{_{z —_ e O
|
| S S _J‘A !
el atee o ety / 0 Mu % ____%ﬁb —_
footietene 3}‘ . -;KL{'WLMA Mmlw!“% ‘_.4—
o NWENOTED __ Gamgle .
‘;,-Il sy L_if —_— e — — —
i Careleetieety Lpeenhind /a/ ‘b i —_—
Yiater lepmeyargin 4700) 3 e et e —
{ flentfe 4o cratee (00 ) L\_:}:L — —_— —_— o —— _— e e
.; Hropns- 1 Leeapgy ""lr** o u—r:/ TN .;. [T BTN 7 LI ey 25 = 00022 130 er O 1G gat.
Contieelnt sl on e, bl g e Hopiensn [Pagpe ROG0 7

=



Final Comprehensive Sampling and Analysis Plan
Naval Base Char '
August 30, .. 4

FIGURE 6-1 /

Groundwater Samplmg Form

Groundwater Sampling Sample 10: NBCE\ 065‘ GO0 ! O
FPROJECT NAME: NAVAL BASE CHARLESTON (clean) JOB NO: DATE:_&/ ZEQ

WELL NO: NBCE\ £6 § 060 | LOCATION: ZONE E -
WEATHER cONDITIONS: Celewdy BIENT TEMP: 7% 5o

M
REVIEWED BY: ﬁwf PERSONNEL;@ Shpews , Teneo

= o
PURGING DEVICE SAMPLING DEVICE

Type device ? Peristaltic Pump Type device? Peristalitic Pump

was the device decontaminated? Per CSAP How was the devica decontaminated? Per CSAP

How was the line decontaminated? Per CSAP How was the line decontaminated? Per CSAP
MWhich well was previously purged? NBCEY @ & S ©06 Which well was previously sampled? NBCE\ (95 3€€ |
INITIAL WELL VOLUME B PURGING
el diameter (in.)_ 2 Time started___ /& ¢ ( Finished__ [ [ 377
Stickup (1) — = Volume purged 5. 7rfl+/
Depth to bottom of wek rom Toc )/ 2 . H ] Comments on Wedl Recovery /le 5/04-’
¢ 7 n A 3Y !
[Deptn to water surface from TOC (R)___ 2 . Depth to water (&) //.

Lenght of water () Q& Completion fn:wtg‘c'afwnr)é s#-«;ﬂ

[Volume of water (1t.) j—&é—ﬂ’@l Additional Comments L. &) / m.é’fi &
(gal) /. 6 6 Sample Coliected:  Start &9 2,’{ L/?//‘f}é(

Amount of sadiment at bottom of wedl (ft)_—_ & Finish___ 0 759
3 volumes of water {gal.) "( ]8

IN-SITU TESTING Time: 23 N7 jor5~ goi8 jo2f 183/ /875 sovo (048 (057

a @ 1 2 3 4_ 5 _§ _1__ &
\Wall Volume Purged (gal) 7575 27)" Y~ )25 24U3. 5“4375'}"25‘6’/25" 7

Turtity 2 2 /p105S5 1 3 4 112

Odar 120 o D AN B A0 D O o o
pH (units) C.57 ¢5TE6.9¢ £-53 457 493 490 Y45 6.62 &5/
(Conductivity (umho) 2.98 70270 137 2/6 2.7/ 477 {35 €. 7ol
Water Temperature (deg. C) 259 257 29.2 289 282 225243 255254 282
Depth to water (1t) ,__,54 U39 457 €25 (.05 Q& 782 84970 '"‘JJ\

NOTES: 1 FT. LENGTH OF 4 squals 0,087 R or 0.65 gal. 1 R length 2" equats 0.022R or 0.16 g
Turhity choices: clear, turbid, opaque Revision Date: 8/5/92

6-5



Final Comprehensive Sampling and Analysis Plan

Naval Base Charleston
August 30, 1994
FIGURE 6-1 ‘
Groundwater Sampling Form
Groundwater Sampling Sample 1D: NBCEN D48 Gidoor o7\
PROJECT NAME: NAVAL BASE CHARLESTON (clean) JOB NQO: DATE: _E/3
WELL NO: NBCE\D (e 5 9O LOCATION: ZONEE
WEATHER CONDITIONS: Lo c d AMBIENT TEMP: 2.~
REVIEWED BY:__M PERSONNEL: - Sk nes, Siteraoe
PURGING DEVICE 7 i SAMPLING DEVICE
Type device ? Peristaltic Pump Type device? Peristalitic Pump
How was the device decontaminated? Per CSAP How was the device decontaminated? Per CSAP
How was the line decontaminated? Per CSAP How was the line decontaminated? Per CSAP
Which well was previously purged? NBCE\ § AS OO { Which well was previously sampled? NBCE\ § A 800
INITIAL WELL VOLUME _ PURGING
Wel diameler {in)__2 Time started__( 2 &0 Finished_/ 2. 3 9
Stickup () —& ~ Volume purged .75
Depth to bottom of well from TOC (1) 2.4/ Comments on Well Recovery A s7-
Depth to water surface from TOC ()3 - >/ Depth to water (R.) 3.2
Langht of water (1t.) 5. 90 Completion A
[Volume of water (1) — Additionai Comments__—
(gal) /- s/ Sampie Collacted:  Start L 4Y
Amount of sediment at bottom of well (). & — Finish ¢ 3202
3 volumes of water (gal.) ﬁ .53
IN-SITU TESTING Time: R3S TINT e 7265 2 1207 (22 (Y 228 1234
9 10 _1 2 4 5 _6_ _1 X
Well Voluma Purged (gal.) '-ZEZF' 2588 17T 2.625"’5'5"{-3755-%76 57D
Tucbity L o) 0 o oo o 1 0
ocor WO O A Ne WO IO NO A A D
IpH (units) 6’74 4_7_251‘-255'5 643 46r66(§5'dgé726?
Conductivey (mba) 224 22447 52U 42) 348 347 247 ZH24E
\Water Tempacature (deg. C) 20.9 3/ 30‘{ 30.5 70.@ 30.7 30.7 308 30?_1
Depth to waler (1) 3.2 3.2 355 355357 2.0/ 32 342 762762
NOTES: 1 FT. LENGTH OF 4 oquals 0.087 ML or 0.65 gal. 1 . length 2" equals 0.022R or 0,16 gal.
Turbity choices: clear, turbid, opaque Revision Date: 8/5/92

6-5



Final Comprehensive Sampling and Analysis Plan
Naval Base Charle
August 30, 1>. -

FIGURE 6-1 ‘

Groundwater Sampling Form

Groundwater Sampling

Sample 10: NBCE\ 06 S 4 (/401 4 >

PROJECT NAME: NAVAL BASE CHARLESTON (clean)
WELL NO: Nacgy J6S-4d0%

JOB NO: DATE:
LOCATION: ZONE E

WEATHER CONDITIONS:  ; AHeninty

AMBIENT TEMP: . € °F
PERSONNEL:_/. y ,

[REVIEWED BY: L /3/4(-,//7

[PurcinG pEVICE 7 SAMPLING DEVICE /

Type device ? Peristaltic Pump Type device? Peristalitic Pump

How was the device decontaminated? Per CSAP How was the device decontaminated? Per CSAP

How was the line decontaminated? Per CSAP How was the line decontaminated? Per CSAP

Which wed was praviously purged? NBCE\ S26- /) Which well was previously sampled? NBCE\ S26-¢/[)

INITIAL WELL VOLUME ” PURGING

Ml diameter (in.)_ 2 Time started /0:35,5. Fiishea___ 11§

stckup (1) MIPL - Voksme purged /0 Ay

Depth to bottom of well from TOC (1)_/—=2* 3 & CommentsonWellReco:ety

Depth to water surface from Toc (). [+ 26 Depth to water ()L - T3 !

[Langtt of water (1) /0-S 6 Compietion -

Volsme of water (1) i Additional Comments_ ~__

(gal), A4 Sample Collected:  stat />

[Amournt of sediment at botiom of wedl (1) Aows- Finish \')30

3 volumes of water (gal.) <. ‘/’ 1037 fags

IN-SITU TESTING e MIE /0-1“ [09F pogg /%‘i @Sz Jled no7
L 1 2 3 M § .. £

Well Volume Purged (gal.) 72— Lg— / 2 3 4 5 G n g

iy 12 1 R R S 2 < B A > X

odor Aot More  (hns Alri Lons lowl Mo Vet enes 1000

loH (units) % ?3?4 031 Gt Tz IH Q¥ 437 93F SX

Conductivity (.mho) 3 —‘( 1/64 A 529 573 P9 Y 9IS

\Watar Temperature (deg. C) 3.2 9.5 2.0 Jo.; 380 D2 344 0.2 3’6“7‘

Depth to water (1) Al AT 2 43 257 2. Jo 267 2.8 2LS 2,47, o

NOTES: 1 FT. LENGTH OF « equals 0.087  or 0.65 gal. 1 1t length 2* equals 0.022%t or 0.16 gal.

Yurbity cholces:

clear, turbid, opaque

Revision Date: 8/5/92
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

Groundwater Sampling Form

FIGURE 6-1 '

Groundwater Sampling

Sample ID: NBCEN 04§ Cu/go ¥ o2

|PROJECT NAME: NAVAL BASE CHARLESTON (clean
WELL NO: NBCE\ 4S5 ~ dy

JOB NO: DATE:_$¢°F Lo f

LOCATION: ZONEE  £-€-9¢

WEATHER CONDITIONS: =

PURGING DEVICE
Type device ? Peristaltic Pump

. AMBIENT TEMP: 4%/
REVIEWED BY: %é; % pErsonNEL: A Ao /ﬁw
e ¥

SAMPLING DEVICE
Type devica? Peristalitic Pump

How was the device decorntaminated? Per CSAP

How was the line decontaminated? Per CSAP

How was the device decontaminatad? Per CSAP
How was the line decontaminated? Per CSAP

\Vhich well was previously purged? NBCE\ 065-003

Which well was previously sampled? NBCE\ 06 f~0¢13

INITIAL WELL VOLUME -
\Wedl diameler (in.)__2

PURGING
Tive started_ J6 50 Finisned_ 0 7/€

stickup ()AL

Depth 1o bottom of welt from Toc (1) £ &+ ¥ 1

Volume purged ;}7§/m(- AA
Comments on Well Recovery_{

Depth to water surfaca from TOC (n)__ &+ /3 Depth to water (1) 38"
hLadeabr(M y.Bia Competion —
Volume of water () Additional Comments___

way L 7S Sample Collected:  Stat__ (.73
Amount of sediment at bottom of well (1) Lot —— s

3 volumes of water (gal.) gy

IN-SITU TESTING Time: 0SS o 4308 dm Oy 02UE
A 2 3 4 _5 6 _1_.
\Well Volume Purged (gal.) LE28 L8 2430 3.8 Yo¢ SaX
ity A7/ o ¢ 4]
; Nons bt My UL Mot Adprre

pH (units) . (62 L€ LR 4.92 6. (.U . '

sty (mho) . $35 837 -LYs < S S3Y $ .
Water Temperature (deg. C) 29.c 2P pd.f I 304 24,/
[Depth to water (1) JaFE F22 3%y 247 3 3§
NOTES: 1 FT. LENGTH OF & equals 0.087 % or 0.65 gal. 1t length 2" squals 0.022ft or 0.16 gal.

Turbity cholces: clear, turbid, cpaque Revision Date: 8/5/92

8-5



Final Comprehensive Sampling and Analysis Plan
Naval Base Char’
August 30, . _4

FIGURE 6-1 g

Groundwater Sampling Form

Groundwater Sampling

Sample ID: NBCE\ 06 § ¢ &) g U 6%

WELL NO: NBCE\ 65~ I%0 .

PROJECT NAME: NAVAL BASE CHARLESTON {(clean)

JOB NO: DATE:_§- /5 5¢

LOCATION: ZONE E

PURGING DEVICE
[Type device 7 Peristaltic Pump

WEATHER CONDITIONS: AMBIENT TEMP: __§07F ’
REVIEWED BY:___ /Y (e 0 2% PERSONNEL: /4. {fomas :
¥ = [

IHowmstm device decontaminated? Per CSAP
How was the line decontaminated? Per CSAP
Which well was previously purged? NBCE\ a‘(-d&‘f

SAMPLING DEVICE

Type device? Peristalitic Pump

How was the device decortaminated? Per CSAP

How was the ine decontaminated? Per CSAP

Which well was previously sampled? NBCE\ Z4.5~ 00

INITIAL WELL VOLUME ~
Well diameter (in.)_ 2

) M—V‘-&/

Depth to bottom of wel from TOC (1)_ 37+ & 2

Depth to water surface from TOC ()& - &0

33.¢42

PURGING
Timestated__ I8 26 foished_ (1 Vs A
Volume purged d Y.

Comments on Well Recovery W

Depthtowater (1) 270 7

Lenght of water (fL) Completion el
[Volume of water () Additional Comments___
@) 5.7 Sample Collected:  Stat__ I 7S >
Amount of sediment at bottom of wel (fL.) /(/h&- Finish__ /) 20
3 volumes of water (gal.) /
IN-SITU TESTING Time: 08v) 0B 070F goa 0935 oY
1 _z 3 4 [+) _1
\Well Volume Purged (gal.) K4 5 9 /> /S /8
Turbiy A_ / d
Ocdor Mgt -‘%Z‘Lm At Moritipni
pH (units) ¢.$% (L0 (47 L2 Boo
fconductivity (umho) 'ééa 2.3) 2372.3f 2.3y 238
\Water Temperature (deg. C) 229 230 ) #3.4 Q3. 23./
[Depth to water () Zr¢ 2./4¢ 212 772 2.4 7.10
NOTES: 1 FT. LENGTH OF 4 equals 0.087 ft or 0.65 gal. 1R, length Z° equals 0.022ft or 0.16 y—
Turbity choices: clear, turbid, opaque Revision Date: 8/5/92

6-5



Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

FIGURE 6-1 ¢

Groundwater Sampling Form

Groundwater Sampling

Sample ID: NBCE\D(,S QW 005 02

WELLNO: NBCE\ DL3 ODS

|PROJECT NAME: NAVAL BASE CHARLESTON (clean)

JOB NO: DATE: 8 ]15]4
LOCATION: ZONE E

WEATHER CONDITIONS: _ Spwny, , pavily C\me\‘/

AMBIENT TEMP: 72 [
PERSONNEL: /2 Slygeeyy . fleryois

-|REVIEWED BY:
PURGING DEVICE ’ SAMPLING DEVICE
Type device 7 Peristaltic Pump Type device? Peristalitic Pump
was the devioe decortaminated? Per CSAP How was the devica decontaminated? Per CSAP

How was the line decontaminated? Per CSAP How was the line decontaminated? Per CSAP
\Which well was previously purged? NBCE\D O 5 OO Z Which well was previously sampled? NBCE\ 2 S OO 2.
INITIAL WELL VOLUME _ PURGING
Well diameler (in.)_ 2 Time stated__ 0 £ 3 Finished_ O 85 5
stickup ()~ O -~ Volume purged 5425
Depth to bottom of well from TOC (t)___| 2.3 Comments on Well Recovery___ S O
Depth to water surface from TOC () 5.0 Depth to water (ft.) 5. Le
Langht of water (1) 73 Completion —
Volume of water (L)~ Additional Comments_____

(gal) L2y Sample Collected:  Start DY
Amount of sedimant at bottom of welk (t)___() fFish P77 /
3 volumes of water (gal.) 372_
[iN-sITU TESTING Time: 0S8 o8I ORI oP27 0P30 083, Oy OF4F DRS3

3 1 2 3 4 s & _1. Z_

\Well Volume Purged (gal) 5:;(;1_5 B25 1,25 %75 A5 3,08 275 43X S0
Turbity _S. zoo 74 isE }4S  isY 140 1B 14y
Odor M NO WD p NMO MO A MO A
PH (units) 459 SHE Jote 457 456 458 429 55 G
LM(M) L20 SB7 49T 472 4S5 428 4B 597,627,
\Water Tempacature (deg. C) 259 242 205 240 4 IS5y 258 Isg 259
Depth o water (1) Sils, 795 892 425 45 .8 $ys $iys5 598
NOTES: 1 FT. LENGTH OF squale 0.087 Rt or 0.65 gal. 11U length Z* squals 0.0221t or 0.16 gal.

Turbity choices: clear, turbid, opaque Revision Date: 8/5/92

6-5



Final Comprehensive Sampling and Analysis Plan
Naval Base Char ™
August 30, . 4

Groundwater Sampling Form

FIGURE 6-1

Groundwater Sampling

Sample 1D: NBCE\ O 0T 6190060 2

IN-SITU TESTING Time:

PROJECT NAME: NAVAL BASE CHARLESTON (clean)  JOB NO: DATE:_&//3/5¢
ELLNO: NBCR\ O § 500 6 LOCATION: ZONE E
WEATHER CONDITIONS: (C {, oo dy, : AMBIENT TEMP: J 5 9=
REVIEWED BY:__ PP el PERSONNEL:_P. wro, T Horo g
PURGING DEVICE 7 SAMPUING DEVICE
ype device ? Peristaltic Pump Type device? Peristalitic Pump
was the devica decontaminated? Per CSAP How was the device dacontaminated? Per CSAP
How was the line decontaminated? Per CSAP How was the line decontaminated? Per CSAP
Mhich well was previously purged? NBCEV¢B 3 3 00| Which well was previously sampled? NBCE\ &2 5 3 &0/
INITIAL WELL VOLUME _ PURGING
el diameter (in.)_ 2 Time stated_O8! 3 Fiished_ (0 G338
stckup (r)__— (&~ Voluma purged =3.975
Depth to bottom of well from TOC ().} 2 . O5 Comments on Well Recovery_{//f 2y S/oa)
ﬂoepumwaterwfmfmnrocm.] D52 Depthtowater () /2 . O3 4 .
Lenght of water (R.) 6.J3 Completion T pus K,Ej <l .‘!,._f}' wA—Ta:nL 4o
\Volume of water (k) —— Additional Cormments, Je ov 8)13/5¢ Kot an
owns B8/14/7 © 5 €
(gal) [ 1] Sample Collected:  * Start
[Amount of sadiment at botlom of well ()~ (2 Finish___ /1 3 (0
3 volumes of water (QQL

OR 70777 OH2 0502 £5/7 O35

A 2 3. 4 _5. & I

Turbity choices:

ek Volume Purged (gal) 25 /28 )05 2.5 /25 225
Turbity & 7 A S22 L0 R
jodor 722 O MO 0 MO no

oH (units) 630 663 (A LA .75 ¢.77
conductivity (mho) SYG 677 675 657 63D 699
\Water Tempocature (deg. C) 25'4 Y7 243 M 129424 5T
HDeptmowater(n.) 8B 1037 /.02 /15C /203 RO3
NOTES: 1 FT. LENGTH OF & equale 0.087 ft or 0.65 gal.

1 R tength 77 squals 0.0221 or 0.16 gen.
Revision Date: 8/5/92

clear, turbid, opague

85



Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

Groundwater Sampling Form

FIGURE 6-1

Groundwater Sampling

Sample ID: NBCE\ 04§ 6402/ 43

WELL NO: NBCE\ (Jé5.44/

PROJECT NAME: NAVAL BASE CHARLESTON (clean)

JOB NO: DATE:_/&-/I

LOCATION: ZONE E
S

AMBIENT JEMP: G¢’E
PERSONNEL: /2. : /'f-ém

WEATHER CONDITIONS:
REVIEWED BY:___ /¥ plsadf |
4 7

PURGING DEVICE

SAMPLING DEVICE /
Type device? Peristalitic Pump

How was the device decontaminated? Per CSAP

Jl'ype device 7 Peristaitic Pump

How was the kne decontaminated? Per CSAP

How was the device decontaminated? Per CSAP
How was the line decontaminated? Per CSAP

MWhich well was previously purged? NBCE\ gés - 003

Which well was previously sampied? NBCE\ ¥ S - 00

INITIAL WELL VOLUME
Well diameter (in)_ 2

PURGING

Time started._ 2 79F Finished_ 72/ &

\Well Volume Purged (gal)

Stickup (.)_A/ArL- Volume purged___G - /4 £ i/ﬁ
Depth o bottom of well from T0C ()£ 27 Comments on Well Recovery ﬂu"’-
Depth to water surface from TOC (t)___ 2'¢S Depth to water ()_“2* 7¢
Lenght of water (1.} ’ i?- Completion -
okume of water (R)__=— Additional Comments__
(gal) [.<¢ Sample Collected:  Stat /0 &/
Amount of sediment at bottom of wel (ft.) s Finish_{ (3 Mo
3 volumes of water (gal.) .5’ o
IN-SITU TESTING Time: BE 97 J977 T4 055¢ poe /24

A 2 3. 4 S 7
Fof 175 a5y Vgp:f.zs;/;g

Turbity S ¢ /2 2 2 3

Odor e Lomie Mnat Mome, Kol 4. AtrL
pH (units) -7/ £.67 ¢ 0¥ (Lo 657 oS/
Conductiviy (nh) £E3 £IR 143 X038 200 2-of 2t
Water Temperaturs (deg. C) /S0 o3 w3 24p 2.2 M 2EE
Depth o water (ft) L0 YL SALS . ¥ Tof Jo¢
NOTES: 1 FT. LENGTH OF equals 0.087 t or 0.65 gal. 1 &t lenqth 2~ equals 0.022f or 0.16 gal.

Turbity choices:

clear, turbid, opague Revision Date: 8/5/92
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charieston
August 30, 19

FIGURE 6-1

Groundwater Sampling Form

Groundwater Sampling

Sample ID: NBCE\ 24S 66./0020 3

WELL NO: NBCE\ g6 £ -0

PROJECT NAME: NAVAL BASE CHARLESTON (clean)

JOB NO: DATE:_/}~/1-94

LOCATION: ZONE E

WEATHER CONDITIONS:

AMB! TEMP:

PERSONNEL: K

REVIEWED BY: /&7
18

Ay

PURGING DEVICE
Type device 7 Peristaltic Pump

How was the device decontaminated? Per CSAP

How was the line decontaminated? Per CSAP

\Vhich wedl was previously purged? NBCE) K ~30S

SAMPLING DEVICE

Type device? Peristalitic Pump

How was the device decontaminated? Per CSAP
How was the lina decontaminated? Per CSAP

IN-SITU TESTING Time:

Which well was previously sampled? NBCE\ d6 S-d25

INITIAL WELL VOLUME PURGING ‘
\Well diameler (in)__2 Time started__ 07 .60 Fioishes_ I8 22~
Stickup (ft.) X/zm.p Volume purged %eﬁlﬂ t
Depth to bottom of wed from TOC (r)__/ #* %, CcmmentsmWeilReoovety__?_ﬁ"‘A
Depth to water surface from TOC (1) 3. £.3 Depih o vater (1)_
Lenght of water () 5"?8 Compietion
Volume of water (R)__~" Additional Comments_~—"

AT, Sample Collected:  stat_0E 37
[Amount of sediment at botiom of well (fL) 7% Finish_0G G >
3 volumes of water {gal.) %S_ 7

(38 0§05 0812 081 ofoL 2>

Turbity choices:

clear, turbid, opaque

1 2 3_ _4_ 6 _1_
Wall Volume Purged (gal.) £ (L 2 $2 ©p
Turbity / I [ ] 0
Odor Mok, Mk N Upna Mgt
pH (units) (,-38 (o-(l_l} .47 6.4 C,.S'.l 6-5+
Conductivity (mho) 242 317 196 190 187 )0
Water Temperature (deg. C) He (85 [y3 g3 Ky 83
|Depth to wates (1) 3'7‘7 £.47 3 3_& ‘j,ﬁ 3’.'{@
NOTES: 1 FT. LENGTH OF 4" equals 0.087 ft or 0.65 gal. 1 1L length 2" equals 0.022ft o 0.16 gal.

Revision Date: 8/5/92 1
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

FIGURE 6-1

Groundwater Sampling Form

Groundwater Sampling

Sample ID: NBCE\D6S 44 M3 02

WELL NO: NBcex OLS- 403

PROJECT NAME: NAVAL BASE CHARLESTON (clean}

JOB NO: DATE:_/2~/¢- 7 |
LOCATION: ZONEE

[WEATHER CONDITIONS:

REVIEWED BY:____ X7 [

AMBIENT TEMP: So ¢
PERSONNEL: A, .

