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battery recycle 
wood treating Cr Cu As 

Pb Cd Ni Cu Zn 

oil and solvent recycle Pb Zn Cr As 

Needs present laboratory methods of evaluating envi- 
ronmental samples offer high sensitivity and the 
ability to evaluate multiple chemicals, but the 
time and cost associated With Such methods 
often limit their effectiveness. Heavy metal soil 
contamination is an area of great concern for 
government and industry. Table 1 shows a 

The characterization, monitoring and 
remediation of contaminated soils is extremely 
expensive and time consuming due to the 
magnitude of the effort and the utilization of 
laboratory chemical analysis techniques. The 
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Table 1. Summary of Metals Contamination in Super Fund Sites for 
(a) Different Industries and (b) the Number of Sites Reporting 

Specific Metal Contamination' 

nuclear processing/equip. Ra Th U 
pesticide As 

vehicle and drum cleaning As 
paint Pb Cr Cd Hg 
other As Pb Hg Cr 

# of 
Sites 

154 
43 
35 
28 
21 

Industry 
landfill/chemical waste dump 
metal finishing /plating / elect. 

chemical /pharmaceutical 
mining/ore proc. /smelting 

federal @OD, DOE) 

Metals Most Often I 
Reported 

Cr Pb Ni Zn Cu Cd Fe As 
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summary of the metals problem in National 
Priority (Superfund) Sites. Forty-one per cent of 
the sites report metals problems, with Pb and Cr 
being most often cited for a wide variety of 
industries. There exists a requirement for 
economically feasible, real-time, in-situ, systems 
for the characterization of the subsurface. Such 
technologies will enable efficient prioritization 
of remediation efforts. 

0 bjectives 

The objective of this project is to develop 
an integrated fiber optic sensor/cone penetrome- 
ter system to analyze the heavy metals content 
of the subsurface. This site characterization tool 
will use an optical fiber cable assembly which 
delivers high power laser energy to vaporize and 
excite a sample in-situ and return the emission 
spectrum from the plasma produced for chemical 
analysis. The chemical analysis technique, often 
referred to as laser induced breakdown spec- 
troscopy (LBS), has recently shown to be an 
effective method for the quantitative analysis of 
contaminants in soils. By integrating the fiber 
optic sensor with the cone penetrometer, we 
anticipate that the resultant system will enable 
in-situ, low cost, high resolution, real-time 
subsurface characterization of numerous heavy 
metal soil contaminants simultaneously. 

There are several challenges associated with 
the integration of the LIBS sensor and cone 
penetrometer. One challenge is to design an 
effective means of optically accessing the soil 
via the fiber probe in the penetrometer. A 
second challenge is to develop the fiber probe 
system such that the resultant emission signal is 
adequate for quantitative analysis. Laboratory 
techniques typically use free space delivery of 
the laser to the sample. The high laser powers 
used in the laboratory cannot be used with opti- 
cal fibers, therefore, the effectiveness of the 
LIBS system at the laser powers acceptable to 

fiber delivery must be evaluated. The primary 
objectives for this project are: 

Establish that a fiber optic LTBS technique 
can be used to detect heavy metals to the 
required concentration levels. 

Design and fabricate a fiber optic probe for 
integration with the penetrometer system for 
the analysis of heavy metals in soil samples. 

Design, fabricate, and test an integrated 
fiberlpenetrometer system. 

Fabricate a rugged, field deployable laser 
source and detection hardware system. 

Demonstrate the prototype in field 
deployments. 

Approach 

In order to conduct subsurface analysis for 
heavy metals, a LTBS system with a fiber optic 
probe will be integrated with a cone penetrome- 
ter. Figure 1 shows the approach. The optical 
instrumentation will be located within the 
penetrometer truck and the optical fibers will 
bring the signal to the soil via the push rod. A 
LIBS configuration typically consists of a laser 
source to produce the plasma, an optical fiber 
for delivering the laser beam, launch and collec- 
tion optics, a spectrometer to spectrally resolve 
the emission spectrum, an array detector for 
simultaneous measurements of intensities over a 
range of wavelengths, a trigger to coordinate the 
laser pulse and the temporal measurement win- 
dow of the detector, and a computer to conduct 
equipment control, data acquisition, and data 
analysis. Figure 2 shows a sample emission 
spectra for 1000 ppm Pb in soil. In order to 
conduct quantitative analysis, the system is 
calibrated to evaluate the peaks of the emission. 
Each peak can be assigned to an element and 
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Figure 1. Fiber Optic/Cone Penetrometer System for Subsurface Analysis 

the intensity of the peak will be an indication of 
the concentration. The cone penetrometer will 
enable a subsurface map to be generated by 
moving the probe vertically and laterally. 

