
WSRC-MS-95-0187 

The Speciation of Groundwater Contaminated with Coal Pile 
Leachate at the Savannah River Site, South Carolina (U) 

by 
M. E. Denham 
Westinghouse Savannah River Company 
Savannah River Site 
Aiken, South Carolina 29808 
R. L Nichols 

A document prepared for INTERNATIONAL ASSOCIATION OF HYDRO-GEOLOISTS CONGRESS -- SOLUTIONS 
1995 at Edmonton, Alberto from 06/04/95 - 06/10/95. 

DOE Contract No. DE-AC09-89SR18035 

This paper was prepared in connection with work done under the above contract number with the U. S. 
Department of Energy. By acceptance of this paper, the publisher and/or recipient acknowledges the U. S. 
Government's right to retain a nonexclusive, royalty-free license in and to any copyright covering this paper, 
along with the right to reproduce and to authorize others to reproduce all or part of the copyrighted paper. 



DISCLAIMER 

or assumes 

J 

thereof. The’ 

report has been reproduced directly from the best available copy. - 

vailable to DOE and DOE bnmctors from the Office of Scientific and Tech&al Information, 

the public from the National Technical.Infomation Service, U.S. Department of 
285 Port Royal Road, Springfield, VA 22161. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



The Speciation of Groundwater Contaminated with Coal Pile Leachate at the Savannah 
River Site, South Carolina 

Miles E. Denhamland Ralph L. Nichols1 

Abstract 

Modeling the transport of contaminant metals and designing systems for their remediation requires an understanding of the 
metal's speciation. Thus. analysis of contaminant speciation and evaluation of the processes that can change the speciation should 
be done during characterization of the contaminated site. This approach is being used at the Savannah River Site for a metals 
contaminated site that will serve as a test platform for metals remediation technologies. 

The site is adjacent to a coal storage pile and the basin that contains the coal pile runoff. A network of well clusters allows 
definition of the plume, including profiles of contamination with depth. The groundwater is acidic (pH=2) and contains high 
concentrations of sulfate(up to 23000 mgA) and metals, with chromium, nickel, cadmium and lead exceeding drinking water 
standards. Aluminum and total iron concentrations range up to 1326 mgA and 7991 mg/l, respectively. Speciation calculations on 
dissolved contaminants indicate that as much as 65% of the lead. 54% of the cadmium, and 34% of the nickel may be present in 
sulfate complexes. Chromium occurs predominantly as Cr+3. There is evidence that some contaminant metals may be associated 
with colloidal material . 
Contamination in the groundwater is stratified with concentrations decreasing over a depth range of 3 meters (10 feet). Fluid-rock 
interactions explain the non-uniform behavior of dissolved components with depth. Mass balance considerations suggest that the 
interactions are dominated by kaolinite dissolution coupled with precipitation of phases containing aluminum, ferric iron, silica, 
and sulfate, as well as co-precipitation of contaminant metals. 

Introduction 

Understanding the speciation of contaminant metals is important to modeling the groundwater transport of these 
constituents and to designing remediation systems to remove them from groundwater. A thorough analysis of 
speciation includes an estimation of the distribution of a metal among various dissolved aqueous species and an 
estimation of the amount of metal that is associated with mobile colloids. In addition, the reactions between the 
contaminant plume and aquifer minerals are important to understanding the transport of contaminant metals. 

The need for these types of analyses is illustrated by the characterization of groundwater associated with coal pile 
leachate at the Savannah River Site in South Carolina. At this site, the Office of Technology Development (OTD) of 
the United States Department of Energy (DOE) is sponsoring demonstrations of innovative technologies to 
remediate metals contamination in groundwater, An impermeable wall will be installed below the water tabie to 
collect contaminated water and bring it to the surface for treatment. The Savannah River Technology Center (SRTC) 
has been tasked with providing a thorough characterization of the contaminated groundwater system to allow 
evaluation of the various technologies tested. The preliminary characterization data presented here make clear the 
necessity for understanding contaminant metal speciation and interactions with aquifer minerals prior to modeling 
contaminant transport or designing a remediation system. 