PURGING DEVICE
[Type device ? Peristaltic Pump

Y

How was the device decontaminated? Per CSAP
Jmethe line dacortaminated? Per CSAP
Which well was previously purpged? NBCE\ﬂ{' Af'}

SAMPLING DEVICE

Type device? Peristalitic Pump

How was the device decontaminated? Per CSAP

How was the line decontaminated? Per CSAP

Which wel was previously sampled? NBCE\ 04 -0%0

/

INITIAL WELL VOLUME
\Wedl diameter (in.]__2

Stickup (ft.) h’b}l/

Depth to batiom of well from TOC (1) /3, T >

{Depth to water surface from TOC () /- 7%

W-5L

Lenght of water (ft.)
[Volume of water {ft)
(gal.) AY /

JAmount of sediment at bottom of wedl (1) W

3 volumes of water (gal.) {:L___—_

PURGING

Time started fﬁﬁ
Volume purged & A
Comments on Well Recovery, i
Depth to water (ft.) 277
Completion -
Additional Comments
Sample Collected:

ofSs

4 Finished

a—

Stat_JFPIS
Finish 09SO _

IN-SITU TESTING Time:

[\Wel Volume Purged (gal)
FTusbity

Odor

pH (units)

Conductivity (umho)

Water Temperature (deg. C)
Depth 1o water (ft.)

of1¢ 0822 B32 oF0 K JFSY

. 2 2 _4_ _5_ _§ _I_

/ z 3 a S £
L 4 4 5 .5 ¢

Ak B3y 23 Sp Ova Juy

Ja -3zl 336 $pa -IFE -Fos

)74 17d 1P PR o /7e

293 .87 2o 26222 277

1FT.LENGTHOF &
Turbity choices:

lﬁnss:

equals 0.087 & or 0.65 gal.
clear, turbid, opaque

1 & length 7" equals 0.0221t or 0.16 gal.
Revision Date: 8/5/92
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston.
August 30, 199

FIGURE 6-1

Groundwater Sampling Form

Groundwater Sampling

Sample 1D: NBCE\ &5¢1)00 'fpz

WELL NO: NBCE\ g¢S -d4¥

PROJECT NAME: NAVAL BASE CHARLESTON (clean) JOB NO: DATE:

LOCATION: ZONE E

WEATHER CONDITIONS:

REVIEWED BY: /”)Qf

2MB|ENT P: _$0/
PERSONNEL: 4. fls

PURGING DEVICE
Type device ? Peristattic Pump

How was the device dacontaminated? Per CSAP

How was the hne decontaminated? Per CSAP

\Which woll was praviously purged? NaCE\_ 33 ~810

SAMPLING DEVICE !
Type device? Peristalitic Pump

How was the device decontaminated? Per CSAP
How was the ine decontaminated? Per CSAP
VWhich well was previously sampled? NBCE\ 03'3'0,0

INITIAL WELL VOLUME
Well diameter (in.)_ 2

Stickup (ft.) Meses

Depth 1o battom of well from TOC () /2-¥7

Depth Lo water surfaca from TOC (ft) /.:?f

Leaght of water (n)_ /463

[Volume of water ()~

@ay 1§

of seciment at bottom of well (%.), /‘4""’

3 volumes of water (gal)___ S-¥ 2~

PURGING
Time started 0958 tiisnea_ 0157
Volume purged e gL a g

Comments on Well Recovery - «
Depth to water (1)_* 3-9F
Completion ~
Additionai Comments
Sampie Collected:

St

Stat S OI-
Finish_[n2 S

o2 02K 974] AT g2 ITK2

IN-SITU TESTING Time:
1 2 3 4 5 5 _I_

\Wel Volume Purged (gal ) 7 ¥ f [
Turbity / 6 /- .
" “%‘7’3‘ ey -
pH (units) X Jp o 72RF 7 yAred

iy 272 ZP 2B amp D72 27/
Mater Temperature (deg. C) KX Ko 12D /2R 2.0 1722
Depth o water () 243 2.5y Dlp2¥2 L5¢ S0P
NOTES: 1 FT. LENGTH OF & . equals 0.087 R or 0.65 gal. 1R length 2 equals 0.022% or 0.16 gal.

Turbity choices: clear, turbid, opaque Revision Date: 8/5/92 |
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

FIGURE 6-1

Groundwater Sampling Form

Groundwater Sampling

WELL NO: NBCE\ (s -2¥/,

FROJECT NAME: NAVAL BASE CHARLESTON (ctean)

JOB NO:
LOCATION: ZONEE

Sample 1D: NBCE\ O¢$ 64 540 42
DATE:__-9-5¢

WEATHER CONDITIONS:

ot

REVIEWED BY: //;;9

AMBIENT/ TEMP: c/, .
PERSONNEL: 4. -

7

PURGING DEVICE

Type device ? Peristaltic Pump

{How was the device decontaminated? Per CSAP

How was the ke decontaminated? Per CSAP

MWhich wed was WWNBCLﬁéf’MIL

SAMPLING DEVICE /
Type device? Peristalitic Pump

How was the device decontaminated? Per CSAP

How was the ing decortaminated? Per CSAP

Which well was previously sampled? NBCE d/{'wfl'

INITIAL WELL VOLUME

Wel diameter (in)__2

Stickup (ft.) A pnse

Depth to bottom of well fromTOC (1)_ 32,62
Depth to water surface from TOC (r)__ &, [2

Lenght of water (ft) 32

[Volume of water (It.)

@) 5.7

Mumamdmmﬂ-"
3 volumes of water (gal.)_ / 7. 0

PURGING
Time stated 072/ . Finished

/057

Volume purged ”{7/ Ja

Comments on Well Recovery

Depth to water (R)_*7. S 2

Completion -

Additional Comments

Sample Collected:  Stat LI 2

an#]“_)

IN-SITU TESTING Time.

\Well Volume Purged (gal)

927 o3 o |03 10y 157

A 2. 3 4 _S_ _& _1_
,,; e ,?

Turbity choices:

clear, turbid, opaque

?

Turbity _
: idan-
pH (units) &- _!'}/C 27800 LNy L2

Conductivy (.mha) S Ly L VAP L5 1%

\Water Temperature (deg. C) " R2LE ALY L7 ,’]" 2.2 217

Depth o water (R.) 278 72F 735 W #7582

NOTES: 1 FT.LENGTH OF & equals 0.087 R or 0.65 gal. 1 1L length 2" equals 0.022ft or 0.16 gal.

Revision Date: 8/5/92
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Final Comprehensive Sampling and Analysis Plan
Naval Base Gmrtestoa

August 30, 199
FIGURE 6-1
Groundwater Sampling Form
Groundwater Sampling Sample ID: NBCE\ 06C 64006073
PROJECT NAME: NAVAL BASE CHARLESTON (clean) JOB NO: DATE: 2.-/4-
WELL NO: NBCE\ d( - 40S LOCATION: ZONEE
WEATHER CONDITIONS: __ Jo, psref BIENTTEMP; , S5 ¢
REVIEWED BY: 7 Brnegyeild” PERSONNEL:f M. Z,%
PURGING DEVICE i ' SAMPLING DEVICE
Type device ? Peristattic Pump Type device? Peristalitic Pump
How was the device decontaminated? Per CSAP How was the device decontaminated? Per CSAP
How was the line decontaminated? Per CSAP How was the lina decontaminated? Per CSAP
\hich woll was previousty purged? NBCEY (6 S~ 40 3 Which well was previously sampled? NBCE\ 4 § ©473
INITIAL WELL VOLUME PURGING (WA 304
\Well diameter (in)_ 2 Tune started_ 242 /007 ririsnea 167
stckup (n)_ Ml Volume purged 4. {aal
Depth to bottom of well from TOC (ft.) /-3 Comments on Well Recovery ﬂld-"—-
Depth to waler surfaca from TOC (ft.) %734 Depth to water (L) ’74
Lenght of water (1) 73T Completion ~
Volume of water (ft.) - Additional Comments__—~
aly__J* >y ) Sample Collected:  Stat___ 11173
Anm\to(sedamerlttbouomofweﬂ(ﬂ.l /UM/ Fioish___1J 3¢
3 volumes of water (gal.) g 4
IN-SITU TESTING Time: 1019 102S (037 [8%9 s} K
L 2 _3_ _4_ _s__8 _T_
MWl Voiume Purged (gal ) S LS 238 3 3 9.€
Tty ¥ % oMo s
ocor Nert Nert Yt Pt e, M
o+ units) (45 L0 (39667 LO) LEL
IConductivity (mho) “n9g - L?L .74’ 7]7 U 7/’7‘
\Water Temperature (deg. C) 0y %l 75 g% opl o83
Depth to water (1) 73 %6t )4t 193 QL 7.
NOTES: 1 FT. LENGTH OF 4 equals 0.087 & or 0.65 gal 11t length 2 equais 0.022% or 0.16 gal.
Turbity choices: clear, turbid, opaque Revision Date: 8/5/92 .
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

FIGURE 6-1

Groundwater Sampling Form

Groundwater Sampling

—

Sample ID: NBCEN DS G001 O+

WELL NO: NBCE\ 0OLS - b0l

PROJECT NAME: NAVAL BASE CHARLESTON (clean)

JOB NO: DATE: 2{2L[77 |

LOCATION: ZONE E

WEATHER CONDITIONS:  Sunwy jusindy

AMBIENT TEMP: /,2°¢

REVIEWED BY:

PERSONNEL:_B Hevvicdd 3 Wouneyaurt

/i

Ed

PURGING DEVICE
[Type devica 7 Peristaltic Pump

How was the device decontaminated? Per CSAP

How was the ine decontaminated? Per CSAP

Which wedl was previously purged? NBCE\ DL S -Oﬁ

——

SAMPLING DEVICE
Type davice? Peristalitic Pump_

How was the devica decontaminaled? Per CSAP
How was the line decontaminated? Ser CSAP
Which well was previously samplect? NBCE\ O (, S - 6D R

INITIAL WELL VOLUME
kNaI diameter (in,)__ 2

Stickup (t.)__- ()

Depth to bottom of wek from TOC (ty__ | 2.9 7

Depth to water suface fromTOC (). 2.5 S

Lengt of water t)__—— 7.7 2

‘olume of water (ft.) —

@ay_ 1.L9

Amount of sadiment at bottam of well () - D

3 volumes of water (galy__ 5,0 7

PURGING
Time stated__J /20 & Finished__ /209
Volumne purged 5‘.25 gc./(
Comments on Well Recovery. Orspel
U
Depth to water (ft) .90
Compietion

Additional Comments_s! Tht {\ Vv s poveeits o
Sample Collected:  Start [ 215
Fish__ |2 30

IN-SITU TESTING Time:

[Well Volume Purged (gal.)
oty

QOdor

pH (units)

Conductivity (umho)

Water Temperature (deg. C)

1138 (6 14YS ys3 204 7209

1 2 3 4 . 5 _&6_ _1_
75 174 2.025 2.5 Y.375 5.25

3 ) o) o 0 o
NO Mo Ny NO L) NO
.57 4.42 £.42 440 640 L bl
181 l3e L7¢ 128 L& L&Y
(& 179 7. £/ 187 181

Depth to water (1t) 3.8 Yoo 4@ 24 Siq €90
NOTES: 1 FT.LENGTH OF & equals 0.087 ft or 0.65 gal. 1 t. length 2" equals 0.0221t or 0.18 gal,
Turbity cholces: clear, turbid, opaque Revision Date: 8/5/92
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

Groundwater Sampling Form

FIGURE 6-1

Groundwater Sampling

Sample 1D: NBCE\ 065 ¢4/ > p4-

WELL NO: NBCE\ &% §-42 . ¢

PROJECT NAME: NAVAL BASE CHARLESTON (clean)

JOB NO: DATE:_&-2£-97 |
LOCATION: ZONEE

WEATHER CONDITIONS: __ clpusdly €1 n.s ?‘IB ENTTEMP: _SS°F, , |,
REVIEWED BY:___ ¥ Sbsyouyt~  / PERSONNEL; M /‘w
PURGING DEVICE 4 SAMPLING DEVICE /
i Type device 7 Peristaltic Pump Type device? Peristalitic Pump
How was the device decontaminated? Per CSAP How was the device decontaminated? Per CSAP
How was the line decontaminated? Per CSAP How was the line decontaminated? Per CSAP

ich well was previously purged? NBCE\ I8 & I ¥ Which well was previously samplec? NBCE\ &f’/"f"‘
INITIAL WELL VOLUME PURGING
\Well diamater (in.)__2 Time started / 3\/‘4 Finished /.'L?{/
Stickup (R.) W Volume purged y‘gﬁ[ da ¢
Depth to bottom of well from TOC m_/ﬂ-??' Comments on Well Reocv:ry
Depth o water surfaca from TOC (ft.) 325 Depth to water (R.) _3"/
Lenght of water () 7, [ 3 Completion -
Wolume of water (1) —— Additional Comments

way_ /55 Sample Collecte:  Stat__/2YE

Amount of sediment at bottom of wedl (t)__ O Finish /Jda
3 volumes of water (gal.} i’ é

IN-SITU TESTING

Time:

/23 A 228 (233 p37 W

Turbity cholces:

1 2 3 4 5 5§ 1
Well Volume Purged (gal.) § Ll ¥ 22 ¥ 4
Turbity ; & 2 g4 ¢ 4

odor Al Ml pst [t il e

pH (units) 0P L8 151 L5Y ¢S} (P
anductity (unto) 240 227 23 241 LY /9

\Water Temperaturs (deg. C) /61 M7 s Kot A9 K2

Depth to water (1) .37 237 27 3 3.4 3.¥
NOTES: 1 FT.LENGTHOF equais 0.087 Rt or 0.65 gal.

1 ft. fength 2" equals 0.022ft or 0.16 gal.
Revision Date: 8/5/92

clear, turbid, opagque
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

'1

FIGURE 6-1

Groundwater Sampling Form

Groundwater Sampling

Sample ID: NBCE\ 04 S5\ 00304

PROJECT NAME: NAVAL BASE CHARLESTON (clean) JOB NO: DATE:_2[2L147
WELL NO: NBCE\ 06'S - 0D ) LOCATION: ZONE E
WEATHER CONDITIONS: w iwdy | Clovdy AMBIENT TEMP:  SEP<€

PERSONNEL: B Hervicle, 14 Houeyeo X

[REVIEWED BY: 20 Al s, £
z Etry —

PURGING DEVICE 4

IType device 7 Peristaltic Pump

How was the device decontaminated? Per CSAP

How was the line decontaminated? Per CSAP
Mhich well was previously purged? NBCEL DLS -0oL

SAMPLING DEVICE
Type device? Peristalitic Pump

How was the devica decontaminated? Per CSAP

How was the lina decontaminated? Per CSAP
Which well was previously samplec? NBCE\ O¢ $-po02

INITIAL WELL VOLUME

Well diameter (in.)__2

Stickup (t.)__ O

Depth to bottom of well from TOC (it)
Depth to water surface from TOC (ft.)
Lenght of water ()1 0.7 '

[2.22
.

Volume of water (ft.)
(galy__| XL

Amount of sadiment at bottom of wedl (1.)_ N OW &
< Hb

3 volumes of water (gai.)

PURGING
Time stanted_0727 Fiished 0 759G
Velume purged lo %C«L
Comments on Well Recovery, EODCJ
Depth to water () S/
Completion
Additional Comments__ ™S\ w5 T
Sampie Collected:  Start 100 <
Finish 105 p

IN-SITU TESTING Time:

[Well Volume Purged (gal}
Turbity

Odor

pH (units)

onductivity (mho)

Mater Temperature (deg. C)
Depth to water (ft.)

0930 093 0295 o948 0955 2959

1 _2 3 4 . _5 6 1
A N ] b

2) o O 0 o
NO O NO AD N pJd AP
299 925 .28 9129 3.30 q.30
347 370 409 YOI 1S 409
17.2 6.9 767 165 bk 146
L3 21 293 201 307 2

NOTES: 1 FT.LENGTH OF £

Turbity cholces:

equats 0.087 ft or 0.65 gal.
clear, turbid, opaque

1 ft. length 27 equals 0.022t or 0.16 gal.
Revision Date: 8/5/92
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Final Comprehensive Sampling and Analysis Plan

Naval Base Charleston -

August 30, 1994

FIGURE 6-1

Groundwater Sampling Form

Groundwater Sampling

Sample ID: NBCE\ /6S § W/ b4y

WELL NO: NBCE\ J45=-J0¢ - 4

[PROJECT NAME: NAVAL BASE CHARLESTON (clean)

JOB NO: DATE: A“2L-7 D
LOCATION: ZONEE

\WEATHER CONDITIONS. Clpeder 4@«/«»4/

REVIEWED BY: 4& Aé;a M

2B£ENTTEMP ég éf :
PERSONNEL:

PURGING DEVICE !
Type device ? Peristaltic Pump

How was the device decontaminated? Per CSAP
was the line decontaminated? Per CSAP
Which well was previausly purged? NBCE\  Jé.4 ~+dd5”

SAMPLING DEVICE
Type device? Peristalitic Pump
How was the device decontaminated? Per CSAP

How was the ine decontaminated? Per CSAP

Which well was previously samplec? NBCE 2650/

N

INITIAL WELYL VOLUME

MWedl diameter (in.)__2

Sticlatp (1t.) Ak,

Depth to bottom of wed from TOC (1) /. ¥7
Depth to water surface from TOC (1) 4~ 7%
Lenght of water () 7L+ 7S

[Volume of water (ft)__ =~

{gal) /‘JP

of sediment at bottom of weil (ft ) /€L
S.¥

3 volumes of water (gal)

PURGING
Time startad //_4'2 Fiished__ /{37
Volume purged 4ﬂe >

WmWeﬂRmﬂyW
Depﬁ'\tovaler(ﬂw $./¢’

R —

Addional Comments
Sampie Collected:

stat_ 7T 5
Finish 1SS

IN-SITU TESTING Time:

Wel Volume Purged (gal.)
Tk
Odar

pH (units)
ICWUC*MW (umho)
[VWater Temperature (deg. C)
{Depth to water (1t.)

(o7 A/l 1iar fac /32y

1. .2 _3 4 5 6 7
/ A 3 7 4
2 3 J o O 0

Ay Mre Mine Adme Lbye

S5 23S Y2 2.58 2.82 744
/77 18> I9¥./F 7. 160 - /§F
ISG p2l¥ Ly Ky K&

AYE 289 2.0 288 2. PP 2.V

NOTES: 1 FT.LENGTHOF «

Turby choices:

equals 0.087 it or 0.65 gal.

1 I length 2~ equats 0.022ft or 0.16 gal.
Revision Date: 8/5/92 |
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

_Groundwater Sampling Form

FIGURE 6-1

Groundwater Sampling

|Sample iD: NBCEVO(,5 Gw b4 Doy

WELL NO: NBCE\ 045 - 04D

PROJECT NAME: NAVAL BASE CHARLESTON (ctean)

JOB NO: DATE: 2(2{97
LOCATION: ZONEE
AMBIENT TEMP: S&°F

WEATHER CONDITIONS:  twd  éloudy

PERSONNEL: 8 Hesvicle | 3 A Homeyew K

REVIEWED BY: ___ 26 Lloaerceedl

PURGING DEVICE SAMPLING DEVICE
Type device ? Peristaltic Pump Type davice? Peristalitic Pump
How was the device decontaminated? Per CSAP How was the device decontaminated? Per CSAP
How was the line decontaminated? Per CSAP How was the line decontaminated? Ser CSAP
Which well was praviously purged? NBCEY 0, 5 - 6CH Which weil was previously samplec? NBCE\ 04 S -O0 L|
INITIAL WELL VOLUME PURGING
Weil diameter (in.)__2 Time stanted__ 0 70 7] Finished___| 02.9
Stickup (1) O Volure purged 1€ qal
Depth to bottam of well from TOC (ft)__ 3. 62’ Comments on Wel Recovery 39909‘
Depth to water surface from TOC () 6. 2 | Depthtawater () 7[5
Lenght of water (t)____ 335.3 | Completion___——
Volume of water (t)___—— Additional Comments___———

@a)__ S Ll Sample Collected:  Stat__ 1D 23S
Amount of sediment at bottom of well (i) D & Fiish__ 109 <
3 volumes ofwaief(gal.)_]ﬁ ,‘]g
IN-SITU TESTING Time: Dgar 033§ 'f;q:? ”{203 o1, 1028

1 2 3 _4 _5 _& _1_

Well Volume Purged (gal.) 3 b 9 RS 4
Turbity 9 /7 7 i 5 J
Odor NO D MO No Np N
pH {units) c91 493 458 (ST LD Hle3
Conductivity .mho) el Led 179 1R4 127 189
Water Temperaturs (deg. C) 208 217 ot1 % a8 220
Depth to water (ft.) 72 7.2 7.2 7. 2 78 7./5
NOTES: 1 FT.LENGTH OF 4 equals 0.087 & or 0.65 gal. 1 ft length 2° equals 0.0221t or 0.16 gal.

Turbity choices: clear, turbid, opaque Revision Date; 8/5/92
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Final Comprehensive Sampling and Analysis Plan
Naval Base Charleston
August 30, 1994

Groundwater Sampiing Form

FIGURE 6-1

Groundwater Sampling

Sample ID: NBCE\ d6C £ &) A0S 8%

WELL NO: NBcey 065-06C ,

PROJECT NAME: NAVAL BASE CHARLESTON (clean)
P LOCATION: ZONEE

JO8 NO: DATE: 2+28-Y7

WEATHER CONDITIONS: b

Kakrf T
/ PERSONNELsz%W

REVIEWED BY:___ /¢ W /
7 7

PURGING DEVICE
[Type device ? Peristaltic Pump

F Al

SAMPLING DEVICE
Type davice? Peristalitic Pump

How was the device decontaminated? Per CSAP

How was the line decontaminated? Per CSAP

How was the device decontaminated? Per CSAP

How was the line decontaminated? Per CSAP

\Which well was previously purged? NBCEY J65-~00C

Which well was previously samplec? NBCR\ (J 2 2= /4D

INITIAL WELL VOLUME
Well diameter (in.)_ 2

PURGING Y
a’*@‘f 2920 Finished___ /O 2

Stickup (ft) Agrs

Time started
Ul

Volume purged

Depth to bottom of wedl from TOC ()_{ 2+ S

7 72 é/
Comments on Well Recovery,

¢39

Depth to water surfaca from TOC (1t.)

Langht of water () 7+ 77

Volume of water (ft) ™

AL

&.74

Depth to water (ft.)
Completion —
Addttional Comments
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Final Comprehensive Sampling and Analysis Plan

Naval Base Charleston
August 30, 1994
FIGURE 6-1
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NOTICE

This paper has been developed in support of an ongoing effort within the U.S. Environmental
Protection Agency (EPA) to develop an integrated framework for metals risk assessment. In
September 2002, the cross-Agency technical panel, organized under the auspices of the Agency’s
Science Policy Council, discussed plans for the development of the framework and associated guidance
with the Agency’s Science Advisory Board (SAB). During the advisory, the SAB affirmed the
importance of incorporating external input into the Agency’s effort. As part of the effort to engage
stakeholders and the scientific community and to build on existing experience, the Agency
commissioned external experts to lead the development of papers on issues and state-of-the-art
approaches in metals risk assessment for several key topics. Topics identified include: environmental
chemistry; exposure; ecological effects; human health effects; and bioavailability and bioaccumulation.
(Some individual EPA experts contributed specific discussions on topic(s) for which he or she has
either specific expertise or knowledge of current Agency practice). Although Agency technical staff, as
well as representatives from other Federal agencies, reviewed and commented on previous drafts, the
comments were addressed at the discretion of each respective author or group of authors. Therefore,
the views expressed are those of the authors and should not be construed as implying EPA consent or
endorsement.

This draft paper is being made available for public comment consistent with EPA’s commitment
to provide opportunities for external input. Science-based comments received on this paper will be
made available to authors for final disposition. The material contained in this paper may be used in
total, or in part, as source material for the Agency’s framework for metals risk assessment and EPA’s
evaluation of this material will therefore include consideration of the Assessment Factors recently
published by EPA for use in evaluating the quality of scientific and technical information. The draft
framework, as an Agency document, will undergo scientific peer revicw by the SAB.

Development of this draft paper was funded by EPA through its Risk Assessment Forum under

contract 68-C-98-148 to Eastern Research Group, Inc. Mention of trade names or commercial
products does not constitute endorsement or recommendation for use.
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ENVIRONMENTAL CHEMISTRY
1. INTRODUCTION

Metals and metalloids in the environment are of concern to almost all EPA programs.
The Safe Drinking Water Act mandates maximum contaminant levels and maximum
contaminant level goals for a variety of metals; the Clean Water Act mandates the development
of ambient water quality criteria for the protection of human health and aquatic life against the
potential toxic effects of metals; CERCLA requires that hazardous metals released into the
environment be remediated to levels which do not pose an unacceptable risk to human health or
the environment; and RCRA regulates the management of waste containing metals and metal
compounds. To varying degrees, each of these programs relies on scientific information
regarding the metals. For example, toxicity, bioavailability, bioaccumulation, and environmental
fate and transport are all significant characteristics of metals that should be considered by EPA
risk managers.

Over time, EPA has developed a paradigm for the assessment of the behavior and effects
of organic compounds in the environment. Key elements of this framework are the fundamental
principle of lipophilicity as a driving force for many environmental and exposure events, the
significance of Henry’s law for intermedia transfers, the degradability and potential for chemical
transformation of a hazardous material, and the fact that most organics in the environment
typically exist in one form.! With few exceptions (mainly for strongly covalent inorganic
compounds or organo-metallics), metals do not exhibit these simplifying behaviors. In particular,
although metals can undergo a variety of intermedia transfers and chemical reactions, they are
indefinitely persistent and conservative in the environment. Possibly most important, the
speciation, or chemical form, of a metal has a profound impact on its environmental behavior
and effects.

The term “speciation” as used by many environmental chemists is poorly defined.
Forstner (1995) refers to speciation as those aspects of metal chemistry including precipitation-
dissolution, adsorption-desorption, and complex formation in relation to pH; redox conditions;
and the content of soluble chelating agents. Bodek et al. (1988) identify a group of properties or
processes that are important for the environmental behavior of metals, including volatilization,
photolysis, sorption, atmospheric deposition, acid/base equilibria, polymerization, complexation,
electron-transfer reaction, solubility and precipitation equilibria, microbial transformation, and
diffusivity. For rcgulatory purposes, a functional definition might be more useful. Speciation
may be defined functionally as those properties of an element that determine its environmental
mobility, persistence, toxicity, bioavailability, bioaccumulation potential, or characterization as a
regulated material.