Project Description 

The feasibility evaluation effort has begun 
and it consists of three primary tasks; 1) deter- 
mination of the system requirements, 2) design 
of the optical probe, and 3) the evaluation of the 
probe for conducting quantitative analysis of 
heavy metals in soils. 

This project includes an initial 6 month The purpose of the initial task is to establish 
the requirements of the sensor system, including 
information on the specific analytes of interest, 

feasibility evaluation phase and an optional 
18 month prototype development phase. 
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Figure 2. LIBS Emission Spectra for 1000 ppm Pb in Soil 

concentration levels, ranges, and the typical 
depths of subsurface contamination. Regulatory 
information has been obtained so that the system 
sensitivity can be evaluated against accepted 
remediation action levels. This task has also 
documented the present knowledge for the LIBS 
analysis relating to soil and fiber optic delivery. 
In addition, the deployment system characteris- 
tics, such as the dimensions of present pene- 
trometer designs, conditions during deployment, 
and space limitations in the deployment vehicle 
will be investigated. 

The next task is to design and evaluate an 
optical fiber probe to enable access to the soil 
from the penetrometer. In order to effectively 
complete this task, a laboratory LIBS will be 
used to conduct quantitative analysis on trace 
metals in soils. The system will be capable of 
using free space delivery of the laser to the soil 
to establish a baseline performance of the 

system by which the fiber system can be com- 
pared. This laboratory data will be used to 
establish the methodology for conducting quanti- 
tative analysis. In addition, this task will 
investigate the various ways to optically access 
the soil via the cone penetrometer/fiber optic 
system. Based on this work, fiber optic probe(s) 
will be designed. 

For Task 3, SEA will fabricate the most 
promising probe(s) to simulate penetrometer 
deployment and evaluate the probes for the 
ability to conduct quantitative analysis on soils. 
The performance will be compared to the 
laboratory (non-optical fiber) LlBS analysis and 
laboratory analytical methods. In particular, 
quantitative analysis of Cr and Pb in various 
types of soils will be conducted. 

Upon successful completion of this Phase I 
effort, the Phase 11 project will fabricate a 



rugged system that integrates the optical source 
and detection equipment, optical fiber probes, 
and cone penetrometer. This phase will consist 
of laboratory evaluation, optimization, field 
demonstrations of the entire system using a cone 
penetrometer vehicle and culminate with site 
evaluations at a government facility. 

- - - - 
I I I I l l l l l l l l l l l l l l l  I l l ,  I l l 1  

Results 

0 

The Phase I effort was started in mid-July 
1995 and SEA is presently starting the second 
task described above. A laboratory LlBS set-up 
has been used to evaluate the effectiveness of a 
LJBS system for quantitative analysis of Pb in 
soils. Figure 2 shows the overall spectra from 
the soil using a free space delivery of the laser 
and the peaks of interest have been labeled. 
Figure 3 shows a close view of the .Pb line as a 
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function of Pb concentration. To conduct quan- 
titative analysis, it is beneficial to ratio the area 
of the Pb peak to the emission of another ele- 
ment in the sample - preferably an element that 
has a nearly constant concentration. The Fe line 
shown in Figure 2 is often used and this helps 
minimize the effects due to fluctuations in the 
shot-to-shot laser power and variations in the 
sample. Figure 4 shows a calibration curve that 
was constructed for a range of Pb concentra- 
tions. From this data, it was determined that the 
minimum detection limit for this arrangement 
was in the 10-40 ppm range. The EPA's Office 
of Solid Waste and Emergency Response 
(OSWER) has indicated a soil screening level 
for Pb at 400 ppm. Pb concentrations exceeding 
this level would trigger further remediation 
activities? The LlBS system without fiber 
delivery is readily sensitive below this 400 ppm 
Pb level. 

Figure 3. Alteration of the Pb Emission Intensity at 40578( 
as a Function of Pb Concentration in Soil 

5 



Benefits 

The benefits of this system are: 

In-situ evaluation will limit the personnel 
exposure and public exposure during transpor- 
tation of samples, and sites will be characterized 
faster, therefore, remediation can occur sooner. 

The system will provide a more detailed, - 
higher resolution analysis of the site. 

The system will reduce the need for expen- 
sive laboratory techniques. 

Since the system is real time, decisions on 
the remediation can be made faster with more 
intelligence. The system could be used to 
monitor the remediation process in-situ, thus 
enabling this process to be modified for opti- 
mum performance. 

The LIBS technique has a broad range of 
applicability and the addition of optical fibers 
makes remote applications and industrial appli- 
cations feasible. 

Future Activities 
- 

The near future plans are to complete the 
primary feasibility evaluations. The optical 
access to the soil fkom the penetrometer will be 
evaluated and probes will be fabricated and 
tested. The Phase 11 effort will develop a com- 
plete integrated system for field deployments. 
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