Site Description 

The Savannah River Site is a DOE operated site that occupies approximately 300 square miles along the Savannah 
River in southwest South Carolina. The primary mission of this site was to produce plutonium and tritium for 
defense purposes. Among the first facilities built on the site in 1952 was a coal fueled electric power and steam 
generating plant. Since that time a 9 acre unlined coal storage pile has been present. In 1978 a basin was built 
adjacent to the coal storage pile to contain runoff from the pile. Seepage from this basin is the dominant contributor 
to the contamination plume described here. 

The basin is built on a river terrace that consists mostly of unconsolidated sands and clays. The sands are 
predominantly quartz sands with minor amounts of feldspars, micas, and heavy minerals. The clays are dominated 
by kaolinite with minor amounts of smectite (Anderson et al., 1991). The water table near the basin is approximately 
1.5-3 meters (4.9-9.8 feet) below the ground surface. Nine groundwater monitoring wells were originally installed 
around and in the vicinity of the basin. Eight well clusters have been installed as part of the current characterization 
effort. The groundwater chemistry data reported in Table 1 is from a cluster (DCB-22) located approximately 18 
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meters (60 feet) downgradient from the basin. The cluster consists of 3 wells screened at different depths in the 
water table aquifer. The shallowest well DCB-22A has a 3.05 meter (10 foot) long screen and has a mid-screen 
depth of 3.20 meters (10.5 feet). The deeper wells have 0.76 meter (2.5 foot) screens and have mid-screen depths of 
7.09 meters (23.25 feet) (DCB-22B) and 11.05 meters (36.25 feet) (DCB-22C). 

Table 1: pH and concentrations (mg/l) of various constituents in groundwater from well cluster DCB-22. 

Constituent 

PH 
AI 
Si 
Ca 
Mg 
Na 
Sr 

SO4 
Total Fe 
cd 
Mn 
Zn 
Ba 
Ni 
Cr 
c1  

Methods 

DCB-22A 
2.04 

1326.02 
120.90 
413.85 
474.98 

1 1.39 
2.73 

22755.67 
799 1-00 

1.52 
57.65 
27.78 
0.10 

14.10 
1.22 
5.00 

We11 Name 

3.82 
8.72 

10.27 
82.27 
34.83 
12.02 
0.40 

35 1.67 
3 -07 

4 . 0 1  
0.50 
0.10 
0.10 
0.07 
4.04 

5.10 

DCB-22B DCB-22C 
4.08 
I .93 

10.54 
88.33 
11.47 
5.82 
0.20 

266.50 
9.33 

4.01 
1.05 
0.10 
0.10 
0.07 
4.04 

5.23 

Groundwater from the wells of cluster DCB-22 was extracted at a flow rate of about 500-700 mymin. Specific 
conductivity, temperature, redox potential and pH were measured in the field (only pH is reported here). The 
samples were then passed through a 0.22 pm filter and into vials for cation analyses and anion analyses. The vials 
were filled and capped so as to minimize the amount of head space. The samples for cation analyses were preserved 
with nitric acid and both sets of samples were refrigerated until analyzed. Cations were analyzed by ICP-ES and 
anions were analyzed by ion chromatography by the Analytical Development Section of SRTC. 

Geochemical modeling for speciation and saturation indices was performed using MINTEQIA2 version 3.0 (Allison 
et al., 1991). Concentration of P04-3 was assumed to be 0.1 m a ,  lead was assumed to 0.01 mgA, and Eh was 
assumed to be 700 mv (consistent with measured Eh). 

Preliminary examination of colloidal material was made by sequentially passing a groundwater sample through a 
0.45 pm filter and a 0.22 pm filter, flushing the 0.22 pm filter with 100 ml of distilled-deionized water and allowing 
it to dry. The filter was then examined with a scanning electron microscope equipped with an energy dispersive 
spectrometer. 

Groundwater Composition 

The chemistry of the groundwater at this site, summarized in Table 1 ,  is vertically stratified. Water from the upper 
zone (DCB-22A) is more contaminated than water from the middle and lower screen zones (DCB-22B and DCB- 
22C). The groundwater is typical of acid drainage -- low pH and elevated concentrations of iron, aluminum, and 
sulfate. The contaminants of concern reported here are nickel, cadmium, and chromium all of which are present at 
concentrations above drinking water standards. The concentration of lead is also elevated but is not reported because 
the ICP-ES analyses are suspect. 