There are a few exceptions to this rule. Organic acids and bases can exist in 1onized or neutral forms, and some
organics exist as structural isomers (e.g., the hexachlorocyclohexanes).
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The oxidation state of a metal is often a significant feature of its speciation due to its
impact on other processes. The well-known example of the high mobility of Cr(VI) compared to
Cr(I1I) demonstrates the significance of oxidation state. Toxicity depends both on the oxidation
state and form of a metal (as cation or anion) and its tendency to form complexes with ligands.
For example, the toxicity of As(Ill) to aquatic life is significantly different from the toxicity of
As(V). Cr(V]) is considered a known human inhalation carcinogen, whereas Cr(III) is generally
considered to have low human toxicity. Cupric ion is more toxic to fish than is the cupric
carbonate complex. Dimethyl mercury is generally thought to be more toxic and to have a
greater bioaccumulation potential than mercuric chloride.

Mobility is affected by a variety of factors. The ability of a metal to sorb to a substrate is
usually the determining factor in its mobility. Physical adsorption—which is important for
molecular organic compounds—is largely inapplicable to the sorption of the toxic trace metals,
which are usually adsorbed as ionic species. Ion exchange, too, rarely applies, in part because of
the relatively low concentrations of toxic metals compared to those of major ions. In fact toxic
metal adsorption is often relatively independent of the concentrations of the major 10ns. Metal
sorption is usually strongly pH-dependent and a function of metal complex formation and ionic
strength. The most accurate and mechanistic approach to modeling and predicting metal
adsorption is surface complexation modeling, which ideally can take into account all of these
variables (cf. Stumm and Morgan, 1996; Langmuir, 1997a). FFactors that are important to metal
sorption in soils, aquifers, and sediments include:

Dissolved oxygen
Solute composition

sorbing solids
ite density or

cation exchange capacity - and concentrations
“of metal sorbing solids - (activities)
‘Aeration status - --~ _ Dissolved organic carbon
- Micrabial type, activity, and lonic strength
-population Temperature
Organic.matter content
~and-character

Temperature

The degree of mobility of organic contaminants is often expressed by means of a single
partition coefficient that describes the extent of equilibrium between sorbed and dissolved forms
of a compound (U.S. EPA, 1995). Mobility is then calculated from the partition coefficient. Such
an approach is only applicable to metal adsorption when the conditions listed above arc
practically constant, which is rarely the case. In fact when metal adsorption is described using
partition coefficients, the value of such coefficients typically needs to be varied by two or more
orders of magnitude to reproduce metal adsorption behavior.



Human/animal bioavailability is the rate and extent of absorption of a xenobiotic
chemical that enters the systemic circulation in the unaltered form from the exposure site
(Hrudey et al., 1996). Bioavailability refers to a specific route of exposure-—oral, inhalation, or
dermal in the case of a human; oral, gill, or dermal in the case of a fish. Oral bioavailability
varies with oxidation state, chemical form, and mineralogy. Inhalation bioavailability is strongly
dependent on solubility and particle size. Uptake of metals by biota or biocaccumulation is
important for determining concentrations and species of metals to which organisms can be
exposed. EPA is typically interested in the biouptake of metals by aquatic life (including aquatic
vegetation), terrestrial vegetation, terrestrial and avian wildlife, and farm animals. The
concentration of a chemical in an organism is usually calculated by application of a
bioconcentration factor or a transfer coefficient (U.S. EPA, 1998) that relates the concentration
of a chemica!l in an organism to the concentration in its food. Sorption, solubility, oxidation state,
chemical form, complexation, and competing chemical species are all important to the biouptake
of metals.

In a few cases, metabolism may impact the speciation and subsequent fate and effects of
a chemical at a given location in a food chain. For example, fish are capable of metabolizing
carcinogenic inorganic arsenic to non-carcinogenic forms (Nriagu, 1994). Various
microorganisms are capable of creating organic forms of mercury (e.g., methyl-, ethyl-) from
inorganic mercury. The organic mercury forms are more toxic and better absorbed by animals
than the inorganic forms (U.S. EPA, 1997).

Some regulatory programs rely heavily on chemical characterization. In
SARA/CERCLA, the characterization of a material as a hazardous substance and the reportable
quantity depend on metal speciation. For example, reportable quantities for nickel range from 1}
pound for nickel carbony! to 1,000 pounds for nickel hydroxide to 500 pounds for nickel
chloride. The RCRA characteristic of toxicity is based on performance in a leaching test that is
used to predict the mobility of a metal under specified laboratory conditions.

Thus, at least in theory, EPA neceds to have methods, either analytical or mathematical,
for evaluating and/or predicting dissolved vs. sorbed metals, oxidation states, solubility,
complexation, and chemical form for a group of elements with widely diverse physicochemical
and chemical properties.

EPA has published few standardized analytical protocols for metal species. Dissolved
metals arc often separated from sorbed metals by physical methods such as filtration or
centrifugation. Environmental soil or sediment samples are typically analyzed for metal content
in terms of total mctals or total rccoverable metals, often by atomic absorption or inductively
coupled plasma spectroscopy following digestion in strong acid.

Methods cxist for determining speciation of metals extracted from porous media, c.g.,
chromium speciation by the colorimetric diphenylcarbazide method (Method 3500 Cr-D in
Standard Methods for the Examination of Water and Wastewater (APHA, 1992), and Method
TI96A from Test Methods for Evaluating Solid Waste, SW-846 (U.S. EPA, 1996a) and by 1on
chromatography. A hot alkaline extraction technique for use as a sample preparation step with



colorimetric analysis of the extract has been developed to extract soluble and insoluble forms of
Cr(VI) from soils, based on oxidation-reduction and solubility interactions of Cr (James et al.,
1994 and 1995; James, 1994)}. Incomplete recovery of added Cr(V1) spikes and the oxidation of
soluble Cr(II!) spikes to Cr{VI) in certain soils have been suggested as deficiencies in older
versions of this method (Vitale et al., 1994). The current modified version of this soil extraction
method (Method 3060A) in the EPA method manual SW-846 has overcome the problem
associated with the prior version of potentially converting Cr(III) to Cr(VI). New data indicate
that the proper interpretation of the spike recovery information requires measurement of other
soil chemistry parameters to learn whether the sample is reduced or contains materials which can
reduce chromate. The newer hot alkaline extraction method (Method 3060A) for total Cr(VI) in
soils and sediments selectively solubilizes Cr(VI) and can be used to aid in the interpretation of
Cr(VI) spike recovery data (Vitale et al., 1997). Currently there is a joint effort among EPA, NJj
DEP, and NIST to develop a standard reference material for Cr(VI) in soil/sludge.

EPA has identified three types of regulatory risk assessments where information
regarding speciation of metals is useful and desirable: national hazard/risk ranking and
characterization, site-specific assessments, and National Regulatory Assessments. National
hazard or risk ranking assessments are typically used by EPA for broad priority setting. An
example of this type of assessment is the Hazard Ranking System (HRS) used to determine the
eligibility of a contaminated site for inclusion on the National Priorities List. Site-specific
assessments are performed to determine if a site requires remediation and, if so, what the type
and extent of remediation should be. A Superfund risk assessment is an example of this type of
assessment. The third type, the National Regulatory Assessment, is typically used for standard
setting. Development of ambient water quality criteria is an example of this type of assessment.
These three examples will be used to illustrate the concepts of metal chemistry developed in this

paper.
2. METALS OF CONCERN

Because of their abundance at contaminated sites and potential toxicity to plants or
animals, the elements of concern are aluminum, antimony, arsenic, barium, beryllium, cadmium,
chromium, cobalt, copper, lead, manganese, mercury, molybdenum, nickel, selenium, silver,
strontium, thallium, vanadium, and zinc. Phillips and Williams (1965) consider all of these
clements to be metals, with the exception of arsenic and selenium, which are nonmetals.
Webster’s New World Dictionary (1968) defines a metal as an element that acts as a cation in
chemical reactions, forms a base with the hydroxyl radical, and can replace the hydrogen of an
acid to form a salt. Unlike the other elements listed, antimony, arsenic, molybdenum, selenium,
and vanadium generally occur as oxyanions in waters and soils, and not as cations. These
elements are sometimes described as metalloids. Regardless, in following discussion for
simplicity all of the elements listed above are termed metals.

3. NATURAL OCCURRENCE OF METALS IN THE ENVIRONMENT

For reasons that may be unrelated to human activity, many surface and ground waters
contain natural concentrations of metals that exceed the EPA drinking water standards (cf.
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Runnells et al., 1992). Soils can also contain naturally elevated levels of metals (cf. McBride,
1984; Salminen and Tarvainen, 1997). When a regulatory decision is made to restore affected
waters or soils to a presumed earlier state, it i1s obviously unrealistic to assign clean-up goals that
are below preexistent metal levels. It is critically important therefore, to attempt to distinguish
between metal amounts that were naturally present and amounts added as a result of human
activities.

3.1 Baseline and Background Metal Concentrations

It is useful to introduce two concepts at this point. The first is that of geochemical
baseline (cf. Salminen and Tarvainen, 1997; Salminen and Gregorauskiene, 2000), which may
also be described as ambient concentration. This is the regional metal concentration in a
medium, a concentration that has not been further increased by a local source of contamination.
Baseline values may have been elevated by regional contamination. For example, arsenic
concentrations in soils exceed 9 parts per million (ppm) in a 100-kilometer-wide, 1,000-
kilometer-long belt that extends southwest from New York state across Pennsylvania, Ghio, and
Kentucky (Gustavsson et al., 2001). There is evidence that these high arsenic values are chiefly
derived from the burning of coal (Smith, 2003). An assessment of arsenic contamination of soils
by a local source in this area would need to account for the high regional baseline values.

The second concept is that of background, which is the concentration of a metal in a
medium as it existed before being affected by human activity. Background concentrations are a
function of regional geology and local soil and sediment conditions. The metal background in
soils also depends on the depth of the sampling (i.e., location within the soil profile) and whether
the analysis is of the total soil or of a specific size fraction (cf. Salminen and Tarvainen, 1997).
Metal concentrations are generally higher in the fine-grained fraction of soils than in the coarse
fraction {(sand fractions and medium/coarse silt fraction). It is important to note that baseline and
background metal concentrations are not single values, but a distribution of values that can range
over orders of magnitude over distances of a few centimeters in porous media and meters in
surface waters (cf. Gustavsson et al., 2001).

3.2 Mean and Median Metal Concentrations

Though metal concentrations in the environment can range widely, it is still useful to
consider their mean and median values in waters and soils and the Earth’s crust (Table 1).
Values for iron and sulfur are included in Table | for purposes of comparison and later reference.
It is often assumed that species present in water at less than 1 milligram per liter (mg/L) but
more than 1 microgram per liter (pg/L) are minor species, while those present at below 1 pg/L
are termed trace species (Langmuir, 1997a). Based on these definitions, most of the metals of
concern are minor species and some are trace species, particularly in surface waters which are in
general more dilute than soil or ground waters.

Median ground water concentrations of metals and major species (>1 mg/L) given in
Tables 2a and 2b, do not differ much from the median metal values for surface and ground
waters in Table 1, or the averages for major species in Table 3. Average and median values can



be deceiving given the wide variability of metal concentrations in waters, soils, and rocks.
Shown in Figures 1 and 2 are plots of the cumulative percentages of some major, minor, and
trace constituents in surface and ground waters. The data for trace metals, which are most
complete for ground waters (see Table 2b), show that their concentrations range over 2 to 67
orders of magnitude in the case of As, Cd, Cu, and Zn.

Cumulative peroent

Figure 1. Cumulative percentages showing the frequency distribution of various
constituents in potable {chiefly surface) waters. From Davis and DeWiest, 1966.

56

Cumulative percent

Figure 2. Cumulative percentages of some major and trace elements in ground waters.
Number of analyses: 13,000 to 18,000 for major elements, 750 to 8,000 for trace elements. From
Rose et al., 1979.

Although the data arc limited for metals, their concentrations in soils are generally higher
than in surface or ground waters, presumably because of concentration in soils by
evapotranspiration and because of the relatively high solid to water ratio of soils. In recent years,
methods of chemical analysis such as ICP-ES and ICP-MS have been adapted for the
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determination of metals in soils and soil moisture. These methods have vastly lowered metal
detection limits and improved the accuracy of analysts of trace metals at low concentrations.
Shown in Table 4 is a chemical analysis of the metals of concern and some major elements in a
Swedish Cambisol (Tyler and Olsson, 2001a). The sotl has 8% organic matter, 10% clay, and a
pH of 5.2. Metal concentrations were determined either by ICP-ES or ICP-MS.



Table 1. Median or Mean Concentrations of Some Metals and Related Elements in Natural Waters, Soils, and the Earth’s

Crust

Surface and World Rivers, Ground Waters | Ground Waters Soils Earth’s Crust

Ground Waters Mean Dissolved (left) and (mean detects) (mean) {mean) {mean)

medians Mean Suspended (right
Metal Symbol ( ) P (right (U.S. EPA, {Newcomb and (Shacklette (Fortescue,

(Turekian, 1977) (Martin and Whitfield, 2002) Rimstidt, 2002) and Boerngen, 1992)

1983) 1984)

(pg/L) (pg'l) (ug/L) {pg/L) (ng/l) (mg’kg) (mg/kg)
Aluminum Al 10 50 94,000 72,000 83,600
Antimony Sb 2 i 2.5 5 0.66 0.2
Arsenic As 2 1.7 5 8 13.9 7.2 1.8
Barium Ba 20 60 600 140 77 580 390
Beryllium Be 5 2 0.92 2.0
Cadmium Cd 0.03 0.02 1 1 0.35 0.16
Chromium Cr 1 1 100 7 4.4 54 122
Cobalt Co 0.1 0.2 20 4.3 9.] 29
Copper Cu 3 1.5 100 70.6 25 68
[ron Fe 100 40 48,000 26,000 62,200
[Lead Pb 3 0.1 100 2.6 I9 13
Manganese Mn 15 8.2 1050 550 1,060
Mercury Hg 0.07 2 0.09 0.086
Molybdenum Mo 1.5 0.5 3 0.97 1.2
Nickel Ni 1.5 0.5 90 11.5 19 99
Selenium Se 04 5 2.5 0.39 0.050
Silver Ag 0.3 0.3 0.07 0.5 0.05 0.08
Strontium Sr 400 60 150 240 384
Suifur S 20.6" 340
Thallium Tl 6 0.2° 0.72
Vanadium \% 2 1 170 12,5 80 136
Zing Zn 20 30 250 265 60 76

*U.S. EPA (2002a), occurring as sulfate.

*Bowen, 1979.




Table 2a. Median Concentrations of Metals and Other Species in Ground Waters of the

United States

Species Median (pg/L) Species Median (mg/1.)
Ba <30 Na 30

Cd <1 K 3

Co | Mg 6

Cu 2.5 Ca 45

Fe 80 Cl IS

Hg <0.3 SO, 30

Mo 1.5 HCO, 200
Mn 20 TDS (sum) 329
Ni 0.15 Specific conductance | 700 pS
Pb 2

Se 0.25

Sr 350

v 2

Zn 20

This table is based on 13,000 to 18,000 analyses for major species, and 750 to 8,000 analyses for trace species. Data

are from Rose, 2003. The same data are the basis of Figure 2 from Rose ¢t al., 1979.




Table 2b. Sample Population Distribution Parameter Estimates for Trace Elements
Dissolved in Ground Water

No. of % Below | Correl.
Element Records | Detection | Coef. Min. Max. Mean Median
Antimony | 1893 94 92 0.2 44 - -
Arsenic 7199 53 95 0.03 42,600 13.9 1.4
Barium 9957 6 99 1.0 5,000 77 35
Beryllum | 5550 94 90 0.03 10 - -
Cadmium | 7088 90 96 0.02 19,200 - -
Chromium | 9097 76 90 0.5 3,800 4.4 1.0
Copper 9582 70 90 0.1 74,000 70.6 1.1
Lead 9061 76 97 0.1 2,020 2.6 0.3
Mercury 2031 91 92 0.02 7.3 - -
Nickel 8460 70 97 1.0 10,300 11.5 2.0
Selenium | 4674 81 95 1.0 186 2.5 0.2
Silver 9528 87 95 0.04 139 0.5 0.2
Thallium | 670 90 88 0.02 60 - -
Vanadium | 4498 80 96 04 19,000 12.5 1.1
Zinc 9464 40 94 0.09 633,000 | 265 57

This table is based on 104,280 dissolved-fraction ground water concentration records for samples obtained in
19961998 from the STORET database (U.S. EPA, 2000). Concentrations are in pg/L.

From Newcomb and Rimstidt, 2002. Robust data analysis techniques (Helsel, 1990; Helsel and Hirsch, 1992) were

used to determine central value estimates and variables in sample populations with <90% censored (below detection)
data. See discussion in Newcomb and Rimstidt, 2002.
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Table 3. Fe, Al, and Major Constituents (>1 mg/L) or Parameters in Some Surface and

Ground Waters
Constituent or Average River, Average River, N. Average Ground
Parameter World* America® Water, World®
Na' 6.3 9 30
K* 23 1.4 3
Mg™ 4.1 5 7
Ca* 15 21 50
Fe 0.67 0.16
Al 0.07
Cr 7.8 8 20
NO;y 1 1
HCOy 58.4 68 200
SO* 11.2 20 30
S10,(aq) 13.1 9 16
pH 7.4
TDS 120 142 350

*Livingstone, 1963.
*Turekian, 1977.
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Table 4. Metals in an Acid Cambisol (10% Clay) Formed on a Mixed Shale-Gneiss
Moraine in Southern Sweden: Metal Concentrations in Dried Soil and in Seil Solution (pH

=5.2)
Dried Soil Soil Solution
(hg/kg) (ng/L)
Ag |088 0.1
Al | 75,500 297
As | 659 3.2
Ba | 646 132
Be |3 0.025
cd | 072 0.36
Co |772 0.4
Cr |66 1.3
Cu | 142 59
Hg |[0.16 0.13
Mn | 231 66
Mo |93.1 5.7
Ni |114 11
Pb | 439 2.4
Sb |04 0.86

From Tyler and Olsson, 2001b.

Dried Soil Soil Solution
R L
Se 1.74 1.7
Sr 73.6 77
Tl 3.9 0.15
\4 815 7.2
Zn 63 90
Ca 1,620 27,300 27
Fe 50,800 280 0.28
K 25,000 6,800 6.8
Mg 2,750 2,170 22
Na 170 4,550 4.6
P 527 119 0.12
S 4,938 23,900 239
C (org) | 80,000 45
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Table 5. U.S. Environmental Protection Agency (2002b) Drinking Water Standards for
Select Inorganic Species in Community Water Supplies

Contaminant | MCL(ug/L) | Note Contaminant | SMCL ( pg/L) Note
Antimony ] a Aluminum 50 to 200 a
Arsenic 10 a Iron 300 a
Barium 2,000 a Manganese 50 a
Beryllium 4 a Silver 100 a
Cadmium 5 a Copper 1,000 a
Copper 1,300 b Uranium 30 a
Chromium 100 a Zinc 5,000 a
Lead 15 b

Mercury 2 a

Nickel 100 a

Selentum 50 a

Thallium 2 a

Maximum contaminant levels (MCLs) are enforceable standards for substances that may constitute a health hazard at
higher concentrations. Secondary maximum contaminant levels (SMCLs) are not enforceable, but are set for
aesthetic reasons, to avoid tastes, odors, and staining of plumbing fixtures.

*Current standard.
*Treatment triggered at 1.3 mg/L Cu and 0.015 mg/1. Pb.

It is instructive to compare U.S. EPA drinking water standards for inorganic species in
water supplies (Tablc 5) to the average concentrations of the same species in surface and ground
waters (Table 1). The comparison shows that: (1) the median concentration of Be exceeds the
drinking water standard; (2) median concentrations of As and Pb are 20% of the standard; and
(3) Sb is 33% of the standard. This suggests that a large percentage of background waters will
have natural concentrations of these metals that excced drinking water standards.

3.3 General Sources of Metals Data and Maps

The U.S. Environmental Protection Agency, the U.S. Geological Survey of the
Department of Interior, and the Department of Energy have all compiled extensive databases of
chemical analyses of various environmental media that are readily availablc on CD-ROM or for
downloading from the World Wide Web. EPA’s STORET (STOrage and RETrieval) data
system, which can accessed at http://www.epa.gov/storet/, contains 200 million water sampie
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observations from about 700,000 sampling sites for both surface and ground waters. Reported
data include stream flow information and measured concentrations for most of the metals of
concern. There is no requirement that the data in STORET be evaluated using quality assurance
procedures, however. For the data from STORET, or from the other sources listed below, it is
important that prospective users be aware that such data may or may not have been screened for
accuracy.

The U.S. Geological Survey Water Web site (http://waterdata.usgs.gov/nwis) provides
access to chemical and physical records for 1.5 million sampling sites in all 50 states, the District
of Columbia, and Puerto Rico as part of the National Water Quality Assessment Program
(NAWQA). A stated goal of NAWQA is “to describe the status and trends in the quality of a
large representative part of the Nation’s surface and ground-water resources and to identify the
natural and human factors that affect their quality.” Available through the Web site are chemical
analyses and physical data for streams, stream sediments, lakes, springs, and wells that include
their metals concentrations. A map of arsenic in 31,350 samples of ground water in the
contiguous United States based on Welch et al. (2000) is featured on the Web site. As part of the
NAWQA program, Rice (1999) reported on the concentrations of As, Cd, Cr, Cu, Pb, Hg, Ni, Se,
and Zn in 541 streambed samples obtained from across the conterminous United States. In the
analysis she takes into account background and baseline metal concentrations.

The USGS also maintains the National Geochemical Data Base (NGDB), which contains
more than 2 million data records for samples of stream sediment, soil, rocks, water, and
vegetation. This database is also accessible via the Web. The NGDB includes approximately
260,000 sediment and soil samples collected by the U.S. DOE in the 1970s and 1980s as part of
the National Uranium Resource Evaluation (NURE) program. Most of the soil, sediment, and
rock samples from which the NGDB was generated are held in archival storage and are available
for further study. Data in the NGDB arc available on CD-ROM, and can be used to generate
metal concentration maps, so as to help determine metal baseline and background concentrations
and contamination levels. The Geological Survey also maintains the PLUTO.RASS database,
which lists geochemical data for about 500,000 samples—chiefly rocks, but also stream
sediments, soils, heavy-mineral concentrates, waters, and vegetation.

A number of national surveys of metals concentrations in soils have been published. The
most famous and still uscful was that of Boerngen and Shacklette (1981) and Shacklette and
Boerngen (1984), which involved collecting soil and other regolith samples from 1,323 sites in
the conterminous United States. Samples were obtained at a depth of 20 centimeters from
untilled, naturally vegetated soils away from roads in the period 1961-1975. The results of
Shacklette and Boerngen have been reviewed and statistically assessed by Gustasvsson et al.
(2001), who present colored national maps for Al, As, Ba, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, Sr, V,
and Zn among other metals. Metals in soils results from the U.S. study of Shacklette and
Boerngen (1984) are included in an assessment of metals and other elements in soils worldwide
in a report by Damley et al. (1995).

Dectailed soil survey maps are available from the offices of the USDA/ARS Natural
Resources Conservation Service (formerly the U.S. Soil Conservation Service). These generally

14



include areal maps that show soil types and classifications by county, along with the pH and
organic matter contents of typical soil types. The soil surveys also describe soil associations and
soil-forming processes for the soils within specific areas.

3.4 National and Regional Metals Problem Areas

In the section titled “General Sources of Metals Data and Maps,” a number of published
and Web-accessible sources of metals data for streams, ground waters, and soils were cited. Of
particular value to anyone identifying and prioritizing metal problems regionally or nationally
are maps on which metals data for soils, sediments, and waters have been plotted and the metals
concentrations contoured. Such maps have been published for soils, although they are based on
limited data (see Gustasvsson et al., 2001), but arc less available for surface and ground waters.
Welch et al. (2000) have published a map of arsenic in U.S. ground waters, and discuss geologic
and climatic (e.g., evapotranspiration) controls on elevated arsenic values. David B. Smith of the
U.S. Geological Survey maintains a national database of metals data for stream sediments and
has colored regional maps of such data for Al, As, Ba, Be, Co, Cr, Cu, Mn, Hg, Ni, Pb, Se, Sr, V,
and Zn for a large part of the U.S. (See
http://water.usgs.gov/osw/techniques/workshop/smith.html.)

Dissolved metals in lower order streams, which are often fed by ground water, can be
expected to correlate with local geology. However, metal concentrations in major rivers tend to
be more affected by climate than local geology (cf. Langmuir, 1997a).

A comparison of maps for the metals with a geologic map of the United States often
shows a correlation between local or regional geologic formations and metal levels in soils and
ground waters. The correlations are most obvious in areas away from major urban and industrial
centers, which have contributed important metal amounts to the environment through their waste
disposal and tand use practices. Colored national and state geological maps are available in
digital form on the Web at http://pubs.usgs.gov/dds/dds11/ and
http://nationalatlas.gov/geologym.html.

Broad-scale soil survey data for the contiguous United States are available in the State
Soil Geographic (STATSGO) database (cf. Schwarz and Alexander, 1995). Shirazi et al. (2001)
developed mathematical models relating the soil characteristics of soil map units from the
STATSGO to predict water quality parameters. They found that with statistical information on
soil particle size distribution, they could estimate soil, lake, and stream water quality parameters
including acid neutralizing capacity, pH, dissolved organic carbon, nitrate, and turbidity.
Because such water quality parameters importantly influence the concentrations and mobility of
the metals of concern, such soil information can be used to predict metal behavior.

3.5 Local Sources of Metals Data
In studies of localized environmental contamination by metals (e.g., as associated with a

Superfund Site cleanup), it is especially important to define background and baseline metals
concentrations, which will in some cases exceed health standards for aquatic life and drinking
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water. If data and maps describing metal concentrations at a site prior to its contamination are

not available, the preferred approach is to take water, soil, sediment, rock, or plant samples from
a nearby area with similar characteristics, but that is unaffected by contamination as a measure of
background (cf. Banks et al., 1995; Lahermo et al., 1995; Miller and McHugh, 1999). In
populated and urbanized or extensively mined areas, however, it may be difficult to locate a
sample that has not been contaminated. All that may be available are baseline values. A second
approach to determine background for waters is to assume that background water quality is the
same as that measured in similar streams or well waters in similar topographic, climatic, and
geological settings. Lacking this information for ground waters, White et al. (1963) have
summarized typical ground water compositions from different rock types that may be useful.

Perhaps the most defensible way to distinguish background or baseline concentrations
and more elevated metal values in the waters of a given area is to use statistical analysis.
Cumulative probability plots can be drawn onto which all of the concentration data for a metal 1s
plotted (Levinson et al., 1987; Fleischhauer and Korte, 1990). Such plots may alfow the
classification of samples into a background or baseline group and one or more contaminated
groups, with an estimate of the median and standard deviation for each group. Such a plot for Cd

in ground waters of Front Range of Colorado is shown in Figure 3 {Langmuir and Klusman,
1997).

4. METAL SPECIATION: METAL COMPLEXES

Chemical analytical laboratories generally determine and report total metal
concentrations. However, in recent years it has become increasingly apparent that metal toxicity
is a function of the concentrations of specific metal species, not of the total metal (cf. Stumm and
Morgan, 1996; Langmuir, 1997a). In fact, the chief toxicant is usually the free metal cation. In
natural waters its concentration, or those of other toxic metal species, can sometimes be
measured directly, although often with difficulty. Alternatively, given the appropriate solution
analysis and thermodynamic database, the concentrations of individual species can be computed
using a geochemical equilibrium modeling program such as MINTEQA?2 (U.S. EPA, 1991) or
PHREEQC (Parkhurst and Appelo, 1999). Unfortunately, MINTEQA?2 is a DOS-based program
and cannot be used on computers with Windows operating systems more recent than Windows
98. However, a Windows version of MINTEQAZ2 version 4.0 (1999), a program called Visual
MINTEQ (VMINTEQ, version 2.14; Gustafson, 2003), is available and may be downloaded free
of charge from the Web.

16



99.9

99
95
]—
3 80 :
I 1 [l .
. : : :
D 5O f-goeememeneeas e e
w : ! :
2 i : H
k20
-l ; i :
2
) 51.... % ..................................
© :
1| : ..............................................................................
L P S N N
0 50 100 150
Cd (ngiL)

Figure 3. Cumulative percent plot of cadmium concentrations in Colorado Front Range
ground waters. Concentrations below 10 pg/L are presumably background values. The linear
trend of higher values can be derived from contamination. From Langmuir and Klusman, 1997.

4.1 Metal Complexes: Concepts and Importance

Dissolved species in water can be described as free ions or aquo-complexes, or simply
complexes. A complex is a dissolved species that exists because of the association of a cation
with an anion or neutral molecule (Langmuir, 1997a). A ligand is an anion or neutral molecule
that can combine with a cation to form a complex. The total analytical concentration of a given
metal in water is the sum of the concentrations of its free ion and complexes and any metal
associated with suspended solids, whether organic or mineral. For example, the total molal
concentration of lead, ZPb, in a natural water might equal:

ZPb = mPb** + mPbOH" + mPbCO,° + mPbHCO," + mPbS0O,” + mPb(suspended solids) (1)

In most natural waters the concentration of free lead ion, mPb*", is less than the sum of
the concentrations of its complexes, which in this case are lead complexes with hydroxyl,
carbonate, bicarbonate, and sulfate ions. Other metals that are found in natural waters most often
as complexes and not as free ions include A", Ag’, Cu”, Fe’*, and Hg*". The metalloids As and
Se and the metals Cr, Mo, Sb, and V occur most often in aerobic waters and soils not as cations
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but covalently bonded to oxygen in oxyanions that under oxidizing conditions include arsenate,
selenate, chromate, molybdate, and vanadate, which themselves arc complexes. Important
chemical species (including metal complexes common in soils and waters at intermediate pH
values) are listed in Table 6.

Complexes that incorporate metals play a major role in controlling the availability and
fate of metals in the environment. Increasing the fraction of a metal that is complexed increases
the solubility of minerals of that metal (Langmuir, 1997a). For example, the solubility of lead
sulfate is related to the molal concentrations of free lead and sulfate ions, through the expression:

Ky= [(Yos-MPH* ) (Y504 SO,)] (2)

where the terms v, and v, are the activity coefficients of the ions.” The product of the ion
activity coefficient and molal concentration of each species equals the activity of the ion.
Equation 2 shows that the activity of free lead ion controls the solubility of lead sulfate. For a
given total lead concentration (Equation 1), the more of the lead that is complexed, the lower
will be the concentration of free lead ion. This means that as the extent of lead complexing
increases, the total lead concentration must also increase in order to reach saturation with lead
sulfate. In other words, metal complexing increases total metal solubility.

Metal complexing also has a direct influence on metal adsorption to organic matter or
mineral surfaces. For example, metal carbonate, sulfate, and fluoride complexes are usually
poorly adsorbed, whereas metal hydroxtde complexes are strongly adsorbed (Langmuir, 1997a).
In summary, metal complexing generally increases the solubility and mobility of metals in
surface and ground waters.

4.2 Hard and Soft Acids and Bases: The Stability of Complexes and Metal Toxicity

Complexes are formed between metals (acids) and ligands (bases) both in solution and at
the surfaces of minerals and of organisms. Toxic reaction of organisms to metals can be directly
related to the nature of the metal complexes formed in solution and at the surface of the
organism.

2 By definition, the product of the activity coefficient and the molal {or molar) concentration for an 10n, i, is equal to

the activity (a;) of that ion. That is; a, = y.m;. Activity coefficients of ions are generally less than onc in fresh waters,

and decrease with increasing salinity or ionic strength (cf. Stumm and Morgan, 1996; Langmuir, 1997a). The activity
of an ion can be considered its effective concentration in water.
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Table 6. Dominant Chemical Species of Metals in Soils and Natural Waters, Not
Considering Most (Especially Weak) Metal Complexing

Metal Soils Waters Most Toxic Species
Ag Ag' Ag', AgCl Ag’
rAs AsO> AsO,", AsO,” AsO,*
Ba Ba™ Ba* Ba™
Be Be?*, Be, O, Be™* Be™
Cd Cd* Cd* Cd*
Co Co* Co* Co™
Cr crt Cror, Cr’* Cro*
Cu® Cu¥, Cu-OM® Cu?, -fulvate Cu*
Hg Hg’", CH,Hg Hg(OH),’, HgClL,° CH,Hg
Mn Mnp*, Mn* Mn** Mn?*
Mo MoO,* MoO > MoOQ,”
Ni Ni** Ni** Ni**
Pb Pb Pb(OH)" Pb*
Sb $by,0,? Sb(OH)," ?
Se SeQ,”, HSeO, Se0,” Se0,”
\ V0,7 HVO,> ?
Zn Zn* Zn* Zn*

Modified after Logan and Traina, 1993,

“Typically, much or most of Cu in soils is complexed with organic matter.

*Cu-OM denotes copper complexed with organic matter.
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A useful definition that helps to explain the strength of metal complexing and metal
toxicity is that of hard and soft acids and bases (Pearson, 1973). In this definition, cations are
Lewis acids and ligands Lewis bases, with the metal cation and ligand in a complex acting as
electron acceptor and donor, respectively. Soft implies that the species’ electron cloud is
deformable or polarizable with the electrons mobile and easily moved. Such species prefer to
participate in covalent bonding. Hard species are comparatively rigid and nondeformable, have
low polarizability, hold their electrons firmly, and prefer to participate in ionic bonds in complex
formation (Langmuir, 1997a). Hard acids form strong, chiefly ionic bonds with hard bases,
whereas soft acids and soft bases form strong, chiefly covalent bonds when they form
complexes. In contrast, the bonds formed between hard-soft or soft-hard acids and bases are
weak, such that their complexes tend to be rare. Table 7 summarizes hard and soft acid and base
relationships for the metals of concern. Its footnotes summarize the applicability of hard and soft
concepts to the formation of metal complexes.

Table 7. Hard and Soft Acids (Cations) and Bases (Ligands)

Hard acids Al*, Ba?" Be*', Co*", Cr’*, Fe**, Mn**, Sr**,
U™, U0, VO

Borderline acids (between hard and soft) Co®, Cu®*, Fe*",Ni*', Pb*", Zn*"

Soft acids Ag', Cd*, Cu", Hg”, Heg', CH,Hg', TI**, TI

Hard bases ¥, H,0, oxyanions: OH’, SO,>, CO,*, HCO;

, C,0,%, Cr0,r, MoO,> H,PO,™, H AsO,™,
Se0,?, H,VO,, NH,, RNH,, N,H,, ROH,
RO, R,0, CH,COO;, etc.

Borderline bases (between hard and soft) CI,, Br, NO,, SO, H,AsO,"*, C;H;NH,,
CHN, Ny-, N,

Soft bases I, HS', S%, CN,, SCN-, Se*, 8,0,%, -SH, -SCH,,
NH,, R-, C,H,, C;H,, RNC, CO, R;P, (RO),P,
R,As, R,S, RSH, RS

Madified after Huheey et al., 1993, and Langmuir, 1997a. “R” refers to an organic melecule.

Hard acids and hard bases. Complexes formed between divalent hard acid cations and monovalent or divalent hard
bases are ionic and relatively weak, and are often termed “ion pairs.” Complexes formed between Be®” or trivalent
hard acids, and hard bases tend to be ionic and relatively strong.

Soft acids and soft bases. Strong, relatively covalent bonds are formed in complexes between soft and borderline

soft acid cations and soft bases. Ligand binding sites on the external or internal surfaces of organisms are often of
soft base character, and so bond strongly with soft and borderline soft acid cations.
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The Lewis acids in natural waters include H' and metabolically essential metal cations
such as Na", K*, Mg*', Ca*", Mn?', Fe*', Co™, Ni**, Cu*, and Zn™, and the toxic metal species
Hg®*, CH,Hg", Pb*, and Cd**, which are soft acids. These species, along with the soft acid
thallium (TI) and the essential protein and enzyme metals Fe**, Cu?', Ni** and Zn**, which are
borderline soft, form strong bonds with soft base sulfur species. The ligands at the surfaces of
biota are chiefly sulfur, nitrogen and oxygen electron donor groups, and also include the solute
bases HCO;", HPO,*, and OH" (Stumm and Morgan, 1996).

Although the hard acid metals Ca, Mg, and Na bond weakly with soft base sites on the
surfaces of biota, their concentrations in most waters are typically 10° times greater than those of
the toxic metals, so that they often effectively compete with toxic metals such as Zn** and Cd*
for surface bonding sites. However, when metal adsorption is by organic matter, metals such as
Cu?" in particular may be strongly adsorbed, practically independent of concentrations of the
major metals (cf. Lu and Allen, 2002).

The proton is the most effective competitor of all with adsorbed metals. The proton can
displace essential and toxic metals from surface sites at pH values as high as 6. The role of pH as
a fundamental control on metal concentrations and metal transport is discussed extensively
below.

Toxicity to plants is termed phytotoxicity. Shown in Table § from Sposito (1989) are
observed toxicity sequences for some plants. For each class of plants, the metal order from left to
right in Tablc 8 reflects the increasing metal concentration in moles per cubic meter required to
produce a substantial toxic effect, with the smaliest concentration associated with the most toxic
metal. Soft-acid cations, Hg(II), Ag(I), and Cd(II), are generally the most toxic of the metals.
Close behind are the borderline hard-soft-acid metal cations. The only toxic hard metal cations
are Cr(IIT) and Mn(II). Although not listed in Table 8, int poorly buffered soils affected by acid
rain, hard acid Al(III) presents a serious toxicity problem to plants (Bohn et al., 1985).

Mechanisms by which toxic metals poison plants and animals relate to their tendency to
form strong complexes with the generally soft functional groups on biomolecules (cf. Sposito,
1989; Morel and Herring, 1993). Sposito (1989) proposes several processes by which soft-metal
cations cause phytotoxicity. First, a soft metal such as Cd can displace an essential metal such as
Ca bound to a bioligand. Also, complexation of a bioligand by a soft-metal cation can block that
ligand from reacting normally or modify it structurally and thus interfere with its intended
activity. Enzymes have active or catalytic sites with which they bind to biological substrates and
that facilitate enzyme function. These sites are especially vulnerable to damage by soft-metal
cations. The amino acids cysteine and methionine present at the active sites in some enzymes
contain —SH and SCH; groups (Manahan, 1994). These sulfur-containing groups are soft ligands
and form strong covalent bonds with soft-metal cations such as Hg, Ag, Cd, Cu, and Pb. Such
bond formation can result in the breakdown of normal enzyme function and a toxic reaction by
the affected organism.
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Table 8. Representative Sequences of Toxicity Threshold Concentrations Within Plants

Organisms Sequence of Decreasing Toxicity
Algae Hg>Cu>Cd>Fe>Cr>Zn>Co>Mn
Flowering plants Hg>Pb>Cu>Cd>Cr>Ni>Zn

Fungi Ag>Hg>Cu>Cd>Cr>Ni>Pb>Co>Zn>Fe
Phytoplankton (freshwater) Hg>Cu>Cd>Zn>Pb

Meodified after Sposito, 1989.

Metals in bold are soft acids. Italicized metals are borderline hard-soft acids. Cr(lI1} and Mn(II} are hard acids. Hg =
Hg(11), Fe = Fe(1I), Cr = Cr(IIT), Co = Co(II}, Mn = Mn(IT), Pb = Pb(lI).

4.3 Predominant Inorganic Species in Fresh Waters

It is instructive to compute the distribution of dissolved metal species including their
complexes in a typical natural water. Such computations are readily accomplished using a
geochemical computer code such as MINTEQA2 (U.S. EPA, 1991). Stumm and Morgan (1996)
discuss such a calculation for an oxygenated fresh water with a pH of 8.0 that has the following
total concentrations: Na = 5.7 mg/L, Mg = 73 mg/L, Ca = 40 mg/L, Cl = 8.9 mg/L, SO, =29
mg/L, and HCO, = 122 mg/L. Aqueous speciation for the metals of concern is given in Table 9.
Also shown is the percentage of the metal present as the free ion, which in most cases is the
percentage of the total metal present in toxic form. Note that at pH 8§, Al, Be, Cu, Fe(l11I), Hg, Ni,
Pb, T, and Zn are chiefly present as complexes.

The anionic species of As, Cr, Mo, Se, and V generally form weak complexes with
monovalent or divalent cations, but may be precipitated as minerals by high concentrations of
dissolved Fe(III) and AI(III), which are generally present only in acid systems.

4.4 Effect of pH on Metal Complexing

Sulfate, phosphate, fluoride, and strong organic complexes of metal cations (e.g., citrate
and EDTA) tend to be important in acid waters (cf. Langmuir, 1997a), whereas carbonate and
hydroxide complexes become increasingly important at pH values above 6-8. This is evident
from Figure 4, which shows the concentrations of species of Pb and Zn as a function of pH, as
computed with a geochemical model for the same concentrations used to derive Table 9. Total
lead and zinc concentrations assumed for these figures are 10° M (0.2 pg/L) for lead and 10®* M
(0.65 pg/L).for zinc. As the salinity and thus chlortde content of water increases, the borderline
soft chloride ion forms important complexes with the soft and borderline soft metal cations Ag’,
Cd*, Hg**, Ni** and Zn*".
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Figure 4. Speciation of Pb(ILI) (10° M) and Zn(I)(10®* M) under freshwater conditions.
Total carbonate cquals 2 x 10~ M. Figure is computed. From Stumm and Morgan, 1996.

Several milligrams of dissolved organic carbon (DOC) per liter of soil solution is
common in humid climate soils. The DOC is composed of humic substances, which include
humic and fulvic acids. These acids form metal complexes under the same pH conditions that
favor metal carbonate and hydroxide complexes (Stumm and Morgan, 1996). Metal bonding is
with carboxylic and phenolic hydroxy! groups of the acid anions. Shown in Figure 5 is the effect
of increasing pH and total copper on the extent of copper-fulvic complexing. Free Cu** ion
concentrations can be seen to decrease with increasing DOC and increasing pH in the presence
of Suwannee River fulvic acid. Increasing DOC should thus reduce the toxicity of a given
concentration of dissolved Cu®” or other toxic metal that forms fulvic acid complexes.
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Figure 5. Titrations of fulvic acid (FA) and copper. (a) shows dissolved Cu*" ion
concentration as pCu (-log Cu [mol/L]), plotted as a function of total copper ([Cu];) for different
fulvic concentrations at pH 7. (b) shows pCu as a function of pH for two total copper
concentrations. From Cabaniss and Shuman, 1988.
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Table 9. Major Inorganic Species in an Hypothetical Natural Water (see text)

Metal/ Percent as Free
Condition Element | Major Species Metal Cation
Hydrolyzed, anionic As(V) HAsQ,»
Cr(VD) CrO*
Mo(VD) | MoO,*
Se(VI) Se0,*
V(V) HVO,, H,VO,
Predominantly free aquo-ions Na* Na* 100
K* K* 100
Mg* Mg* 94
Ca™ Ca™ 94
Srt* Sr** 94
Ba** Ba® 95
Complexed with OH', CO,*, HCO,, CI' | Ag(D) Ag®, AgCl° 60
Al Al(OH),(s), AI(OH),", AI(OH),” | 1 x 107
Be(II) BeOH', Be(OH),’ 0.15
Cd(n Cd*, CdCO,’ 50
Co(II) Co®, CoCOy’ 50
Cu(1l) CuCO,°, Cu(OH),® 2
Fe(IH) Fe(OH),(s), Fe(OH),", Fe(OH),” | 2x 10°
Hg(1I) Hg(OH),’ 1x10*°
Mn(IV) | MnO,(s)
Ni(II) Ni**, NiCO,° 40
er([I) PbCO,° 5
TI(I), Tl*, TI(OH),, TI{OH), 2x 10"
TI(IITy
Zn(I1) Zn*, ZnCO,’ 40

The right-hand column is the percent of the total metal concentration present as the free metal cation. Based on

Stumin and Morgan (1996).

*Redox state of TI(1) under natural conditions is uncertain; ratio is for TI(IH).
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5. ADSORPTION CONTROLS ON METAL CONCENTRATIONS AND MOBILITIES

5.1 Introduction

Except for Al and sometimes Mn, concentrations of toxic metals in the environment are
generally too low for those metals to exceed the solubility products of their pure metal solids and
thus to precipitate. Instead, foxic metal concentrations are generally limited by sorption onto the
surfaces of minerals, and onto organic matter including microbial cell wall surfaces. As metal
concentrations further increase, and fill available sorption sites, most metals tend then to be
incorporated in the structures of major mineral precipitates as “coprecipititates” in which they
substitute for major metal cations, forming so-called solid solutions (Langmuir, 1997a). At
higher metal concentrations, the metals may be precipitated in pure metal phases, limiting further
increases in metal concentration. For a hypothetical metal, M, the general trend of such reactions
with increasing metal concentrations in soil moisture or surface or ground water might be:

« Adsorption control of M
(M<100 pg/L)

» Coprecipitation of M in a major metal hydroxide, carbonate, sulfate or silicate mineral (etc.)
(M>100 pg/L and <10 mg/L}

= Precipitation of M in a “pure” metal phase
(M =10 mg/L)

Practically, it is difficult to distinguish adsorption and coprecipitation reactions. These
concepts are illustrated in Figure 6, which shows adsorption of lead from a landfill leachate by
kaolinite clay as a function of pH. In the figure the adsorbed lead in mg/g of clay 1s plotted
against the total lead in the leachate. The plot indicates that lead adsorption increases with
increasing pH. Geochemical modeling of the leachate solution at pH 5 and 6 shows that at about
240 and 40 mg/L lead, respectively, (as indicated by the vertical dotted lines) further increases in
dissolved lead are limited by precipitation of solid lead hydroxy-carbonate (Pb,[JOH],[CO,],).
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Figure 6. Adsorption of Pb from DuPage landfill leachate by kaolinite at 25°C, as a
function of pH. Dashed vertical lines show the Pb concentration at saturation with Pb-hydroxy-
carbonate solid. From Griffin and Shimp, 1976.

5.2 Metal Adsorption and Desorption

Distribution Coefficients, Isotherm Equations and lon Exchange:
They Don’t Generally Apply to Adsorption of the Metals of Concern

The distribution coefficient (K,) for lcad adsorption by kaolinite is defined as
K, = (x/m)/ZPb(aq), where x/m is the weight of lead adsorbed, x, divided by the weight of
sorbent, m, at a specific concentration of total dissolved lead, ZPb(aq). Based on this definition,
every tangent to a curve in Figure 6 has a different value of K, The solid curves in Figure 6 are
termed sorption isotherms, and can be model-fit with Langmuir or Freundlich isotherm equations
(cf. Stumm and Morgan, 1996; Langmuir, 1997a). Clearly, a single distribution coefficient or
isotherm equation cannot predict lead adsorption for all of the conditions described in Figure 6.
This is because the extent of lead adsorption depends on the total lead concentration and the pH.
Further analysis shows that adsorption also varies with the amount of lead complexed by
carbonate, sulfate, chloride, and organic ligands, and by the nature and amounts of one or more
sorbent phases present. Given all of these variables, K, values for metal adsorption can vary by
two to three orders of magnitude for a single soil or sediment. In other words, adsorption of
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metals is far more complicated than adsorption of organics, which can often be adequately
modeled using a distribution coefficient or isotherm approach.

Ion exchange models are also generally inappropriate to explain and model adsorption of
toxic metals. Stmple 1on exchange models best apply when concentrations of competing ions are
at comparable values, which is not the case for most toxic metals most of the time. Except in
highly metal-contaminated waters and sediments, concentrations of toxic metal cations are
typically 10 to 10° times lower than concentrations of the major cations Na* and Ca?* which are
competing for sorption sites on clays, for example . Concentrations of the anionic toxic metals
are also in most cases less than 1% of the concentrations of major anions such as sulfate. (See
Tables 1 and 2.) At trace concentrations, toxic metals arc preferentially adsorbed relative to
major metal ions, but not according to the principles of simple ion exchange (Langmuir, 1997a).

5.3 Adsorption Behavior of the Metals of Concern

In porous media the most important sorbent solids for metals are clay minerals, organic
matter, and oxyhydroxides of Fe and Mn. Their important surface properties are given in Table
10. For a given weight of sorbent, metal sorption capacity is proportional to surface area and
surface site density. The greatest surface site densities (positively or negatively charged sites)
and cation exchange capacities (negatively charged sites only) are those of organic material and
the oxyhydroxides. These phases are the strongest and most important sorbents of toxic metals.
The clays, except for kaolinite, have a surface charge that is largely independent of pH, whereas
the surface charge of organic matter and the oxyhydroxides is strongly pH dependent. Thus, the
negative surface charge of the oxyhydroxides increases with increasing pH, which means their
sorptive capacity for metals increases with increasing pH. Conversely, the positive surface
charge of the oxyhydroxides increases as the pH drops, making these phases more effective
sorbents for anions under low pH conditions.

These effects are shown in Figure 7, which is a plot of percent sorbed versus pH for
metal adsorption by ferrihydrite, or hydrous ferric oxide (HFO). The curves are called sorption
edges for each metal. The diagram shows that the oxyanions are strongly adsorbed by HFO
under acid conditions, but are desorbed (become mobile) with increasing pH. Based on Figure 7,
combined with adsorption data assembled by Dzombak and Morel (1990), the order of
desorption from HFO with increasing pH is, selenate, antimonate, molybdate, chromate,
vanadate, arsenate, and phosphate. Selenate desorbs between pH 3 and 8, whereas arscnate is
strongly held at lower pH values and desorbed between pH 9 and 11. Also based on Figure 7 and
Dzombak and Morel (1990}, with increasing pH, HFO preferentially adsorbs metals in the order
Hg?>Be?*>Ba”">Cr*>Pb*">Cu*>Cd* » Zn*'>Ni*".
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Figure 7. Adsorption of various metal cations and oxyanions, each at 5 x 107 M, by
ferrihydrite (SFefIIl] = 10 M) as a function of pH at an ionic strength of 0.1 mol/kg. There

are 2 x 10" M of reactive sites on the oxyhydroxide. The dashed curves are calculated. After
Stumm, 1992.
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Table 10. Surface Areas, Surface Site Densities, and Cation Exchange Capacities (CECs) of
Some Important Sorbent Phases and the pH Dependence of Metal Sorption

Sorbent Surface Site Density | Site Density CEC pH
Mineral/Phase | Area (m%/g) | (sites/nm?) (mmol sites/g) | (meq/100g) | Dependence
Kaolinite 10 to 38 131034 0.022 to 0.21 3to 15 Strong
lilite and chlorite | 65 to 100 041t05.6 0.043 t0 0.93 10 to 40 Slight
Smectite- 600 to 800 04to0l.6 04t02.1 80 to 150 Absent or
montmorillonite negligible
Organics in soils, | 260 to 1300 | 2.31 1.0t0 5.0 110 to 500 | Strong
humic materials®

Mn 143 to 290 2to 18 0.48 to 8.7 100 to 740 | Strong
oxyhydroxides

Fe(IHI) 250 to 600 20 8.3t0 20 100 to 740 | Strong
oxyhydroxides

(ferrihydrite)

Modified after Langmuir (1997a).