The stratification of the contamination is a result of chemical interactions between the contaminant plume and the 
aquifer minerals. Dilution can not explain the stratification because the ratios between constituents are different at 



difrerent depths. In particular, the decrease in concentration with depth of aluminum, iron, sulfate, and the 
contaminant metals is much greater relative to other constituents (Table 1). Thus, reactions that involve mass 
transfer between the solid and liquid phase must have occurred. 

Mass balance considerations between wells DCB-22A. DCB-22B, and DCB-22C suggest that the most likely 
reactions involve dissolution of kaolinite and precipitation of phases containing fenic iron, aluminum, sulfate and 
silica. The dissolution of kaolinite consumes acid and provides additional aluminum to precipitate as sulfate. 
Sorption of sulfate may also occur and would raise the pH (Anderson et al., 1991). Kaolinite is below saturation in 
groundwater from DCB-22A and jurbanite (AlOH(S04).5H20) and several ferric iron phases exceed saturation. In 
their column experiments using water and soils from this site, Anderson et al. (1993) found evidence that a basic 
ferric sulfate phase precipitated and Anderson et al. (1991) noted the presence of goethite and hematite. Aluminum 
sulfate phases have not been identified in the sediments, but may yet be with closer examination. 

There is also some evidence that iron-rich smectite (nontronite) has precipitated within sediments exposed to 
contamination. Figure 1 shows a scanning electron micrograph of a pore filling clay in sediments obtained from a 
depth of 6.4 meters (21 feet) from a core near well cluster DCB-22. The energy dispersive spectrum shows a 
composition that might be typical of a mixture of kaolinite and nontronite. An x-ray diffraction pattern obtained 
from the same sample showed the presence of kaolinite and nontronite. The nontronite may be formed after 
dissolution of kaolinite by a reaction such as: 
1.835Al2Si205(OH)4 + 0.167(Ca+2,Mg+2) + ~ . o o o F ~ + ~  +3.69H+ = 

If silica is conserved, as in the written reaction, then aluminum is released which may then precipitate as a sulfate. 
Such a reaction would remove calcium, magnesium, and iron from solution, as well as consume acid. This reaction 
is thermodynamically favorable in the groundwater from DCB-22A. 

(Ca,Mg)o.l67Fe2.000(A10.33Si3.67)010(OH)2.4.515H20 + 3.34AP3 

These dissolution and precipitation reactions are important because they influence the bulk chemistry of the 
groundwater, but more importantly because contaminant metals can be co-precipitated with the products of these 
reactions. In experimental studies, Thornber and Wildman (1984) showed that copper, nickel, zinc, cobalt, and lead 
can co-precipitate with ferric iron oxides and hydroxides and Sass and Rai (1987) described the co-precipitation of 
chromium with amorphous ferric hydroxide. In field studies, Dhannoun and AI-Dabbagh (1990) found that cobalt, 
nickel, and chromium were associated with ferric oxides and hydroxides. Chromium can also substitute for femc 
iron in nontronite (Guven, 1988). In acid drainage, lead can precipitate as the jarosite mineral PbFe6(SO4)4(OH)12 
(Chapman et al., 1983). Thus, the precipitation of these phases will affect the mobility of the contaminant metals. 

Speciation of Contaminant Metals 

It is important to distinguish between dissolved contaminant metals and those associated with mobile colloidal 
material. Metals associated with colloidal material may be more mobile than dissolved species (Gschwend et ai., 
1990; Newman et al., 1993) and may be more difficult for some groundwater remediation systems to remove. 

The significant oversaturation of groundwater at this site with respect to silica and ferric hydroxides suggests the 
possibility that colloids composed of these phases are present. Figure 2 shows the electron micrograph of a 0.22 pn 
filter through which contaminated groundwater was passed. A very fine grained material adhered to the filter and 
has an energy dispersive spectrum consisting of aluminum, iron, silica, and sulfur peaks. This material may be 
multiple phases or could be an amorphous iron sulfate with silica and aluminum substitution. It's composition 
suggests it precipitated within the contaminant plume and hence, probably incorporated some contaminant metals as 
co-precipitates. Additional ultrafiltration studies are underway to quantify the amount of contaminant metals 
associated with colloidal material. 

Geochemical modeling allows an estimation to be made of the proportions of various dissolved species of 
contaminant metals present in a groundwater. Figure 3 shows an estimation of the dominant species of chromium, 
nickel, cadmium, and lead present in groundwater from wells DCB-22A, DCB-22B, and DCB-22C. The speciation 
of each metal is summarized below. 