*Paulson and Balistrieri (1999) suggest 1 mmol of sites per gram of organic carbon.

Metal adsorption onto soils and sediments is probably morc dependent on changes in pH
than on any other solution variable. For a divalent metal cation, M*', the general sorption
reaction can be written:

SOH + M* = SOM" + H"

&)

where SOH and SOM+ are surface sites with an adsorbed proton and a metal ion. For adsorption
of a divalent metal anion, L*, we can similarly write:

SOH," + L* = SOH,L-

C)

Sorption edges for metal adsorption, by amorphous AI(OH), and by soil humus material,
are given in Figure 8. The plots show a strong pH dependence of metal adsorption on both
substrates. Metal selectivity with increasing pH is similar to what was observed for adsorption

by HFO.
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Figure 8. Percent metal adsorbed: (a) by AI(OH),(am) at total metal concentrations of 1.25
x 10 M in 1 M NaNO, solutions, and (b) by humic acid at total metal concentrations of 5 x
10* M. From Sposito, 1984.

5.4 Surface Complexation Adsorption Models

The most useful and mechanistic sorption models for predicting and modeling toxic
metal adsorption in surface and ground waters are probably the electrostatic or surface
complexation (SC) adsorption models (cf. Westall and Hohl, 1980; Davis and Kent, 1990;
Langmuir, 1997a). These include the constant capacitance (CC), diffuse layer (DL), and triple
layer (TL.) models, all of which are available in the EPA geochemical program MINTEQA?Z2
(U.S. EPA, 1991). The DL model 1s also included in the U.S. Geological Survey program
PHREEQC (Parkhurst and Apello, 1999).

The SC models employ electrical double layer (EDL) theory, according to which it is
assumed that the concentration of a sorbed ion (X}, which is not measurable, is related to the
1on’s concentration in the bulk solution (X*) by an exponential Boltzmann cxpression:

(X = X" (3)

in which z is the charge of the ion, e***" is the Boltzmann factor (unitless), ¥ is the potential in
volts at the plane of adsorption, and F, R, and T are the Faraday constant (96,480 C/mol}, the
ideal gas constant (8.314 J/mol), and the absolute temperature, respectively.

The SC models consider and compute activity coefficients of ions and ion activities, as
well as the concentrations of free and complexed metals in solution. The models treat metal
adsorption onto surface sorption sites as a complexation reaction. Required model inputs include
the specific surface area of sorbent phascs (m?/g), the site density (moles of sites/moles of
sorbent), and instrinsic surface complexation constants for adsorption of each metal by each
sorbent phase. These constants are analogous to the equilibrium constants that describe the
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formation of metal complexes in solution. Because the SC models are relatively atomistic and
mechanistic in the way they treat adsorption, they are far better at predicting metal adsorption
behavior for conditions beyond those used to determine model parameters than are models based
on adsorption isotherms or ton exchange.

The diffuse layer (DL) model is the simplest of the SC models (U.S. EPA, 1991,
Langmuir, 1997a). Both MINTEQA?Z2 and PHREEQC contain a database of sorption parameters
(intrinsic constants) for the adsorption of metals by HFO from Dzombak and Morel (1990).
Sorption parameters for all of the toxic metal cations and anions of concern, except for Al and
Tl, are included in the database. Diffuse layer model parameters for adsorption of H*, Cd**, Cu®,
Ni**, Pb*, and Zn** by 8-MnO, have recently been published by Pretorius and Linder (2001), but
are not yet included in MINTEQA2 or PHREEQC.

5.5 Applications of the Diffuse Layer Model to Natural Systems

It has been observed that in many soils and sediments low in organic matter, HFO is the
most important metal sorbent, and the only sorbent that needs to be considered in predictions of
toxic metal sorption behavior (cf. Benjamin and Leckie, 1981). The diffuse layer model (also
called the generalized two-layer model, or GTLM) in MINTEQAZ2 has been extensively applied
in aquatic environmental studies of metal transport and attenuation. Loux et al. (1990) used the
DL model and MINTEQAZ? to predict the adsorption and precipitation behavior of eight metals
in an oxidized, sandy aquifer as a function of pH. Assuming that HFO was the only sorbent, DL
model adsorption adequately described changes in the concentrations of Ni, Pb, and Zn.
Cadmium behavior was better understood, assuming its precipitation in CdCO, (otavite).
Changes in Cu, Ba, Be, and Tl were not simply explained. Copper may have been adsorbed by
organic matter, which was not considered in the modeling.

More recently, adsorption of metals by organic matter and aluminum oxyhydroxides, as
well as HFO, has been included in DL modeling with MINTEQA?2 (Paulson and Balistieri,
1999). These authors studied neutralization of acidic ground waters by ambient surface and
ground waters using a mixing model approach. Particulate organic matter (POC) and HFO were
the chief metal sorbents. In pristine systems, Cu is usually the chief metal associated with POC;
however, in their study, Zn and Cd were mostly adsorbed by POC and Cu was mostly absorbed
by HFO.

In another study of metals in acid mine waters, Smith et al. (1998) measured and modeled
the adsorption of Cd, Cu, Ni, Pb, and Zn by strcambed sediments as a function of pH using
MINTEQA?2 and the DL (GLTM) medel. Figure 9 shows their measured adsorption results,
obtained in batch experiments, assuming 2.9 g/L. of HFO as the only sorbent. The plot shows fair
to excellent agreement between measured and predicted metal adsorption values. These authors
also measured and predicted metal concentrations in three mine drainage waters, assuming that
metal adsorption was by suspended HFO. The results, listed in Table 11, show goed general
agreement between measured and predicted metal concentrations.

32



§1ooh - T ,100,..,.,.&,
o 80 [ Tailings Site P A el Downstream / I
2 [ Juty “Cu /2 // ] Site /Cu z
- ] B i
L, g/ ZnA /o eof July o y
g 40 - / // -
% w0l ) Sea ]
Q 0 B _B:——"'/ |
=
. 20 L P Y ) - PR
3 4 5 & ?

< 100
-] 80
L]
8 50
o
LY 40
Py
- 20
3
= 0
-20
i inat pH
Final pH Data Model F p
O pPpb —
[m] Cu ——
Fay n ——
v Cd -—-
O N

Figure 9. Comparison of experimental data (symbols) for Pb, Cu, Zn, Ni, and Cd sorption
onto streambed sediment from St. Kevin Gulch, Colorado, with computer-model
simulations (curves) for sorption onto hydrous ferric oxide, at a streambed concentration
of 2.9 g/L.. From Smith et al., 1998.
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Table 11. Comparison of Model Predictions and Measured Values of Percent Metals
Associated With the Suspended Particulate Fraction of Mine-Drainage Waters From
Selected Sites

Argo-3 Rawley-3 Leadville Drain
(pH 5.6, HFO = 0.007 g/L) | (pH 6.2, HFO =0.11 g/L.) (pH 7.2, HFO = 0.001 g/L)
Predicted Measured Predicted Measured Predicted Measured
(“o) (“o) (%) (%) (%) (%)
As -- - 98 <78 - --
Pb 82 <71* 80 <93? 86 <71°
Cu 18 27 60 63 - --
Zn <1 Oto8 <1 0to9 2 3
Ni <1 <1 <] 1 — —
Cd <1 <1 <1 6 <1 <1

Model predictions made with the DL model and MINTEQAZ2. From Smith et al., 1998.

*Dissolved concentration was below the detection limit. Value computed using the limit of detection for the
dissolved concentration.

Cederberg et al. (1985) and Yeh and Tripathi (1991) considered surface complexation
modeling of metal adsorption and metal transport in ground water. Parkhurst (2002) has
developed a computer model called PHAST,? which is a 3D reactive transport model that
combines PHREEQC, which has the DL metal adsorption model, with HST3D, a ground-water
flow and transport model.

Several recent studies have measured and modeled trace metal adsorption and metal
transport in streams using a surface complexation approach to adsorption. U.S. Geological
Survey researchers of the Toxic Substances Hydrology Program have published a number of
papers using the OTEQ and OTIS models. OTEQ is a one-dimensional model for studying the
fate and transport of metals in streams and rivers. The model couples the OTIS transient storage
model with MINTEQ, which includes DI model adsorption of metals by HFO {cf. Ball et al.,
1999; Runkel et al., 1999). In their study, Runkel et al. (1999) considered in-stream metal
transport, metal oxide precipitation-dissolution, and pH-dependent sorption of copper and zinc.

? See http://wwwbrr.cr.usgs.gov/projectss§GWC_coupled.
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5.6 WHAM and Related Models for Predicting Metal Activities in Soil Moisture

MINTEQA?2 (U.S. EPA, 1991) and VMINTEQ (Gustafson, 2003) both contain
subroutines that allow estimates of the importance of metal-organic complexing if the
concentration of dissolved organic carbon (DOC) is known. Perhaps more useful in studies of
metals in soil moisture are programs such as WHAM (Tipping, 1994, 1998), and NICA (Gooddy
et al., 1995). Application of the chemical speciation model WHAM has been discussed by Tyc et
al. (2003), who successfully predicted Zn®" and Cd*" activities in soil pore water assuming the
metals were adsorbed by soil humus according to a pH-dependent Freudlich isotherm model.
Competitive adsorption between Ca** and Zn®** and Cd** could be ignored because it did not
improve model fits.

6. SOLUBILITY CONTROLS ON METAL CONCENTRATIONS AND MOBILITIES
6.1 The Importance of pH

The solubility of most metals that occur as cations is strongly pH dependent. Their
greatest solubilities are usually measured in acid systems, with solubilities that decrease as the
pH rises. For a few metals (e.g., Be[ll], Zn[II], Al[1Il}, and Fe[lIl]), metal solubility increases
again at alkaline pH values, a property which is termed amphoteric behavior (Figures 13 and 17).
In following discussions of solubility, we will focus on the pH range between 4 and 9, which
includes that of most natural waters and soils.

Tyler and Olsson (2001a, 2001b) mixed calcium carbonate with an acid Swedish
Cambisol to vary the soil pH from 5.2 to 7.8. They then studied the effect of the pH change in
the oxidized soil on concentrations of 60 elements in soil moisture. With increasing pH,
concentrations of As, Mo, S, Sb, and to a lesser degree Co, Cr, Hg, and Sr increased, whereas Al,
Ba, Fe, Mn, and Tl concentrations decreased. The pH effect on Be and Cu concentrations was
pootly defined. Metal concentration changes with increasing pH may have been caused by
increasing desorption of anionic elements (As, Mo, S, Sb, and Cr), increasing adsorption of
cationic species (Ba, Mn, and T1?), and the precipitation of oxyhydroxide solids (Al, Fe, Mn).
The ill-defined behavior of Cu with rising pH may reflect its participation in competing
reactions: (1) complexation by increasing amounts of dissolved humic substances with
increasing pH, which tend to solubilize Cu”"; and (2) increased Cu*' adsorption by solid organic
matter and metal oxyhydroxides.

6.2 Oxidation Potential and pH

Shown in Table 12* are the possible oxidation states and speciation of the toxic metals in
natural systems. Also indicated are their hard or soft acid or base character, which depends on
the oxidation state, their forms in oxidized and reduced systems, and whether they can

* Information for Table 12 was obtained from the following sources: Baes and Mesmer, 1976; Bodek et al_, 1988;
Brookins, 1988; Langmuir, 1978, 1997a; Pourbaix, 1966; and Rai et al_, 1984.
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precipitate in sulfide minerals. This distinction 1s important because the metal sulfides are
extremely insoluble, and if precipitated tend to reduce metal concentrations to below the
microgram per liter range.

The table shows that all metals forming sulfide phases (sulfide is a soft ligand) are either soft or
borderline soft.

In following discussion, the figures describe oxidation state in terms of Eh and/or pe or
pE. At 25° C and 1 bar pressure, the two are related through the expression:

pe or pE = Eh({volts)/{0.0592) (6)

Figure 10 describes the locus of measured pH and Eh values in natural waters, and the
types of waters in which the measurements have been made.” Oxygenated surface and near
surface environments have Eh values that plot near the area titled “Environments in contact with
the atmosphere.” Ground waters, because they are out of direct contact with the atmosphere, tend
to be more reducing. Waterlogged soils and sediments are among the most reduced aqueous
systems. Differences in the oxidation potential or Eh of these environments are usually related to
the abundance of organic matter and their isolation from air. Oxygen is relatively insoluble in
water, with a solubility of 8.25 mg/L at 25° C. It takes only 2-3 mg/L. of DOC in water to deplete
this oxygen content {(Langmuir, 1997a). Leenheer et al. (1974) reported a median DOC of 0.7
mg/L for U.S. ground waters. In temperate and tropic regions, soils have a mean organic matter
content of about 2—4% (Bohn et al., 1985). Langmuir (1997a) has observed that 4 mg/L. of DOC
in ground water is sufficient to make the water anaerobic. '

An Eh-pH diagram for carbon is shown in Figure 11. The stabtlity field of organic matter,
generally, if it could be plotted, would overlay the stability fields of methane and native C
(graphite) in the low Eh part of the diagram. When organic matter is in excess, and oxygen not
replenished fast enough, microbial activity can generate reducing conditions. The sequence of
reductions that result 1s shown in Figure 12. In waters and sediments where oxygen or other
oxidants are in excess, the sequence of oxidations shown in Figure 12 may proceed.

Oxidation of the organic matter in an isolated aquatic environment can deplete the
oxygen and provide conditions suitable for sulfate reduction. Precipitation of metal sulfides is
preceded by reduction of more abundant soil Fe(III) oxyhydroxides to dissolved Fe(Il) (Figure
12). This is then followed by precipitation of Fe(II) sulfides in association with the less abundant
sulfides of Cd, Zn, Co, Ni, Pb, Ag, Cu, Hg, and Mo.

> Problems with measuring Eh and the difference between measured and theoretical Eh values are discussed at length
elsewhere (¢f Langmuir, 1997a).
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Figure 10. Approximate positions of some natural environments in terms of Eh and pH.
The dashed line represents the limits of measurements in natural environments, as reported by
Baas-Becking et al. (1960).
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Figure 11. Eh-pH diagram for the system C-O,-H, at a total carbonate concentration of 10*
M. Native C is graphite. If shown, the upper boundary of the stability field for carbohydrates
would be at slightly higher Eh values than the methane/carbonate boundary. After Brookins,
1988.
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Table 12. Oxidation States of Toxic Metals as They Occur in Natural Waters and Mineral
Systems, Their Redox Sensitivity, and Their Tendency To Form Sulfides at Low Eh

Can Forin
Hard Oxidation Oxidized Reduced Sulfides at
Metal Symbel or Soft | States Forms Forms® Low Eh
Aluminum Al H 3+ AP ALY no
Beryllium Be H 2+ Be¥ Be* no
Barium Ba H 2+ Ba™ Ba® no
Strontium Sr H 2+ S S no
Cadmium Cd S 2+ ca* Cd* yes
Zinc Zn B 2+ Zn* Zn** yes
Cobalt Co B 34), 2+ (Co*H),Co™ | Co® yes
Nickel Ni B (3+), 2+ (Ni*"), NiZt | Ni** yes
Manganese Mn H 44), (3+), 2+ (4+), 2+ (34}, 2+ no®
Lead Pb B 4+), 2+ Pb* Pb* yes
Silver Ag S 1+, (0) Ag' Ag'/Ag(s) yes
Copper “Cu ‘B/S 2+, 14,0 Cu*" Cu*/Cu(s) yes
Mercury Hg S 2+, 1+,0 Hg™ Hg'Hg(l) yes
Thallium Tl S @+), 34), 1+ (TI*), (TP") | TLOGsYTI* yes
Arsenic As ‘H/S 5+,3+,0 HAsQ,> H,As0,"/As(s) yes
Antimony Sb H/S 5+, 34,0 Sb(OH), Sb(OH),%/Sb(s) yes
Chromium Cr H 6+, 3+ CrO- Cr”, Cr(OH),(s) no
Molybdenum | Mo H/S 6+, (5.334), 5+, | HMoO, MoQ, " ™™Mo,0,(s) yes
(4+) MoS,(s)

Selenium Se H/S 6+, 4+,(0), 2- Se0,> SeO,*/Se(s) HSe™ | no
Vanadium \% H S5+, 4+, 3+ H,VO, VO®, V(OH), no

Oxidation states in parentheses are found in mineral systems onty. Hard {H), soft (S), and borderline soft (B) metals

are indicated.

*Cu® is bordeline soft, and Cu+ is a soft cation,
*B/S or H/S denotes whether the oxidized species is borderline hard or hard, and the reduced species is soft.
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Other ligands that can limit maximum metal concentrations include oxygen and
hydroxide, which react with the hard acid cations Al(IIT}, Mn(III, IV), and Cr(111) to produce
insoluble oxyhydroxides. Phosphate, sulfate, and carbonate also form relatively insoluble
mineral precipitates when they react with divalent and trivalent metal cations. These are noted on
a case by case basis below.

6.2.1 Iron and Sulfur

Although iron and sulfur are not elements of concern, their behavior needs to be
discussed because it has a pivotal impact on the fate and transport of the toxic metals. Shown in
Figure 13 is a solubility diagram for the Fe(IlI} oxyhydroxides as a function of pH. Plotted are
curves showing the solubility of Fe(OH),(am), which is also termed ferrihydrite or HFO, and a
solubility curve for the crystallinec mineral goethite. Initial precipitates of Fe(IlI) oxyhydroxide
tend to be relatively amorphous, with a strong capacity to adsorb or coprecipitate trace metals.
As they crystallize with time towards goethite, they lose surface area and adsorption capacity
and tend to desorb toxic metals. Figure 13 also shows that as the pH is reduced below 7, HFO
tends to dissolve, becoming quite soluble below pH 3-4. Thus, soils and sediments at low pH
typically have little capacity to retain the metals of concern, whereas soils at higher pH values
that contain ferric oxyhydroxides may limit the release of the toxic metals to the environment.

An Eh-pH diagram for iron in the presence of carbonate is shown in Figure 14. The ferric
oxyhydroxides occupy most of the diagram for oxidizing conditions, which reflects their great
stability and insolubility. The figure shows that the stability field of amorphous Fe(OH), (pK,, =
37.1) is much smaller than that of the crystalline phase, goethite (pK,, = 44.2.), and that under
strongly reducing conditions the ferric oxyhydroxides are unstable rclative to dissolved ferrous
iron and the mineral siderite (FeCO;).

A sulfur Eh-pH diagram is given in Figure 15. The large size of the sulfate field is
consistent with the fact that sulfate is the dominant form of sulfur in most environments. The
position of the stability fields for native sulfur (S°), hydrogen sulfide, and bisulfide ion indicate
that these forms are stable only under highly reducing conditions. When we add sulfur to the iron
Eh-pH diagram as shown in Figure 16, a large stability field for pyrite (FeS,) appears at low Eh
values. Acid mine drainage is produced when pyrite is exposed to atmospheric oxygen.
Oxidation of the iron and sulfur in pyrite generates strong acidities and pH values as low as 1-2.
This tends to dissolve any nearby HFO and solubilizes toxic metals that were present as sulfides
or adsorbed to the HFO.
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Figure 13. Solubility of amorphous Fe(OH),, pK,, = 37.1 (top curve), and goethite {«-
FeOOH], pK, = 44.2 (bottom curve) as a function of pH at 25° C. Also shown are fields of
dominance of Fe’* ion and Fe**-OH complexes. After Langmuir, 1997a.
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Figure 14. Eh-pH diagram for the system Fe-0,-CO,-H,0, assuming that total dissolved
carbonate equals 10° mol/kg and total dissolved iron is 10~ mol/kg at aqueous solid
boundaries. Also shown is the position of the aqueous/solid boundaries for amorphous Fe(OH),
with pK, = 37.1 and goethite with pK, = 44.2. The figure shows that siderite (FeCO,) is
metastable in the presence of goethite. After Whittemore and Langmuir, 1975.
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Figure 15. Eh-pH diagram for the system S-O,-H,0 at 25° C, showing the fields of
predominance of the aqueous species and of elemental sulfur (§°) for ZS(aq) = 10° mol/kg

at aqueous/S® boundaries. After Langmuir, 1997a.
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Figure 16. Eh-pH diagram for the system Fe-O,-S-H,0 at 25° C, showing stability fields of
goethite (a-FeOOH), pyrite (FeS,), and monoclinic pyrrhetite (Fe,S;) for ZS(aq) = 107
mol/kg, and total carbonate 10™* mol/kg. ZFe(aq) = 10°® and 10" mol/kg at aqueous/solid
boundaries. The diagram shows that dissolved iron occurs chiefly in sulfate complexes. From
Barnes and Langmuir, 1979.
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6.2.2 Aluminum, Beryllium, Strontium, and Barium

As shown in Table 12, the hard acid cations, Al, Be, Sr, and Ba occur in only one
oxidation state. Their least soluble solids (strongest bonds) are formed with hard bases such as
OH’, SO,*, CO,*, and PO,*. Maximum AIl(III} concentrations are generally limited by the
solubility of aluminum oxyhydroxide solids, with dissolved Al concentrations less than the
solubility of amorphous Al(OH), and more greater than the solubility of gibbsite, the least
soluble form (Figure 17). The solubility of amorphous aluminum hydroxide is about 0.17 mg/L
at pH 6.5, and 6 mg/L at pH 5. If the aluminum in soils or water is derived from the leaching of
the more crystalline gibbsite, its equilibrium concentration is 0.34 pg/L at pH 6.5 and 12 pg/L at
pH 5. These calculations suggest that the Al concentration of 0.07 mg/L in average world rivers
(Table 3) that have a pH near 7 must be largely in suspension, probably in the colloidal size
range (particles less than ~10” m). Figure 17 also suggests that high Al concentrations in
soils—concentrations toxic to many plants—will generally not be found except in acid soils.

It 1s unclear what solid or solids control maximum beryllium concentrations, but the least
soluble Be phases for which there are such data are B-Be(OH), and beryllium silicate (Be,SiO,)
(Bodek et al., 1988). The computed solubility of B-Be(OH), decreases from about 7.8 mg/L Be at
pH 5 to 1.0 pg/L. at pH 9 (Figure 18). The silicate is considerably less soluble, with a solubility
of about 7.2 pg/L. at pH 5, decreasing to 0.006 pg/L at pH 8-9. These values may be compared to
the median Be concentration in surface and ground waters, which is 5 pg/L (Table 1).

The least soluble minerals of S*** and Ba®* are strontianite (SrCQ,), celestite (SrSQ,), and
barite (BaSOQ,). The solubility product of strontianite is 10, that of celestite is 10%%, and for
barite K, = 10 (Nordstrom et al., 1990). At a sulfate concentration of 96 mg/L, PHREEQC
modeling calculations give a barite solubility of 32 ug/L. Ba. This value is not far from the
median Ba concentration of 20 pg/L in surface and ground waters (Table 1), suggesting that
barite solubility must often limit maximum Ba concentrations in sotls and natural waters.
Modeling calculations indicate that celestite and strontianite are too soluble to limit Sr
concentrations in general, so that strontium is most often limited by coprecipitation with the Ca
carbonates or adsorption by clays.
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=10"*?, as a function of pH at 25° C. Also shown arc lines indicating the solubility
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6.2.3 Cadmium, Zinc, Cobalt, Nickel, and Lead

These metals are classified as either soft or borderline soft. Their metal sulfides are quite
insoluble at low Eh, even at low metal and suifide concentrations (Figures19 through 24). For
example, CdS (greenockite) precipitates and has a large stability field even for Cd = 11 pg/L
(107 mol/kg) and total sulfur at 0.3 mg/L. The insolubility of the sulfides of Zn, Co, Ni, and Pb
is similar. Other important Cd and Zn minerals include their carbonates, although the carbonates
are relatively soluble at pH values below 8. Pure metal-containing mineral phases generally do
not control the dissolved concentrations of Cd, Ni, or Zn in aerobic soils. These metals are more
often controlled through adsorption or coprecipitation by oxyhydroxides of iron, manganese, and
aluminum.

Lead is relatively immobile in soils, sediments, and ground waters. This reflects its strong
tendency to be adsorbed by Fe and Mn oxides, but also the insolubility of a number of lead
minerals including lead hydroxycarbonate (Figure 23), which limits lead concentrations in some
public water systems, and pyromorphite (Figure 24), which controls lead concentrations in some
soils adjacent to highways affected by road salt and leaded gasoline exhaust.

6.2.4 Manganese

Unlike most the other metals of concern, except aluminum, manganese is often
precipitated in soils and sediments as manganese minerals. Environmentally, the most important
of these minerals are the Mn(I1I/IV) oxides. Figure 25 shows that these phases are stable and
relatively insoluble in oxidized systems above pH 6—7. The Mn oxides are often stronger
sorbents of trace metals than is HFQ. Suarez and Langmuir (1976) found that most of the Co, Ni,
Cu, Zn, Pb, Ag, and Cd in a Pennsylvania soil were associated with Mn and Fe oxides. The Mn
oxides held the highest metal amounts relative to their abundance. Rhodochrosite is an important
Mn mineral, but only under reducing conditions. Manganese does form a sulfide, but it has a
small stability field and is a rare mineral.

6.2.5 Silver, Copper, and Mercury

Eh-pH diagrams for these metals are shown in Figures 26 through 28. As soft metals,
silver and mercury form strong complexes with borderline soft Cl ion, which may dominate the
solution chemistry of these metals. Silver and mercury form even stronger complexes with the
soft halogens bromide and iodide. Silver, copper, and mercury are highly inseluble in reduced
environments, where they precipitate as metals or as sulfides. Copper is insoluble above pH 7-8
(becausc of the precipitation of tenorite, CuQ) and in the presence of abundant carbonate of Cu®*
carbonate mincrals.

Bodek et al. (1988) offer a useful summary of the behavior of mercury. Hg(1l) is usually
complexed—in pure water as Hg(OH),®, and at chloride concentrations typical of fresh waters
(<107 mol/kg) as HgCl,*. Both Hg(11) and Cu(ll) form strong humate complexes, so that in soils
>99.9% of the metals may be complexed.
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Figure 20. Eh-pH diagram for the system Zn-0,-CQO,-S-H,0, assuming that XZn = 10 and
10 mol/kg, ZC = 107 mol/kg, and XS = 10~ mol/kg. After Brookins, 1988.
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mol/kg, 2C = 10° mol/kg, and XS = 10~ mol/kg. After Brookins, 1988.
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Figure 25. Eh-pH diagram for the system Mn-0,-CO,-S-H,0, assuming that ZMn = 106
mol/kg, ZC = 10 mol/kg, and ZS = 10~ mol/kg. MnS is the very rare mineral alabandite. After
Brookins, 1988.
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Figure 26. Eh-pH diagram for the system Ag-0,~C1-S-H,0, assuming that ZAg = 10
mol/kg, ZC1 = 10°* mol/kg, and ZS = 10 mol/kg. Diagram shows the importance of Ag
chloride complexing and the large stability field for metallic silver. After Brookins, 1988.
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Figure 27. Eh-pH diagram for the system Cu-0,-S-H,0, assuming that ZCu = 10 mol/kg
and XS = 107 mol/kg. After Drever, 1997.
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Mercury 1s biologically methylated only in environments low in sulfide. The stable
methyl mercury species in fresh waters is CH;HgOH. The methyl mercury cation, CH,Hg",
complexes with ligands containing C, P, O, N, and the halogens, and forms very stable
complexes with sulfur-containing ligands. In oxidized, fresh waters the Hg(II) methyl hydroxo
and methyl chloro complexes dominate. As is copper.

Mercury and copper are strongly adsorbed by organic matter. All three metals are also
strongly adsorbed by Fe(11I) and Mn oxides, and secondarily by clays. Sorption of mercury is
very fast and practically irreversible (Bodek et al., 1988). By inhibiting mercury sorption, Hg-Cl
complexing helps to mobilize the metal. Dimethyl mercury is very insoluble in water and tends
to be volatilized from soils.

6.2.6 Thallium

In oxidizing environments, dissolved thallium is limited to concentrations of less than 2
pg/L (10® mol/L) by the low solubilities of the thallium 4+, 3+ and 2+ oxides (Fig. 29). The
solubility product of TI(OH),, which should be more soluble than T1,0, in Figure 29, is 1052,
which makes this phase highly insoluble between pH 4 and 10. Only in highly reducing systems
as T1" is the metal soluble. T1"is a weak complex former. The sulfide of T1" is stable only above
pH 12. Limited data indicate that Tl is strongly adsorbed by montmorillonite clays and
manganese oxides (Bodek et al., 1988).

6.2.7 Arsenic, Antimony, Chromium, Molybdenum, Selenium, and Vanadium

These six elements occur chiefly as oxyanions in oxidizing environments. As such they
are relatively mobile, although they are adsorbed by ferrihydrite under acid to neutral conditions.
Consistent with Figure 7, on a number of different sorbent phases, the decreasing order of
adsorption is usually As > Cr » Mo > Se = S (Bodek et al., 1988). Arsenic and phosphorus
chemistry are similar under oxidizing but not reducing conditions. Figure 30 shows the stability
ficlds of dissolved As(V) and As(II} specics in pure water. With the addition of sulfur, insoluble
As sulfide minerals are precipitated at low Eh (Figure 31) in the ficld otherwise occupied by
arsenious acid species.

As suggested by the absence of a solid phase field in Figure 32, antimony may be too
soluble for its concentration to be limited by mineral precipitation. The least soluble Sb phase 1s
probably Sb(OH),, which does not precipitate until ZSb concentrations exceed about 10°%%
mol/kg, or 26 pg/L (Bames and Langmuir, 1978). Antimony is a weak complex former, except
for its reaction with sulfur at low Eh to form sulfide complexes.
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Figure 29. Eh-pH diagram for the system T1-0,-S-H,0, assuming that Tl = 10" and 10*
mol/kg and IS = 10”° mol/kg. The diagram shows the insolubility of the higher-valent Tl oxides

under oxidizing conditions. After Brookins, 1988.
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Figure 30. Eh-pH diagram for the system As-O,-H,O showing the relative stabilities of
arsenate (arsenic acid, As{V]) and arsenite (arsenious acid, As[IIl]) species under oxidizing
and reducing conditions.
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Figure 31. Eh-pH diagram for the system As-0,-S-H,0, assuming that ZAs = 10° mol/kg
and IS = 10™ mol/kg. The diagram shows that in the presence of reduced S, the As sulfides
control As solubility and take over the stability field of dissolved As(IlI) species in Figure 26.
After Brookins, 1988.
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Chromate (Cr[VI]) species (Figure 33) predominate and are highly mobile in oxidized
systems, except for their tendency to be adsorbed, particularly by Fe(I1l) and Mn oxides below
pH 8. Chromate is in general weakly complexed. In contrast, Cr(I1I}, which dominates in
reducing environments, is a strong, hard-acid complex former. Cr(III) complexes with hydroxyl,
sulfate, organic ligands, and other species, which increases its stability and thus raises the
Cr(II1)/Cr,0, boundary to higher pH values. This increases the solubility of Cr,O,. Organic
matter, Fe*", and H,S can reduce Cr(VI) to Cr(Ill). Manganese oxides in soil can adsorb Cr(11I)
and oxidize it to Cr(VI). As shown in Figure 7, adsorption of chromate by HIFO decreases with
increasing pH, whereas Cr(III) adsorption increases as the pH rises.

Molybdate is highly mobile in oxidized environments (Figure 34), except for its tendency
to be adsorbed by Fe(III) oxides below pH 7. Also under acid conditions, in soils and waters
high in Fe(1I), molybdate may precipitate as ferrimolybdite (Fe,[MoO,};[s]), which is stable up
to pH 5 for ZFe(Ill) = Mo = 10°® mol/kg (Barnes and Langmuir, 1978). Under reducing
conditions, Mo is immobilized by the low solubility of the Mo oxides and MoS,.

The redox behavior of selenium (Figure 35) is similar to that of sulfur (Figure 15) in that
(1) Se(V1) oxyanions predominate under oxidizing conditions, (2) the element has a stability
field under reducing conditions, and (3) metal cations react with Se(2-) to form insoluble
selenides. Selenate is highly stable and not readily reduced by H,S or Fe*'. The very low
solubility of native Se indicates that it is an important sink for dissolved Se in reducing
environments. Se(2-) forms very insoluble metal selenides with the following -log K, values:
26.0 (FeSc), 60.8 (Cu,Se), 48.1 (CuSe), 29.4 (ZnSe), 35.2 (CdSe), 64.5 (HgSe), and 42.1 (PbSe)
(Bodek et al., 1988).

Selenite salts are less soluble than selenate salts. Selenite and selenate are both strongly
adsorbed by the Fe and Al oxyhydroxides. Phosphate and sulfate effectively compete with
selenite and selenate for sorption sites on Fe oxides.

Like chromium, vanadium occurs as an oxyanion at high Eh values and in cationic form
under reducing conditions (Figure 36). Vanadate probably forms an insoluble precipitate with
Fe(1ll) below pH 7, although the evidence is limited. The V(III) and Fe(III} oxides are
1sostructural, suggesting that V(I1I) may substitute for Fe(IIl) in the iron oxides (Rai et al.,
1984). A problem with this idea is the low Eh stability of V(III) versus the higher Eh stability of
the Fe(IlI) oxides. In soils, the distribution of V closely follows that of secondary Fe(Il!) oxides,
probably because of V adsorption by the oxides. Vanadium is readily reduced and mobilized by
so1l organic matter, even under oxidizing conditions.
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Figure 33. Eh-pH diagram for the system Cr-O,-H,0, assuming that the concentration of
ZCr = 10°° mol/kg at solid/liquid boundaries. After Brookins, 1988.
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Figure 34. Eh-pH diagram for the system Mo-O,-S-H,0, assuming that ZMo = 10 mol/kg
and S = 107 and 10~ mol/kg. After Barnes and Langmuir, 1978.
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Figure 35. Eh-pH diagram for the system Se-O,-H,0. Solid/liquid boundaries drawn for ZSe
= 10" and 10* mol/kg. After Barnes and Langmuir, 1978,
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mg/L as VO, ). After Langmuir, 1978.
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7. SOIL TRACE METAL TRANSFER TO PLANTS AND THE BIOAVAILABILITY OF
SOIL-METALS

The potential risk that trace clements in soils pose to the feed- and food-chain has been
intensively examined during the last 35 years. One purpose of that investigation has been to
understand the risk from application of biosolids (municipal sewage sludge) and other metal
contamination sources to soil.

During this period, the “soil-plant barrier” concept was introduced to communicate how
metal addition, soil chemistry, and plant chemistry affected the risk to animals from metals
mixed in soil (Chaney, 1980). Reactions and processes that take place at the soil-plant barrier are
influenced by the following: (1) solid metal sources (e.g., Fe, Al, and Mn oxyhydroxides and
organic matter) may have adsorptive surfaces that influence soil chemistry; (2) adsorption or
precipitation of metals in soils or in roots limits uptake-translocation of most elements to shoots;
(3) the phytotoxicity of Zn, Cu, Ni, Mn, As, B, AL, F, etc., limits residues of these elements in
plant shoots to levels chronically tolerated by livestock and humans; and (4) food-chain transfer
of an element may not constitute a risk, but the direct ingestion of the contaminated soil may.

A summary of metal tolerances by plants and livestock is presented in Table 13. It should
be noted that the NRC (1980) committee which identified the maximum levels of metals
tolerated by domestic livestock based its conclusions on data from toxicological-type feeding
studies in which soluble metal salts had been mixed with practical or purified diets to examine
animal response to the dietary metals. If soil is incorporated into diets, metal solubility and
bioavailability may be much more limited than in the tests relicd on by NRC (1980). For
example, it has been noted that until soil exceeds about 300 mg Pb kg™', animals show no
increased body burden from ingesting the soil (Chaney and Ryan, 1993). Other metals in
equilibrium with poorly soluble minerals or strongly adsorbed in soils are often much less
bioavailable than they would be if they occurred in more soluble salts.

The chemistry of metals in soils is affected by the presence of ions which can cause
precipitation of the metal, organic matter and sesquioxides which can adsorb metals, redox
changes which affect the chemical species of the mctal present, and similar factors discussed in
the section about water chemistry. Soils are usually in a relatively restricted pH range of 5.5 to 8
for high-producing soils, and as wide as 4 to 9 in nearly all soils in the general environment.
Industrial contamination with acids or bases can cause lower and higher pH than this practical
natural pH range: as low as pH 2 and as high as pH 11. Usually, such contaminated sotls are
barren due to infertility or phytotoxicity of soil elements affected by extreme pH.

Many elements (e.g., Si, Ti, Fe, Pb, Hg, Al, Cr*', Ag, Au, Sn, Zr, and other clements that
serve as a label for soil contamination of plants and diets [Y]) are so insoluble in oxidized soils
between pH 5.5 and 8 that they are not a risk even when soils with relatively high concentrations
are ingested by livestock. When present at very high concentrations, elements that may posc a
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risk because of absorption in the intestine when contaminated soils are ingested include F, Pb,
As, and Zn. This process is also important for animals that consume soil biota such as
earthworms. The earthworm is consumed without depuration on internal soil, giving cxposure to
high levels of dietary soil—perhaps 35% of dry weight.

Table 13. Maximum Tolerable Levels of Dietary Minerals for Domestic Livestock in
Comparison With Levels in Forages

Element | “Soil- Level in Plant Foliage® Maximum Levels Chronically Tolerated®

I];Lar“rtier” Normal | Phytotoxic | Cattle Sheep Swine Chicken
mg/kg™! dry foliage mg/kg! dry diet

As, inorg. | Yes 0.01-1.0 3-10 50 50 50 S0

B Yes 7-75 75 150 (150) (150) (150)

Cd° Fails 0.1-1 5-700 0.5 ¢.5 0.5 0.5

Cr Yes 0.1-1 20 (3,000) | (3,000) (3,000) 3,000

Co Fail? 0.01-03 25-100 10 10 10 10

Cu Yes 3-20 2540 100 25 250 300

F Yes? 1-5 - 40 60 150 200

Fe Yes 30-300 - 1,000 500 3,000 1,000

Mn ? 15-150 | 400-2,000 | 1,000 1,000 400 2,000

Mo Fails 0.1-3.0 100 10 10 20 100

Ni Yes 0.1-5 50-100 50 (50) (100) 300)

Pb* Yes 2-5 - 30 30 30 30

Se Fails 0.1-2 100 ) (2) 2 2

\Y Yes? 0.1-1 10 50 50 (10) 10

Zn Yes 15-150 500-1,500 | 500 300 1,000 10,00

*Based on literature summarized in Chaney et al., 1983.

"Based on NRC, 1980. Continuous long-term feeding of minerals at the maximum tolerable levels may cause adverse
effects. NRC estimated the levels in parentheses by extrapolating between animal specics when data were not
available for an animal.

‘NRC based the maximum levels tolerated of Cd or Pb in liver, kidney, and bone in foods for humans rather than
simple tolerance by the animals. Because of the simultancous presence of Zn, Cd in animal tissues is less
bioavailable than Cd salts added to diets.
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Freshly applied metal salts are not in equilibrium with soil and have a greater
phytoavaitability than they would exhibit upon equilibrating with the soil over time. The
phytoavailability and bioavailability of metals may also be reduced if the metals are adsorbed,
chelated, or precipitated before ingestion by children or grazing livestock.

An example of the interaction phenomenon is the toxicity of biosolids or manure-applied
Cu or Zn to animals. Cu-deficiency-stressed animals are more sensitive to dietary Zn than
animals fed Cu-adequate diets, but biosolids-fertilized crops are not low in Cu, so ordinarily Zn
phytotoxicity protects all livestock, including the most sensitive ruminants. Similarly, Cu
toxicity to sensitive ruminant animals is substantially reduced by increased dietary levels of Zn,
Cd, Fe, Mo, and SO, or sorbents such as soil organic matter. In contrast with the predicted
toxicity from Cu in ingested swine manure or biosolids, reduced Cu absorption has been
observed unless ingested biosolids exceed about 1,000 milligrams Cu kg™ or manure is fed at
50% of diet.

An important interaction which reduces risk from Cd is the normal 1 Cd:100 Zn ratio of
geogenic Cd. Although culture of crops in strongly acidic soils allows uptake of increased levels
of Cd and Zn, the presence of Zn in the crops inhibits uptake of Cd. Because Cd and Zn are
taken up from acidic soils at about the ratio of the total metals in the soil, Zn phytotoxicity (at
500 mg Zn kg™') serves as a natural maximal limit on crop Cd, and plant (intrinsic) Zn inhibits
absorption of plant Cd in animals. These factors very significantly reduce soil Cd risk compared
to risks observed in toxicological studies that tested risks from Cd salts.

The potential for plant uptake to allow metals to be transferred to feed- and food-chains
has been extensively studied. Uptake slopes measured in pot studies are much higher than those
found in the field, so greenhouse or growth chamber studies cannot be used to estimate
environmentally rclevant uptake slopes. Unfortunately, only a small fraction of the valid field
studies were conducted under poor management conditions rather than recommended “Best
Management Practices.” It is very clear that strongly acidic soils increase plant uptake of Zn, Cd,
Ni, Mn, and Co, and increase the potential for phytotoxicity from Cu, Zn, and Ni. Alkaline soil
pH increases uptake of Mo and Se, while Pb and Cr are not absorbed to any significant extent at
any pH (Chaney and Ryan, 1993).

For the strongly adsorbed metal cations, the pattern of response for biosolids-applied
metals has been found to be strongly curvilinear (plant metal concentration approaches a plateau
with increasing soil metal concentration) rather than being a linear plant:soil relationship with
increasing concentration—if several potential errors in the research methodology are avoided.
First, comparison of application rates is only valid after the system has equilibrated for a period
(e.g., during rapid biodegradation of biosolids-applied organic matter; when biosolids are applied
at high rates, uptake can be increased for several years due to formation of biodegradation by-
products which increase metal diffusion and convection to the roots). The effect is more
significant for Poaceae than other species, perhaps due to the role of phytosiderophores in metal
uptake. Second, soil pH levels should be equal across rates studied; co-variance of soil pH
should be used to correct for unequal soil pH. Studies by Bell et al. (1988) found a strong plateau
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response when pH co-variance was incorporated in the data assessment. Third, the metal
concentration in the source applied affects the slope of metal uptake {or the increase above the
background plant metals when the plateau is reached); higher metal concentration in the source
means higher phytoavailability at equal metal applications (Jing and Logan, 1992). The presence
of metal-adsorbing sesquioxides in many biosolids decreases the slope or increment at the
plateau. The natural limitations on metal uptake and bioavailability, including the plateau
response, prevent toxic levels of most metals being reached in plants used as food or feed.

Protection of wildlife is similar to that of livestock; wildlife’s diet can consist entirely of
plants grown on a contaminated site. In cases involving wildlife in unmanaged ecosystems,
maximal plant residues may exceed those allowed on managed farmland—wildlife may cat sick
plants which would not be harvested by a commercial grower. Evaluation of a rich literature on
wildlife exposure to metal-contaminated soils indicates that animals which consume earthworms
are the highly exposed individuals (Brown et al., 2002): 35% of an earthworm is soil, on a dry
matter basis. But the soil in the earthworm can adsorb mctals, reducing their bioavailability. Of
the metals, only mercury in the methyl-mercury form is actually biomagnified, and very little of
the mercury in soils is in that form. Se can be incorporated into proteins and also be
biomagnified. Other metals are instead “biominified,” according to many studies (Beyer et al.,
1993). Nearly all of the metals ingested in forage materials or earthworms—in some cases,
>99,9% —are excreted. Thus, the increase in risk with increasing trophic level seen with
chlorinated hydrocarbons has not been seen with metals in soils .

Each element must be considered separately because of its unique chemistry. For
example, arsenate is more strongly adsorbed than arsenite; when a soil is flooded to grow rice,
soil microbes can reduce arsenate to arsenite and the higher concentration of dissolved arsenite
can be phytotoxic to rice in more highly contaminated soils. Generally, for As, the most sensitive
crop is rice because soils are reduced for rice production. Most clements have little potential for
redox change with change in the redox status of soils. Besides forming arsenite, reduced soils
also form less soluble forms of U. Reduced soils can form sulfide, and sulfide forms low-
solubility compounds with most of the metals of concern in soils, including Pb, Zn, Cd, Cu, and
Ni (Table 12). These low-solubility species can become deficient for rice. Upon oxidation of the
soil, sulfide is quickly oxidized and the metals arc returned to more normal equilibrium reactions
of aerobic soils.

Much research has been conducted using muiti-element analysis of plants and animals
exposed to soil metals. One group of studies used neutron activation analysis of biosolids, soils,
crops, and animals {(e.g., Chaney et al., 1978). More recently, ICP-MS and other very sensitive
analytical methods have been used to examine soil solution and soil-plant transfer of 60 elements
as a function of soil pH (Tyler and Olsson, 2001a, 2001b). These studies provide evidence which
further supports the concept of the soil-plant barrier. A few elements may require further
evaluation in connection with industrial sources that can—despite the fact that they are normally
poorly absorbed from soils—introduce them into soils at very high concentrations. When a high
metal concentration source reaches soil, the soil processes that limit risk may be overwhelmed, at
least for clements that are weakly accumulated by plants (e.g., Tl, Be).
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8. LINKING METAL SPECIATION AND METAL TOXICITY: THE BIOTIC LIGAND
MODEL APPROACH

8.1 Overview of Biotic Ligand Model Development

The biotic ligand model (BLM) approach is used to predict metal toxicity by linking
chemical equilibrium models (which estimate metal speciation in solution) to metal
complexation at the biological surface. The framework of the BLM approach synthesizes over 30
years of research on the geochemistry and toxicity of trace metals (Paquin et al., 2002). The first
general descriptions of the approach were provided by Pagenkopf (1983), with his gill surface
interaction model, and by Morel (1983}, who formulated a free ion activity model. About 10
years later, Playle et al. (1992, 1993a, 1993b) provided additional information on the effect of
anionic complexation and competition with other cations on trace metals binding to fish gills.
These data were later integrated with toxicity data by Di Toro et al. (2001), who developed a
version of the BLM model to predict the acute toxicity of copper and silver to several freshwater
species.

8.2 Metal Speciation Estimation

A key component of the BLM approach is the estimation of trace metal complexation by
inorganic and organic ligands in solution. While the use of chemical equilibrium models for
complexation by inorganic and synthetic ligands is relatively straightforward, predicting
complexation by dissolved natural organic matter is more challenging, given such matter’s
heterogeneous character. Basically, two different estimation approaches have been used in the
BLM. The first (e.g., Di Toro et al., 2001), uses a modified CHESS speciation code (Santore and
Driscoll, 1995) that includes the WHAM V (Tipping, 1994) approach to model complexation by
organic matter. WHAM V is based on an extensive dataset for natural organic matter and
considers mono- and bidentate complexation and the influence of electrostatic interactions on
binding. Proton binding and competitive metal binding are described for two types of acid
groups. Each group is assigned a range of intrinsic pKs that are given median and range values.
The second approach uses the MINEQL+ (Schecher and McAvoy, 1994) speciation code, and a
single binding constant measured for a natural organic matter sample (e.g., McGeer et al., 2000).

The other key component of metal speciation by BLM models is the complexation by the
biotic ligand, for example by the gills of fish in the original models. Two approaches are
currently used to estimate the amount of metal associated with a biological surface. The first,
which is more mechanistically based, relies on measured conditional binding constants of the
metals to the biological surface (e.g., MacRae et al., 1999). The second BLM approach is more
empirical and uses complexing by a hypothetical biologically active surface ligand as a fitting
parameter to relate metal speciation to the observed metal toxicity (e.g., De Schamphelaere and
Janssen, 2002). In the later approach, in addition to the free metal ion, binding of metal
complexes such as CuOH" (De Schamphelaere and Janssen, 2002) and AgCI° (Paquin et al.,
1999) may also be considered.
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In toxicity testing at relatively high metal concentrations, the measured or estimated
binding constants are often roughly constant for different biological ligands. This is presumably
because surface complexation is associated with similar low-affinity chemical moieties in each
case. For example, Heijerick et al. (2002a) noted the similarity of published binding constants
for zinc: experimentally derived log K, 5, values of 5.3 to 5.6 (Alsop and Wood, 2000} and 5.1
(Galvez et al., 1998) for rainbow trout, and estimated values of 5.4 for steelhead trout (Cusimano
et al., 1986) and 5.3 for Daphnia magna (Heijerick et al., 2002b). Conditional stability constants
for copper are also almost constant for fish gills, with experimentally derived log K¢,p, values of
7.5 for rainbow trout and 7.3 for brook trout (MacRae et al., 1999} and 7.4 for fathead minnows
(Playle et al., 1993a). But the binding constants are different for other organisms, with an
estimated log K,g; of 8.0 for Daphnia magna (de Schamphelaere et al., 2002) and expected
differences for non-chitinous invertebrates such as Lumbriculus variegatus (Meyer et al., 2002).
Some of these differences may also be due to differences in experimental and model design, as
there are no standardized methodologies and procedures for deriving data for conditional
stability constants.

The effects of pH on metal toxicity can be illustrated with the BLM model, which can
consider changes in aqueous metal speciation and competition of H' with metals for binding sites
at the biological surface. For example, using the BLM approach (Di Toro et al., 2001), we
estimated the competitive effect of H' from pH 5 to pH 9 on copper and silver binding to the
gills of fathead minnows in Lake Superior water (Figure 37). The effect shown in the figure only
relates to competition for binding to the gill surface, not to changes in copper or silver speciation
in solution. This is because total dissolved metal concentrations were increased with pH so that
free metal concentrations remained constant. In a toxicologically relevant metal concentration
range and pH, the direct competition of protons for binding to the gill surface is weak due to the
higher affinity of Cu** and Ag” ions for binding sites. Neither copper nor silver is completely
displaced from the surface even at pH 5. Copper associated with the gills almost doubles from
pH 5 to pH 7, and competition between Cu”* and CuOH" becomes significant at pH 8 and above.
In contrast to copper, there is almost no predicted competition of H' with silver. In fact, no
experimental data support competition of H" with silver; the small reduction of Ag" bound to the
gill at pH below 6 is presumably an artifact rclated to the use of an empirically derived lower
proton binding constant for the silver BLM (Paquin et al., 1999).