Chromium. In the most contaminated groundwater (DCB-22A) virtually all of the chromium in solution is present as 
Cr+3. At Iower depths other species increase in concentration. In DCB-22C less than half (48%) of the chromium is 
as Cr+3, while 35% is as CIOH+~ and 16% is as CrOHS04'. 



Figure 1: Scanning electron micrograph of pore filling clay with energy dispersive spectrum showing relative peak heights. 

Fe 

Figure 2: Scanning electron micrograph of material left on 0.22 pm filter after seqentially passing contaminated groundwater 
through 0.45 pm and 0.22 pm filters. Energy dispersive spectrum shows peak identifications and relative heights. 
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Figure 3: Proportions of dominant species of chromium, nickel, cadmium and lead in groundwater from welts 
DCB-22A, DCB-22B, and DCB-22C. 
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Nickel. Two species -- NP2 and NiS04* -- dominate nickel speciation in groundwater from all three wells. The 
neutral sulfate species accounts for 34% of the nickel in groundwater from DCB-22A and the proportion of this 
species decreases to 16% in groundwater from DCB-22C. 

Cadmium. In groundwater from the shallowest well (DCB-22A) cadmium speciation is dominated by three species; 
Cd+2 (45%), CdSO4" (35%), and C d ( S 0 4 ) ~ - ~  (19%). The negatively charged sulfate species is not a dominant 
species in the deeper two wells and in groundwater from DCB-22C the proportion of Cd+2 has increased to 77% 
with 22% of the cadmium partitioned to CdSO4'. 

Lead. The speciation of lead in groundwater from DCB-22A is similar to that of cadmium with the three dominant 
species being Pb+2 (34%), PbS04' (52%). and Pb(SO&-2 (14%). In groundwater from the deeper wells the 
negatively charged sulfate species is not a dominant species. In groundwater from DCB-22C 64% of the lead is 
present as Pb+2 and 36% is partitioned into PbS04'. 

The complicated speciation of metals in this system suggests complex transport behavior that must be considered in 
models of the groundwater system. Most sorption studies indicate that metals are more mobile at low pH, but 
because it so complicates the system these studies rarely consider complex speciation. In the system studied here, the 
presence of negatively charged lead and cadmium species may result in less mobility at low pH. One possible 
conceptual model may be that some lead and cadmium are sorbed where the pH is lowest, at intermediate pH the 
metals are most mobile, and at the edge of the plume, where the pH is highest, speciation and the surface properties 
of aquifer phases have changed to cause sorption of positively charged lead and cadmium species. Nickel and 
chromium would behave differently because of their different speciation. The amount of contaminant metals 
associated with colloidal material and the mobility of the colloids would have to be considered in this model for 
maximum accuracy. 

Conclusions 

The preliminary groundwater characterization data for a site contaminated with coal pile leachate at the Savannah 
River Site illustrates the need for understanding the speciation of contaminant metals and the nature of interactions 
between the contamination and aquifer phases. These factors control the mobility of contaminant metals and can 
affect their availability for remediation. 

The preliminary data suggests the majar interactions between contamination and aquifer phases involve dissolution 
of kaolinite coupled with precipitation of iron and aluminum sulfates and iron-rich smectite. These reactions result in 
the stratification of the contamination with depth. All of the precipitating phases may incorporate contaminant 
metals as co-precipitates. 

The speciation of the metals is dominated by sulfate complexes. In the most contaminated groundwater, a 
significant proportion of the lead and cadmium is present as a negatively charged sulfate complex. Nickel and 
chromium are less strongly bound in sulfate complexes. The speciation of the metals varies as the composition of the 
groundwater varies, suggesting that mobility of a metal changes with location in the plume. Such variations are 
important in understanding contaminant metal transport. 

Colloidal material is present in  the contaminated groundwater and may incorporate contaminant metals. The 
colloidal phases precipitated as a result of contaminant reactions with aquifer minerals, and thus may contain metals 
as co-precipitates. In addition, some metals may sorb to the surfaces of the colloidal phases. 

The preliminary characterization data has provided insights into important areas that require further study. 
Characterization plans have been adjusted to include closer examination of aquifer sediments to assess co- 
precipitation of contaminant metals and ultrafiltration analyses to evaluate the effect of colloidal material on metal 
transport. 
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