8.3 Validation Studies

Whilc the toxicity of trace metals can vary by several orders of magnitude, studies that
have validated the BLM approach with independent datasets indicate that BLM-predicted
toxicity is generally within 2 times the observed toxicity. De Schamphelaere et al. (2002)
validated their BLM model for predicting acute copper toxicity to Daphnia magna using
independent toxicity test data conducted with 25 reconstituted media representative of European
natural waters and with 19 spiked European natural waters. Heijerick et al. (2002b) conducted a
similar validation using 17 reconstituted media to predict zinc acute toxicity to Dapfnia magna.
Santore et al. (2001) have also tested their BLM model for acutc copper toxicity to fathcad
minnows by comparing their prediction to the toxicity test results for two effluent-impacted
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streams in the United States. Finally, the model developed by McGeer et al. (2000) to predict
acute silver toxicity to rainbow trout also accurately predicted the toxicity measured in 31
toxicity test results obtained from 10 different independent studies. The BLM approach has thus
been validated and shown to be mechanistically based for the prediction of trace metal acute
toxicity to certain indicator species.
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Figure 37. Effect of pH on the BLM-predicted (HydroQual, 2002) Cu®" and Ag*
accumulation in the gills of Pimephales promelas. Lake Superior average composition
(Erickson et al., 1996) and freshwater criteria maximum total dissolved concentrations (U.S.
EPA, 2002c) of 205 nM for copper and 32 nuM for silver assumed at pH 5. Total dissolved
concentrations were increased with increasing pH so that free copper and free silver
concentrations would remain constant. Silver BLM: Log Ky, i, = 4.3 and Log K., i = 7.3.
Copper BLM: Log Ky, i, = 5.4 and Log Ky, s = 7.4
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8.4 Current Limitations and Future Research

The BLLM approach’s limits are mostly related to its inherent assumption that (1) trace
metal speciation and metal uptake are in chemical equilibrium and (2} the biotic ligand remains
unmodified through exposure. The model also assumes that metal uptake or expression of the
biological response is the rate-limiting step. Trace metals in surface waters and exposure media
are not always in chemical equilibria, especially with natural organic matter. Campbell (1995)
reviewed other exceptions to the BLM’s assumptions, such as direct uptake through passive
diffusion of lipophilic complexes or kinetically controlled uptake of some trace metals because
of their fast uptake. The assumption that the affinity of the biotic ligand is constant has also been
chalienged. There are physiological responses to metal exposures that might affect metal uptake.
In addition, prior sublethal exposures to metal or the quality of the diet have been shown to
affect the binding of metal to fish gills (e.g., Alsop and Wood, 2000; Szebedinszky et al., 2001).
Variation in the affinity of the biotic ligand for metals will be especially important for the
prediction of chronic toxicity.

Extensive current research is focused on predicting chronic toxicity and metal mixture
toxicity. Applying the BLM model to chronic toxicity is not straightforward, since the
physiological mechanisms involved are likely to be much different. Similarly, predicting the
toxicity of metal mixtures that have different modes of action is difficult. For example, Cu and
Ag affect ionoregulation, whereas metals such as Ni have respiratory effects. Accounting for
such differences will require further refinement of the BLM model. However, it can be expected
that the toxicity of metal mixtures in which the metals have the same mode of action can be
predicted using the current BLM framework.

9. ATMOSPHERIC CHEMISTRY OF THE METALS

Metals are ubiquitous components of particulate matter in ambient air and are emitted by
numerous natural and anthropogenic sources. Richardson (2002) included volcanic eruptions and
emissions, entrainment of soil and dust, entrainment of sea salt spray, and natural forest fires as
significant metals emission sources. Most metals are removed from the atmosphere by deposition
and have relatively short atmospheric half-lives. Table 14, abstracted from Seinfeld and Pandis
(1998), presents average atmospheric residence time and airborne concentrations for some
metals in California.
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Table 14. Atmospheric Metals

Average Concentration
Metal Residence Time (days) (ng/m*)
Arsenic Unknown 2.4
Cadmium 7 1-2.5
Nickel Unknown 7.3
Beryllium 10 0.11-0.22
Lead 7-30 270-820
Mercury 0.3-2 years 0.37-0.49 ppb

A substantial part of the atmospheric chemistry of metals takes place in the aqueous
phase, where it is not significantly different from aqueous chemistry in other media. Constructs
described elsewhere in this report {e.g., pH-Eh diagrams and geochemical computer models)
may be used to determine metal speciation in atmospheric aquatic aerosols. However, the
application of such diagrams and models, which assume that metal species are in chemical
equiltbrium, must be limited to describing metal speciation reactions that can equilibrate in
seconds or less. These include many acid/base and metal complex formation reactions, but not
most reactions involving adsorption, oxidation/ reduction, or mineral precipitation. Atmospheric
metal reactions that take longer to equilibrate must be studied in terms of their reaction kinetics
rather than equilibrium chemistry.

Seinfeld and Pandis (1998) present a detailed discussion of the acid-base chemistry of
atmospheric water that may be useful in modeling metal speciation. In addition, sorption to
particles, deposition, and gas phase redox chemistry may be important for some metals (Bodek et
al., 1988). Deposition is largely a function of the properties of particulates, not the sorbed or
incorporated metals. Redox chemistry takes place through oxidation with free radicals such as
OH or through direct photolysis of metal complexes (Finlayson-Pitts and Pitts, 1986). Due to the
oxidizing nature of the atmosphere, metals are often converted to their most oxidized stable
forms.

Metals have not been a major component of EPA air programs. Lead is listed as a criteria
pollutant under the Clean Air Act. A group of metals including antimony, arsenic, beryllium,
cadmium, chromium, cobalt, lead, manganese, mercury, nickel, and selenium are listed as
hazardous air pollutants under the Clean Air Act. Of these only a few have concerns related to
speciation. Arsenic is listed for “inorganic” and arsine forms; the listing for chromium makes a
distinction between Cr(I1l) and Cr(VI}; mercury is listed for elemental, inorganic (apparently
divalent), and methyl forms; and nickel is listed as salts, refinery dust or subsulfide, and carbonyl
(U.S. EPA, 1994). Deposition of metals from the atmosphere 1s under consideration by the
Office of Water (U.S. EPA, 2003). This latter program is primarily concemned with deposition,
speciation, and transformation after deposition of mercury, although lead and cadmium are
involved to a lesser extent. The State of California has a comprehensive program for monitoring
airborne metals through its air toxics monitoring network.
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With very few exceptions (e.g., hexavalent chromium, nickel refinery dust, mercury),
EPA does not consider bioavailability or speciation in risk assessment of atmospheric metals;
rather, risks are assessed on the basis of total or respirable airborne metal concentrations (U.S.
EPA, 1998). EPA assesses risks for lead with a set of pharmacokinetic models known as the
integrated uptake biokinetic (IEUBK) and Adult L.ead models. Although these models explicitly
consider oral bioavailability of lead, they do not consider inhalation bioavailability.

Most sampling and analytical techniques published by EPA for metals in air are oriented
toward evaluation of particulate-phase total metals rather than metal species (U.S. EPA, 1999a).
These methods involve collection of either total or respirable particulate fractions with
subsequent analysis by X-ray fluorescence, atomic absorption, inductively coupled plasma,
proton-induced x-ray emission, or neutron activation analysis gamma spectroscopy techniques.
The one notable exception is a method for mercury (Method 10-5) that speciates vapor and
particulate forms. To the extent that metals are sorbed to particulate phases, analysis of
individual metal specics can, at least theoretically, be accomplished by the same techniques used
to analyze those species in other solid media.

Of all the metals of interest, mercury has the most compiex and best understood
atmospheric chemistry (Lindqvist, 1994; Munthe, 1994). In the gas phase, mercury is oxidized
by O, and NO,; aqueous-phase chemistry includes oxidation of elemental mercury by free
radicals such as OH and HO,. Both vapor phase and aqueous atmospheric chemistry may involve
heterogencous-phase components. EPA has made a substantial effort to evaluate the atmospheric
fate of mercury due to the requirements of the Clean Air Act. The Mercury Study Report to
Congress (RTC) (U.S. EPA, 1997) contains a complete qualitative and quantitative evaluation of
mercury’s atmospheric fate based on the state of knowledge when the report was written. EPA 1s
also working with the University of Wisconsin to quantify mercury transformations in the
atmosphere, including depositional behavior.$

9.1 Discussion and Recommendations About Atmospheric Metal Chemistry

Metal speciation and chemistry have not been significant components of EPA’s
evaluation and assessment of environmental metals. The impetus toward a more comprehensive
evaluation of metals must start with qualitative and quantitative toxicology. If there is a
significant difference among the various atmospheric metal species with respect to toxicology
(as 1s the casc with divalent and elemental mercury), then expenditure of resources on
environmental fate models, development of analytical techniques, and monitoring may be
warranted. To some extent, the Mercury RTC (U.S. EPA, 1997) is a paradigm for a complete
multimedia exposure and risk assessment for metal species. The resources and management of
the development of the RTC may be used as a benchmark by EPA for the development of similar
efforts for other metals.

® EPA Grant R829798. Project officer: Bill Stelz, NCER.
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10. BETERMINATION OF METAL SPECIATION IN WATERS AND SOILS
10.1 Unfiltered Versus Filtered Water Samples

The metals transported by surface and ground waters are present in true solution as ionic
or molecular species, and in suspended particles (cf. Stumm and Morgan, 1996; Langmuir,
1997a). The suspended particles can be colloidal in size and as small as 10 to 100 Angstroms
(10 to 10 m). By definition, metals that pass through a 0.45 pm (4.5 x 10”7 m) filter are usually
assumed to be dissolved. Because colloidal particles range in size from less than 10 m to about
10” m, a significant fraction of particulate metal concentrations can pass through a 0.45 pm filter
and be listed as dissolved. For example, Kennedy et al. (1974) found that the concentration of
colloidal-sized particles of Al, Fe, Mn, and Ti passing through a (.45 pm filter could exceed the
dissolved concentration of these metals by an order of magnitude or more. (See also Bergseth,
1983; Puls and Barcelona, 1989; Pohimann et al., 1994). Clark et al. (1992) reported that the
type of pump used to sample ground waters had a major effect on total concentrations of Mn, Pb,
and Zn, with higher turbidity and particulate metal concentrations collected from centrifugal
pumps than from slower-flow-rate bladder pumps.

Usually the metals of concern are assoctated with the smallest particle size fractions
{especially colloidal-sized) in soils and sediments which have the largest surface areas per
weight, rather than with larger particle sizes on a weight basis. A variety of methods are
available for separating dissolved and suspended metals. These include centrifugation, filtration,
ultrafiltration, ion-exchange chromatography, and organic extraction. These methods are
discussed in some detail by Salbu and Steinnes (1994).

The distinction between dissolved and particulate metal concentrations is important,
because reactions such as adsorption, precipitation, oxidation/reduction and, complexation
control mctal amounts in true solution, but not the amounts in suspension. The latter are limited,
if at all, by chemical coagulation and/or filtration in porous media, or, if the particles are large
enough (larger than about 10° m), by gravitational settling. Metals in suspension are usually
adsorbed or coprecipitated with suspended Fe, Al, or Mn oxyhydroxides or adsorbed by
suspended organic matter or clays. Only rarely, as in streams affected by acid rock drainage or at
sources of metal contamination, do the metals of concern occur as pure metal oxyhydroxides or
metal salts.

In public water supplies that are subject to pH control by lime addition, the addition of
floceulants, and/or filtration, suspended metal concentrations may be largely eliminated. But
measurable amounts of dissolved and suspended metals may be contributed to drinking water by
the plumbing in distribution systems that connect the utilities and their customers.

160.2 Unstable Parameters or Species Including Metal Redox Pairs

The reactions that control the mobility of the metals of concern in porous media are
usually strong functions of pH, and—except for Al, Ba, Be and Sr—also depend on the oxygen
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content or Eh of the media (See Baedecker and Cozzarelli, 1992). An accurate assessment of
metals mobility at a specific site requires that the values of these parameters used in any
modeling calculation be the same as in the medium involved. Values of pH and Eh, temperature,
and gas pressures (e.g., the partial pressures of O,, CO,, H,, CH,, and H,S) must be measured
immediately upon collection, or when possible fixed in the field for later analysis. Otherwise
their values will usually change rapidly due to temperature change, loss or gain of gases to or
from the atmosphere, and the growth of organisms such as bacteria and algae. For such reasons,
the pH of a water measured in the laboratory after a few weeks of sample storage at ambient
temperature will usually differ from its value in the field by +0.2 to £1 pH units (Langmuir,
1971, 1997a).

Methods of field analysis of pH and Eh are discussed in detail by Langmuir (1971) and
Wood (1976). (See also USGS, 1998.) Modern, battery-opcrated solid-state pH/millivolt meters
for field use have greatly improved the ease of pH and Eh measurement. If pH meters and
electrodes are properly calibrated using a double pH buffer check, field-measured values can be
accurate to £0.02 to +0.05 pH units. Accurate and meaningful Eh measurements are usually far
more difficult to obtain. In fact the U.S. Geological Survey (1998) states that Eh measurement
“is not recommended in general because of the difficulties inherent in its theoretical concept and
its practical measurement.” An accurate Eh measurement using a platinum {or other noble metal)
or glassy carbon electrode depends upon the presence of significant concentrations (usually
greater than 10”° m) of a pair of electroactive redox species that can attain rapid chemical
equilibrium and greatly exceed the concentrations of the non-electroactive species also present.
Most often the species that control an Eh measurement are species of iron, manganese, or sulfide
and native sulfur (Langmuir, 1997a). This tends to limit thermodynamically meaningful Eh
measurements to acid mine waters and iron-, manganese-, or sulfide-rich stagnant surface waters
or ground waters. In other waters, which include most surface waters in contact with the
atmosphere, Eh measurements are of qualitative value only. In such waters, a measurement of
dissolved oxygen (DO) is the most reliable indication of the oxidation state. In fact field DO
measurements should be performed any time redox sensitive metals of concern are of interest.
DO 1s measurable in the ficld at concentrations as low as 0.03 pM using modern analytical
methods (cf. Kent et al., 1994).

Lovely et al. (1994) and others have suggested that instead of Eh, field measurements of
dissolved H, be performed to define the redox state of surface-water bottom sediments and
ground waters. This reflects the fact that bacteria employ H, in the reduction of nitrate Mn(IV),
Fe(ILI), sulfate, and carbon dioxide.

Geochemical models such as MINTEQA?2 (U.S. EPA, 1991), PHREEQC (Parkhurst and
Apello, 1999) and WHAM 6 (Tipping, 1994) can compute the relative amounts of redox
sensitive species of As, Se, Mo, Cr, N, C, and other metals of concern from the total metal
concentration and measured Eh (at a given pH). This assumes of course that this Eh represents
the overall oxidation state of the system (which is usually questionable), and that the redox pairs
of thcse elements are electroactive and in equilibrium with the measured Eh, which they usually
are not.
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The only way to determine accurate relative amounts of redox pairs of As, Cr, N, C, or
Se, for example, is to fix them upon collection and measure them directly (cf. Bacdecker and
Cozzarelli, 1992; Sule and Ingle, 1996). For example, Tretner et al. (2001) have shown that for
non-sulfidic waters, the As(V)/As(1ll) ratio and As concentrations could be maintained for two
weeks by first filtering samples, then acidifying them with HCI to pH 1.5-1.8 and refrigerating
them to below 4°C. In general, the accurate measurement of concentrations of individual redox
pairs is difficult and costly, and not recommended for routine studies.

10.3 Determination of Individual Species Concentrations in Water

There are various methods for directly measuring the aqueous activity or concentration of
individual metals, including specific ion electrodes and voltammetric techniques {cf. Salbu and
Steinnes, 1994). Most of these methods, though, have interference problems and require the
addition of reagents to the natural water, which may itself change the metal speciation. The
simplest approach is to compute metal ion activities from a geochemical model calculation,
based on a chemtcal analysts of concentrations of dissolved metal and related species in the
water.

11. SOILS
11.1 Sampling of Soil Moisture

A major challenge when sampling soil moisture for chemical analysis is to avoid
changing metal speciation in the sampling process. This means that methods involving the
application of gas pressure should be avoided, in that they will change ambient gas pressures and
so change the pH, for example. The most appropriate moisture sampling methods use either
negative pressure as in suction lysimeters (cf. Knight et al., 1998; Davis et al., 1999; Tye et al.,
2003), or positive pressure without contact between air or other foreign gases and the soil. The
latter devices include gas pressure membrane extractors and pressure plate extractors (cf.
SoilMoisture Equipment Corp., 1997).

11.2 Sequential Extractions To Determine the Nature of Metal/Soil Associations

The purpose of sequential extractions is to define the speciation of individual metals in
the soil through a sertes of soil leaching steps. Using sequential extractions, Tessier et al (1979)
have categorized metals as exchangeable, bound to carbonates, bound to iron and manganese
oxides, bound to organic matter, or residual. The extractions often involve (1) addition of a
MgCl, solution at pH 7 to define the exchangcable metals fraction; (2) addition of a pH 5 sodium
acetate/acetic acid solution to selectively dissolve carbonates (the acid extractable fraction) and
release their metals; (3) addition of an acidic hydroxylamine hydrochloride (NH,OH.HCl)
solution, which is a reductant, to dissolve the amorphous Fe-Mn oxyhydroxides and release their
metals; {4) addition of a hydrogen peroxide extraction at pH 2 and 85°C to determine organic
matter content and the metals associated with it; and (5) aqua regia destruction of remaining
minerals to obtain the residual metal concentration. Typical extraction results show minor to
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below-detection concentrations of trace metals associated with the exchangeable fraction, and
major metal concentrations released by both the acid extractable and reductant leaching steps (cf.
Tack and Verloo, 1999). In another sequential extraction study, Tye et al. (2003) found that the
behavior of Cd** and Zn*' in a variety of contaminated soils was best explained by assuming they
were adsorbed by soil humus.

Tack and Verloo (1999) list some of the problems associated with sequential extractions,
which include problems due to sample handling and preparation, the non-selectivity of the
extractants, and the redistribution of trace metals among remaining solids during extraction. It
has long been known that the five extraction steps do not cleanly distinguish the forms of metal
association and speciation identified above (cf. Suarez and Langmuir, 1975). Tye et al. (2003)
point out further that “single or sequential chemical soil extraction schemes provide a
comparative classification system for soil metals but do not predict (metal) the bioavailability.”

The free metal ion activity in the soil solution phase has been shown to be a better
indicator of bioavailability and toxic response than is the total soil metal content (cf. Tye et al.,
2003). Most of the soil equilibrium models assume that the labile (bioavailable) metal content of
a soil can be predicted from the total or extractable soil metal content {e.g., NICA, Gooddy et al.,
1995; SCAMP, Lofts and Tipping, 1998; Tipping et al., 2000). Such an approach will generally
overestimate the labile metal fraction. More directly, the soil moisture may be sampled and
chemically analyzed, and the solution speciated, using a model such as WHAM 6 (Tipping,
1998) to determine metal ion activities in the soil solution.

12. APPLICATION IN A REGULATORY CONTEXT

EPA nceds to use the tools of environmental chemistry to determine metal speciation for
use in risk assessments. In addition, EPA needs to be able to assess the mobility of metals in the
environment, especially the subsurface. Each of these applications will be discussed in turn.

13. APPLICATIONS TO SPECIATION

Metal speciation may be required for risk assessment. If so, it is desirable to know the
identity and form of a metal at the exposure point. If information regarding bioavailability,
pharmacokinetics, and toxicology is also known, speciation information may be used in risk
assessment. EPA has developed bioavailability and toxicological data for very few metal species.
A review of the Integrated Risk Information System (IRIS) shows that, disregarding
organometallics and cyano complexes, EPA has developed toxicological information for the
following metals:

+ Arsenic—inorganic, arsine
+  Chromium—<Cr(I1I), Cr(VI)

*  Mercury—clemental, mercuric chloride

83



» Thallium—oxide, acetate, carbonate, chloride, nitrate, selenite, sulfate
* Vanadium—pentoxide

*  Uranium—soluble, natural

+ Zinc—phosphide

EPA has not formalized toxicity reference values {TRVs) for ecological risk assessment,
but there is little consideration currently given to metal speciation (with the possible exceptions
of chromium oxidation state and organometallic forms of mercury} in contemporary ecological
risk assessment. A limited number of Ambient Water Quality Criteria (Table 5) also exist for
metal species.

It is useful to hypothesize a future condition, however, in which there are no limits on
toxicological information and a real need exists to determine metal species. The exact
information required and questions to be asked of the environmental chemist will depend on the
nature of the assessment in the context of the framework:

« Site-Specific Risk Assessment—What are the existing metal species at the exposure points?
Is there likely to be a change in speciation over the exposure duration? Can normal human
behavior alter the speciation? If therc 1s a strong likelihood of more than one species, should
different species be selected for risk assessment (i.c., a common, but possibly less toxic

species for a central tendency risk and a rarer but possibly more toxic species for a high-end
risk)?

= National Regulatory Assessment—What generalized information is available to determine
the species of a receptor at any exposure point in the United States? Is it possible to
generalize speciation across the U.S. or is it necessary to develop regional (e.g.,
physiographic province) or water-body type (stream, lake, estuary) speciation? How do
metals species change when traveling from a potentially regulated source to an exposure
point?

* National Hazard or Risk Ranking—Is there a property of metals analogous to organic
petsistence that can be used to generalize across metals? How can chemical information be
developed to perform the gencralization? What degree of stability is required to determine if
the property will persist?

Many of these questions nced to be addressed by risk managers within their specific
context. From a chemistry standpoint, there are scveral levels of information that can be used to
answer these questions: regulatory defaults, literature information based on limited
measurement, analytical chemistry, geochemical modeling, and chemical-specific modeling.
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13.1 Regulatory Defaults

Current regulatory practice is to use total metal concentrations in risk assessments, with a
few exceptions. Assumptions made about the bioavailability of a metal are often based on the
toxicologic or epidemiologic studies that form the basis of derivation of the appropriate dose-
response values. This practice is conservative from an environmental health standpoint and is
likely to continue as a default into the future. In a tiered risk assessment approach, the production
of an unacceptable risk or exceedence of a standard or criterion by a total metal concentration
could trigger a more refined approach to evaluate the speciation of the metal. An alternative
approach is to use the most toxic species from Table 6, for cxample. This is predicated on the
availability of dose-response information for that species.

13.2 Literature/Limited Measurement

Obtaining speciation data at this level involves a combination of limited environmental
measurements along with literature information. This technique is already in use for determining
water quality criteria for metals as a function of hardness.” A more sophisticated use of combined
analytical and literature information is the determination of metal speciation using look-up
diagrams such as the pH-Eh diagrams presented in this paper. This requires reliable
measurements of pH and Eh for the system under evaluation. For example, Figure 19 presents an
Eh-pH diagram for cadmium. At neutral pH in a mildly reducing environment, this diagram tells
us, cadmium will exist as the slightly soluble cadmium sulfide, while under oxidizing conditions
it will exist as the soluble divalent cadmium ion. This conclusion would, of course, depend on
the availability of sufficient sulfide in the system. There are limitations to this approach which
include the need to be aware of assumptions that were used in producing the diagrams and
interactions from other chemicals. The analyst also needs to be aware of the fact that, especially
in natural waters, pH and Eh are not static concepts. The values sclected should be representative
of both the current status of the system and reasonable future geochemical changes.

13.3 Analytical Chemistry

Most site-specific risk assessments, some ranking assessments (e.g., HRS), and many
waste characterizations currently depend on analytical chemistry. With rare exceptions, the
metals are treated as total metals or some subset of total metals such as total recoverable metals.
EPA compendia of analytical methods such as SW-846 have traditionally focused on methods
for total metal analyses such as atomic absorption or inductively coupled plasma. The primary
exception is chromium. Several EPA methods currently exist to quantify Cr(IIl) and Cr(V1),
including ion chromatography (0218.6), differential pulse polarography (7198) and speciated
isotope dilution mass spectrometry (6800). EPA has also published methods for differentiating
As(1II) from As(V) by anodic stripping voltometry.

’ The assumed inverse relationship between metal toxicity and hardness can be questioned for metals—such as Cu
and Hg——that form strong organic complexes.
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Analytical methods for identifying and quantifying chemical species have been discussed
earlier in this paper. Most of these methods are used by academic or private research laboratories
and are not currently amenable to routine use in a regulatory context. Before being used for site-
specific risk assessment or waste characterization, for example, these methods require robust
evaluations to determinc if they are capable of meeting data quality objectives. This would
include (but not be limited to) evaluations of accuracy, precision, and sensitivity when used on a
routine basis by a contract laboratory.

Another class of analytical methods could be termed “adjunct” methods. These methods
do not measure the metal of concem directly, but measure other aspects of environmental
chemistry that are useful in determining metal speciation. DO, Eh, pH, and hardness are
examples of adjunct measurements. If a metal species is to be determined by means of a look-up
table, for example, system measurements of pH, Eh (or a surrogate), and DO are required. The
quantification of major anions (chloride, bromide, nitrate, sulfate, carbonate) and cations (Na, K,
Ca, and Mg) is necessary to compute metal speciation using a chemical equilibrium modeling
approach. EPA has published methods for routine determination of these adjunct parameters.

13.4 Geochemical Modeling

Geochemical modeling probably has the most utility for regulatory application for metal
chemistry of all the techniques discussed here. There are numerous geochemical models
available in the literature. EPA (1999) has reviewed many of these models and should be
consulted for a more detailed discussion (see also Langmuir, 1997a). In general, geochemical
models are classified as “speciation-solubility™ or “reaction path” models. Speciation-solubility
models may be used to calculate aqueous speciation/complexation and the degree of saturation
with respect to the solids in the model’s database. Some specialization-solubility models also
include limited mass transfer capabilities. Examples of refined speciation-solubility models
include WATEQ, REDEQL, GEOCHEM, MINEQL, MINTEQ (see EPA,1999, for detailed
references) and their subsequent versions. Reaction path models have more advanced mass
transfer capabilities. At each step of a process (e.g., travel of an ion through an aquifer) reaction
path models calculate masses of minerals precipitated or dissolved and the resulting composition
of the solution. Reaction path models include PHREEQC, PATHCALC, and EQ3/EQ6.

MINTEQ2 (U.S. EPA, 1991; HydroGeologic, 1998; HydroGeologic and Allison, 1999a)
has been widely used in a national regulatory context by EPA. Typically MINTEQ is used to
calculate partition coefficients that are used in a subsequent national regulatory analysis (U.S.
EPA, 1996b; HydroGeologic and Allison 1999b) or a site-specific risk assessment (U.S. EPA,
1998). This usage is discussed in more detail in a subsequent section of this paper. There is no
technical reason why MINTEQ2 could not be used on a routine basis to determine chemical
speciation for site-specific risk assessments.
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13.5 Chemical-Specific Modeling

Chemical-specific modeling involves the construction of a mathematical model that is
capable of predicting all of the significant fate and transport processes of a given chemical. It
should be capable of tracing a chemical from a source to an exposure point and predicting both
concentration and speciation at the exposure point with a sufficient degree of accuracy to reflect
the objectives of the assessment.

The only model of this type for a metal is the modeling reflected in the Mercury Study
Report to Congress (RTC) (U.S. EPA, 1997). In general, the RTC evaluates the behavior of three
mercury species (divalent, elemental, and methyl). In the atmosphere, fate and transport in both
particulate and vapor phases are assessed for long range and local behavior using established
atmospheric transport models. Terrestrial and aquatic modeling is accomplished by application
of the IEM-2M model, which was specifically developed for the RTC.? This model simuiates the
behavior of mercury in watershed soils and water bodies using a mass balance approach. The
RTC was a National Regulatory Assessment in the context of the framework. It generalized
environments to the eastern and western United States and evaluated mercury behavior in these
environments. The models may be applied on a site-specific basis (Foster and Chrostowska,
2003) if sufficient environmental information is available. The IEM-2M model is data intensive.
Each mercury species evaluated with the model required input values for molecular weight,
Henry’s law constant, soil, bed sediment and suspended sediment partition coefficients, air
diffusivity, chemical reaction rate constants for six processes in three media and biotransfer
factors f or all biota of concern. Inputs of concentrations or emission rates of the various mercury
species are also required, but in practice, default assumptions of speciation were used by EPA.
The development and application of this type of model for other metals is limited by the amount
of resources and scientific information required.

14. APPLICATIONS TO MOBILITY

Quantification of the mobility of metals in the unsaturated zone or ground water is a
significant regulatory application of speciation information. For example, metals criteria for the
toxicity characteristic in RCRA depend on the development of a generic soil-to-groundwater
dilution attenuation factor (DAF), as do the Soil Screening Levels (SSLs) for metals. Site-
specific risk assessments for all programs need to be able to predict the rate of movement of
metals through soils and subsequent movement and concentrations in groundwater. The primary
processes governing the environmental fate and transport of metals in the subsurface are
advection, dispersion, matrix diffusion, and retardation (U.S. EPA, 1994). Advection and
dispersion are functions of the system rather than the contaminant. Matrix diffusion, which is a
function of the contaminant, is relatively unimportant and omitted in most model transport
algorithms. Retardation depends on a number of factors (U.S. EPA, 1994; Langmuir, 1997a) and
may involve or be affected by the following:

* The IEM-2M was also used by EPA to support development of mercury emissions limitations for hazardous waste
combustors.
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* Sorption—the attachment of chemical species to mineral surfaces or other surfaces.

« lon exchange—competitive adsorption of ionic species, including ionic contaminants and
major ions, onto oppositely charged surfaces of geologic materials.

» Speciation—the distribution of a given constituent among its possible chemical forms,
including metal complexes, which have differing tendencies to be adsorbed or desorbed.

* Precipitation—the process by which dissolved species exceed the solubility limits of their
solids, so that some of the species precipitate from solution. When a metal species reaches

mineral saturation, addition of further amounts of the species to solution are precipitated, not
adsorbed.

» Colloid formation—the process of forming colloids and the association of metal species with
them. The metals may be sorbed or coprecipitated with colloidal-sized particles.

» Biofixation—the binding of metals to solid materials due to the interactions of
microorganisms or plants.

< Natural organic matter interactions.

» Anion exclusion—negatively charged mineral or other surfaces repelling anions and so
preventing their sorption by those surfaces.

= Other importance processes—changes in pH, oxidation potential, salinity, concentrations of
competing ions, the nature of sorbent phases and their surface areas, and surface site
densities

Due to the complexity and multiplicity of the processes involved, recourse is often made
to the use of a single partition or distribution coefficient that describes the degree to which the
contaminant’s transport is retarded relative to water. This approach starts with defining the
retardation factor:

p (7
R I
S v

C

where R; is the retardation factor, v, the velocity of water through a control volume, and v, the
velocity of contaminant through a control volume. The retardation factor is related to the
distribution coefficient through the expression:
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where p, is the porous media bulk density and n, 1s the effective porosity at saturation given as a
volume fraction (cf. Langmuir, 1997a). This model only applies if fluid flow in the porous media
is isotropic and adsorption is fast, reversible, and linear (cf. Freeze and Cherry, 1979). These
assumptions are often not valid, particularly for metal adsorption. As discussed above, the
distribution coefficient approach can provide accurate modeling results for organic
contaminants, but is likely to be in serious error when applied to the transport of metals through
porous media at specific sites. This is because, as emphasized previously, the reactions and
processes that control metal sorption are in general far greater in number than is the case for the
adsorption of organic substances. Some transport models assume a constant partition coefficient,
or assume linearity of the partition coefficient over all concentration ranges. To the extent that
sorption is not constant and follows a non-lincar isotherm—which is the usual case for
metals—these models will be inaccurate and should be avoided. The best that can be hoped for
when single partition coefficients are used to describe metal adsorption is that they represent
bounding values in a given application.

Laboratory adsorption studics often find that, in simple systems, thc value of log K for
metal adsorption increases linearly with pH. For example, for Zn** adsorption by HFO,
Langmuir (1997a) noted that adsorption followed the equation log K, =-5.48 + 1.77 pH.

EPA (1999b) presents a comprehensive review of the properties and applications of
partition or distribution coefficients for metals. These coefficients may be obtained from the
literature, estimated using mathematical models, or measured. Partition coefficients tabulated as
a function of pH by EPA (1998) are listed in Table 15 for several important elements of potential
concern. EPA (1999b) has also presented non-pH-dependent values for lead (900}, mercuric
chloride (58,000) and elemental mercury (1,000), which for reasons just discussed should be
used with considerable caution.
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Table 15. Partition Coefficients as a Function of pH for Several Important Elements of

Potential Concern (U.S. EPA, 1998)

Element pH 4.9 pH 6.8 pH 8.0
Arsenic(V) 25 29 31
Barium 11 41 52
Beryllium 23 790 1E+5
Cadmium 15 73 4.3E+3
Chromium (III) 1.2E+3 1.8E+6 4.3E+6
Chromium (VI) 31 19 14
Nickel 16 65 1,500
Selenium (VI) 18 5.0 2.2
Silver 0.1 8.3 110
Thallium (I) 44 71 96
Zinc 62

EPA (1999) discusses the advantages and disadvantages of several methods for
measuring partition coefficients, including laboratory batch testing, in situ field batch testing,
flow-through testing, and ficld modeling. [n many national assecssments, EPA has used MINTEQ
and its subsequent versions to generate generic partition coefficients that may be applied to
regional or national mobility evaluations.

The application of single partition coefficient values for individual metals should be
limited to regional and national scale studies where accuracy is not required, and bounding or
representative values are adequate. As noted previously in the discussion of adsorption, metal
partition coefficients can vary by several orders of magnitude over short distances (meters or
less) in porous media because of changes not only in pH, but also in metal complex formation,
metal adsorption competition, the solid/solution ratio, the relative abundances, the surface areas,
and the surface charge densities of the different metal-sorbing phases.

A number of papers have measured adsorption of radionuclide elements by a variety of
minerals (including oxyhydroxides, clays, and other silicates), and have developed diffuse layer
adsorption parameters which atlow the prediction of radionuclide adsorption by these minerals
(cf. Langmuir, 1997b). A simtlar effort has not been made for most of the metals of concem, for
which diffuse layer modeling of adsorption is largely limited to their adsorption by Fe(IIl), Mn,
and Al oxyhydroxides.

It may be possible to estimate metal adsorption with some accuracy without having to
measure it, depending on the tnformation avaitable on a specific soil, surface water, or ground
water system. What is needed minimally is the amounts of potentially sorbing materials (e.g.,
metal oxides, clays and organic matter) in a soil or sediment or in suspension in a stream.
Literature information such as given in Tablc 10 can then be used to estimate the sorption
properties of these materials for used in a sorption model. For example, as noted above in
discussion of the diffuse layer adsorption modcl, where ferric oxyhydroxide (HFO) is the
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dominant sorbent, and the amount of it suspended in a stream is known, estimation of metal
adsorption can be accurate to within 10-20%, as shown in Table 11 (Smith ct al., 1998). Asa
general observation, other things being equal, it has be found that the surface charge density and
thus the metal adsorption capacity of most minerals is largely a function of their surface areas
exposed to water (cf. Pabalan et al., 1998). Thus, the adsorption of metals by Al and Fe(1II)
oxyhydroxides in a system at a given pH may be assumed the same if they have the same surface
areas.

If greater accuracy or site-specificity is required, it may be necessary to measure metal
adsorption in laboratory experiments. Such measurements can be performed on pure minerals or
on whole (usually sicved) soils. The sorption results may be used to develop diffuse layer model
parameters for metal adsorption (cf. Dzombak and Morel, 1990; Stumm, 1992). Model results
may then be used to compute partition or distribution coefficients as a function of pH, for
example.

Several chemical mass transport codes are available that can model metal transport
through porous media using the more accurate diffuse layer adsorption model for metals. These
models include PHREEQC (Parkhurst and Appelo, 1999) and CHMTRNS (Noorishad et al.,
1987), and—for transport by streams—OTIS/OTEQ (Runkel et al., 1999). Even if model
parameters are estimated based on literature values, such models will generally predict metal
adsorption and retardation more accurately than is possible when using single or linearly varying
distribution coefficient values.

15. RESEARCH RECOMMENDATIONS

In gencral, environmental chemistry of metals research could benefit from the
development of more routine chemical-species-specific analytical methods, the development of
extraction techniques that have general utility in assessing bioavailability and/or mobility, and
the validation of geochemical and chemical-specific environmental fate and transport models.
The quality of EPA’s use of environmental chemistry could benefit from the training of risk
managers and other decision-makers in inorganic environmental chemical science.

The environmental chemistry of metals occupies a key position in the regulatory
understanding of mobility, exposure, toxicity, and waste characterization. However interesting in
its own right, EPA-sponsored research into the environmental chemistry of metals should be
structured to answer specific environmental problems. Typically, these problems are associated
with particular instances in which mobility, bioavailability, bioaccumulation, or toxicity are
important. Rather than environmental chemistry driving the research agenda, it is probably more
important for risk assessment to drive the research agenda.
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COMPARISON OF TOTAL COST OF REMEDIAL SOLUTIONS

Site: Charleston Naval Complex Base Year: 2003
Location: SWMU 65 Date: 11/25/03
Phase: Corrective Measures Study
Alternative Alternative Alternative
Mumber 1 Number 2 Number 3
Total Project Duration (Years) 10 5 5
Capital Cost $24,900 $67,000 $63,000
Annuai O&M Cost $5,000 $5,000 Yr2-5 $35,000 Yr 1
$14,000 Yr 2-5
Total Present Value of Solution $63,000 $90,000 $180,000

costs.

Disclaimer: The information ir this cost estimate is based on the best available information regarding the anficipated scope of the remedial
alternatives. Changes in the cost elements are likely o occur as a result of new information and data collected during the engineering design
of the remedial altemative. This is an order-of-magnitude cost estimate that is expected o be within -50 1o +100 percent of the actual project
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1. United States Environmental Protection Agency. July 2000. A Guide to Preparing and Documenting Cost Estimates
Ouring the Feasibility Study. EPA 540-R-00-002. (USEPA, 20¢0).

Alternative: Number 1 COST ESTIMATE SUMMARY
Elements: Monitored Natural Attenuation with Land Use Controls
Site: Charieston Navat Complex Description:
implementation of base-wide land use management plan to put
Location: SWMU 65 deed restrictions in place to prevent ingestion of groundwater.
Phase: Corrective Measures Study
Base Year: 2003
Date: 11/25/03
ANNUAL CAPITAL COSTS
UNIT
DESCRIPTION QryY UNIT CQST TOTAL NOTES
tnitial Round of Water Lavels 1 EA $1,300 $1,300 See Watsr Levels Worksheet
Annuas Groundwater Menitoring of 4 wells 4 EA $600 $2,400 See Laboratory Worksheet
SUBTOTAL $3,700
Contingency 20% $3,700 $740
SUBTOTAL $4,440
Project Management 10% $4,440 $444
Rermedial Design 0% $4,440 $0 Not applicable.
Construction Management 0% 34,440 $0 Not apgplicable.
SUBTOTAL $444
TOTAL CAPITAL COST
OPERATIONS AND MAINTENANCE COST
UNIT
DESCRIPTION aTty UNIT COsT TOTAL NOTES
Annual Groundwater Monitoring of 4 wells 4 EA $600 $2,400
Reporting 1 EA $1.500 $1,500
SUBTOTAL $3.900
Allowance for Misc. ltems 20% $3,900 $780
SUBTOTAL $4,680
TOTAL ANNUAL O&M COST
PRESENT VALUE ANALYSIS Discount Rate = 32%
DISCOUNT
TOTAL COST FACTOR PRESENT
End Year COST TYPE TOTAL €COST PER YEAR (3.2%}) VALUE NOTES
1 FIRST YEAR CAPITAL COST $4,900 $4,900 1.000 $4,900
10 ANNUAL COST $5,000¢ $5,000 7.714 $38,570
LUCs $20,000
$63,470
TOTAL PRESENT VALUE OF ALTERNATIVE
SOURCE INFORMATION

12/05/2003
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Altemative: Number 2 COST ESTIMATE SUMMARY
Elements: In-Situ Stabilization
Site: Charleston Naval Complex Description: Ferrous sulfate injection into shallow groundwater zone {5-10 f
bgs); eftect will be to bring pH into optimat zene Sor lead and
Location: SWMU 65 antimony precipitation.
Phase: Carrective Measures Study
Base Year: 2003
Date: 11/25/03
CAPITAL COSTS
UNIT
DESCRIPTION ary UNIT COST TOTAL NOTES
Initial Round of Water Levels 1 EA $1.300 $1,300 See Water Lovels Worksheet
Groundwater monitaring: quartery of 1 well for
first year; annually for the other 3 wells 7 €A $600 $4,200 See Laboratory Worksheet
Bench-scale study 1o select in-situ reagent 1 EA $8,000 $8,000 CH2M estimale
Injection Work Plan ¥ EA $8,000 $8,000 CH2M estimate
Injection well 1 EA $2,000 $2,000 CH2M estimate
{nitial Ferrous Sultate injection 1 EA $10,000 $10,000 CH2M estimate
SUBTOTAL $33,500
Conlingency 20% $33,500 $6,700
SUBTOTAL $40,200
$3.216 USEPA 2000, p. 5-13, $100K
Project Management 8% $40,200 $500K
Remedial Design 0% $40,200 $0 Included in work plan
Construction Management 10% $40,200 $4,020
LUCs $20.000 $20,000
SUBTOTAL $27,236
TOTAL CAPITAL COST $67,000
QPERATIONS AND MAINTENANCE COST
UNIT
DESCRIPTION aTy UNIT COST TOTAL NOTES
GW Monitonng: Annual sampling of 4 wells for
4 years 4 EA %600 $2,400 See Laboratory Warksheet
Reporting 1 EA $1,500 $1,500
SUBTOTAL $3,900
Aliowance for Misc. tems 20% $3,900 $780
SUBTOTAL $4,680
TOTAL ANNUAL O&M COST $5,000
PRESENT VALUE ANALYSIS Discount Rate = 32%
DISCQUNT
TOTAL COST FACTOR PRESENT
End Year COST TYPE TOTAL COST PER YEAR (3.2%) YALUE NOTES
1 CAPITAL COST $67,.000 $67.000 1.000 $67.000
5 ANNUAL O&M COST (Yr 1-5) $5,000 $5,600 3.699 $18.497
$85,497
TOTAL PRESENT VALUE OF ALTERNATIVE 000
SOURCE INFORMATION

1. United States Environmental Protection Agency. July 2000. A Guide to Preparing and Documenting Cost Estimates
Duning the Feasibility Study. EPA 540-R-00-002. (USEPA, 2000).
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Alternative: Number 3 COST ESTIMATE SUMMARY
Elements: Groundwater Extraction with Treatment and Discharge
Site: Charleston Naval Complex Description: Groundwaler extraction and treatment with discharge o sanitary sewer
Location: SWMU 65
Phase: Corrective Measures Study
Base Year: 2003
Date: 11/25/03
CAPITAL COSTS
UNIT
DESCRIPTION Qary UNIT COST TOTAL NOTES
Initial Round of Water Leveis 1 EA $1,300 $1,.300 See Waler Levels Worksheet
Laboratory-first year: quarterly influent and effluent
samples; monthly discharge analy for lead 20 EA $50 $1,000
Recovery Well 1 EA $2,000 $2,000 Engineers estimate
Pump test 1 EA $5,000 $5,000
Pump Equipment 1 EA $2 800 $2,800 See Pump Worksheet
Electrical 1 EA $2,000 $2,000 See Electrical Worksheet
Precipilation Treatment 1 EA $13,000 $13.000 See Precip/Filtration Sheet
Groundwater monitaring - 4 wells once during first year 4 EA $600 $2400 See Laboratory work sheet
SUBTOTAL $27.100
Contingency 20% 527,100 $5,420 10% Scope + 10% 8id
SUBTOTAL $32,520
$2,602
Project Management 8% $32 520 USEFA 2000, p. 5-13, $100K-$500K
34878
Remedial Design 15% $32,520 USEPA 2000, p. 5-13, $100K-$500K
$3,252
Construction Management 10% $32 520 USEPA 2000, p. 5-13, $100K-3500K
LUCs $20,000 $20,000
SUBTOTAL $30,732
TOTAL CAPITAL COST $63,000
OPERATICNS AND MAINTENANCE COST
UNIT
DESCRIPTION Qry UNIT COST TOTAL NOTES
Laboratory (Annual Ye¢ 2-5) 4 EA $600 $2.400
Menthly discharge analysis 12 EA $50 $600
Operationlabor 1 EA $4.200 $4,200
Electrical 1 EA $1,000 $1,000
Precipilation/filtration treatment (first year anty) 1 EA $37 666 $37.666
SUBTOTAL $45 866
Adtowance for Misc. ltems 20% $45,866 $9,173
SUBTOTAL $55,039
TOTAL ANNUAL O&M COST
PRESENT VALUE ANALYSIS Discount Rate = 3.2%
DISCOUNT
TOTALCOST  FACTOR PRESENT
End Year COSTTYPE TOTAL COST  PER YEAR {3.2%) VALUE NOTES
1 CAPITAL COST $63,000 $63,000 1.000 $63,000
1 ANNUAL O8M COST-FIRST YR $55,000 $55,000 0.969 $53,295
5 ANNUAL O&M COST-Yr2-5 $16,734 $16.734 3.585 $59,993
$176,287
YOTAL PRESENT VALUE OF ALTERNATIVE $180,000|

SOURCE INFORMATION

1. United States Environmental Protection Agency. July 2000. A Guide to Preparing and Documenting Cost Estimates

Curing the Feasibility Study. EPA 540-R-00-002. (USEPA, 2000}
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Alternative:  Number 3
Element: Pump Installation
Site: Charleston Naval Complex Prepared By: RLC Checked By:
Location: SWMU 65 Date: Date:
Phase: Corrective Measures Study
Base Year: 2003
WORK STATEMENT
Pump groundwater to surface for treatment.
CAPITAL COSTS
UNIT
DESCRIPTION QTy UNIT COST TOTAL NOTES
Pump 1 EA $1,550 $1,550 CH2M-Jones Est.
Install pump and secure 4 HA 368 $272 CH2M-Jones Est.
Controller 1 EA $200 $200 GCH2M-Jones Est.
Tubing 20 LF $5 $100 CH2M-Jones Est.
Connections 1 EA $50 $50 GCH2M-Jones Est.
Other Consumables 1 EA $200 $200 CH2M-Jones Est.
SUBTOTAL $2,372
Allowance for Misc items 20% $2,372 $474
SUBTOTAL $2,846
TOTAL UNIT COST
OPERATIONS AND MAINTENANCE COST
UNIT
DESCRIPTION Qry UNIT COST TOTAL NOTES
Site Operator 52 HR $68 $3,536 1 hriweek for one year
SUBTOTAL $3,536
Allowance for Misc. ltems 20% $3,536 $707
SUBTOTAL $4,243
TOTAL ANNUAL Q&M COST

Source of Cost Data

1. Sources are as noted in cost table.
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atemaive:  NUMbers 1,2,3
zement:  WWater Levels

Shte: Charleston Naval Complex Prepared By: DFW Checked By:
Location: SWMU 65 Date: 11/25/03 Date:
Phase: Corrective Measures Study
Base Year: 2003
WORK STATEMENT
Costs associated with a one-time collection of water levels
CAPITAL COSTS
UNIT
DESCRIFTION Qrty UNIT COST TOTAL NOTES
Collection of water levels & HR 340 $240 CH2M-Jones Est.
Potentiometric contour maps 8 HAR $110 $860
SUBTOTAL $1,120
Allowance for Misc. llems 20% $1,120 $224
SUBTOTAL $1.344
TOTAL UNIT COST
OPERATION AND MAINTENANCE COSTS
UNIT
DESCRIPTION Qry UNIT COST TOTAL NOTES
SUBTOTAL $0
Allowance for Misc. llems 20% 30 $0
SUBTOTAL $0
TOTAL O&M COST
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Alernative:  Numbers 1,2,3
Element: Laboratory Costs

Site: Charleston Naval Complex Prepared By: DFW Checked By:
Location: SWMU 65 Date: 1%/25/03 Date:
Phase: Corrective Measures Study

Base Year: 2003

WORK STATEMENT

Costs associated with water sample collection, shipment and analysis on a per event and per well basis.

CAPITAL COSTS
UNIT
DESCRIPTION QTY uNIT COST TOTAL NOTES

Equipment & Labor per Event
t Liter Polypropylene 1 EA 51 $1 CH2M-Jones Est.
Coolers 1 EA 310 $10 CH2M-Jores Esl.
Disposable Gloves 1 BOX $20 $20 CH2M-Jones Esl.
Collection of samples 2 HR $68 $1368 CH2ZM-Jones Est
Sample Shipment 1 EA $20 $20 CH2ZM-Jones Est.
Field Instruments 1 EA $50 $50 CH2M-Jones Est.
Samgple Analysis (metats) 1 SAMPLE $140 $140 GEL, PEL, STL average
Analysis of data 1 HR $100 $100_CH2?M-Jones Est.
SUBTOTAL 3477
Allowance for Misc. ltems 20% $477 %9540

SUBTOTAL §572
TOTAL UNIT COST
OPERATION AND MAINTENANCE COSTS
UNIT
DESCRIPTICN QY UNIT COSs7 TOTAL NOTES
SUBTOTAL $0
Allowance for Misc. Remrs 20% $0 $0
SUBTOTAL 50
TOTAL O&M COST

Source of Cost Data

1 Analytical Bid Form - Chaneston Naval Compiex - Level Il
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aernative:  Number 1,3

Element: Precipitation/Filtration System

Slte: Charleston Naval Complex
Location: SWMU 65
Phase: Corrective Measures Study

Base Year: 2003

Prepared By: DFW Checked By:
Date: 11/25/03 Date:

WORK STATEMENT

Use a precipitationfiitering system for remediation of lead in groundwater

CAPITAL COSTS
UNIT
DESCRIPTION ary UNIT CosT TOTAL NOTES
Capital Costs
System: 1 EA $10,000 $10,000 CH2MHILL
Tanks/Filters
Faed system
Mixer
Associated Piping i
Piping: Tank to Treatment 10 FT $100 $1,000 CH2M JonesEst.
SUBTOTAL $11,000
Allowance for Misc Items 20% $11,000 $2,200
SUBTOTAL $13,200
TOTAL COST §13,000
OPERATION AND MAINTENANCE COSTS
UNIT
DESCRIPTION ary UNIT cosT TOTAL NOTES
Site Oparator CH2M tones Est. B8 hrs every
a1 HR $68 $28,288  week for first year
Chemicals/Fitters 26 EA $100 $2600 CH2M JonesEst.
Non-Hazardous Precipilate CH2M JonesEst.
Disposal 1 EA $500 $500
SUBTOTAL $31,388
Allowance for Misc tems 20% $31,388 $6,278
SUBTOTAL $37.666
TOTAL ANNUAL O&M COST

Source of Cost Data

1. R.5. Means Company. 2000. Environmental Remediation Gost Data - Unit Price, 6th £dition. R.S. Means Company
and Talisman Parners, Lid. Kingston, MA_ (Means(a)).

2 R.S.Means Company 1999. Site Work and Cost Data, 18th Edition. f1.5. Means Company. Kingston, Ma. (Means{b)).

3. RS. Means Company. 1939. Heavy Construction Cost Data, 13th Edition. R.S. Means Company. Kingston, MA. (Means(c})).

Cost Adjustment Checklist
FACTOR:

HA&S Productivity

Escalation to Base Year

Area Cost Factor

Subcontractor Overhead and Profit

AEERE

Prime Contractor Overhead and Profit

NOTES:

Assume work conducted in Level D

Current year (2001) is base year

Adjusted Unit Costs for Charleston, South Carolina where applicable
Assumed included in unit prices (15% Overhead + 10% Profit)
included in_Soluticn Set Cost Estirnates only.
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