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The profile in red is the vertical distribution of PCE at a location just downgradient of a dry cleaning 
establishment in Angus, Ontario. The profile was produced using an early version of the profiler with a 
vertical sample interval of approximately 6 mm (1/4 inch). Approximately 100 mL of water was 
pumped prior to sample collection. The vertical sample spacing is 20 cm. The concentrations are 
shown in log scale and range from non detect to 42,000 ug/kg over approximately 2 meters. Order of 
magnitude changes in concentration occur over as little as 20 cm. These steep concentration 
gradients are a result of the weak nature of vertical transverse hydrodynamic dispersion, which is 
common in porous media.

Once the distribution of the PCE concentrations were understood, Pitkin installed a conventional 2-
inch diameter PVC monitoring well with a sand pack extending 1 foot above the screen and a 
bentonite pellet plug above the sand pack. The length of the screened interval was 5 ft. The well was 
sampled following purging of 3 well volumes. The concentration obtained from the well was 1,007 ug/L 
compared with the peak concentration of 42,000 ug/L in the profiler.

The reason for the disparity in concentrations is the depth integrated flow weighted averaging caused 
by the monitoring well. The distribution of hydraulic conductivity along the well screen interval is 
shown on the right. Hydraulic conductivities range from the low end of the 10-3 cm/sec range to the 
middle of the 10-2 cm/sec range. The lowest K values are found in the middle of the well screen 
interval where the concentrations are highest. The fastest flow zones are at the top of the well screen 
interval where concentrations are lowest. Thus when the well is pumped for sampling, most of the 
water that enters the well comes from the low concentration zones and relatively little enters the well 
from the high concentration zone in the middle. The resulting sample is weighted toward the low 
concentrations.
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“High resolution” is achieved by addressing these two key issues: (1) sample scale/data averaging 
and (2) having the samples be spaced appropriately in three dimensions.

Sample size must be such that averaging of properties over the scale of the sample does not obscure 
important information that resides in the region being sampled. Subsurface geologic heterogeneity is 
such that the values of most key variables change profoundly over very short distance scales. For a 
groundwater sample, key sample size issues include the length of the vertical sample interval as well 
as how much water is pumped in order to obtain the sample. Increasing the volume of water pumped 
increased the volume of aquifer sampled and results in decreased resolution.

Horizontal and vertical spacing of sampling points must be small enough that important information 
(such as high concentration zones) are not missed, but not so small that the cost increases beyond 
the value obtained from it.
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The simplifying assumption of homogeneity implicit in much of the classical hydrogeological 
applications leads us to speak of the hydraulic conductivity of an aquifer. However, aquifers have 
many different zones of many different hydraulic conductivity values. It is the spatial distribution of 
these values that determines the paths that groundwater actually follows and the routes by which 
contaminants are transported. The spatial structure of hydraulic conductivity is closely related to the 
nature and degree of hydrodynamic dispersion in aquifers.

This image shows the results of work done by Ed Sudicky at the University of Waterloo at the time of 
the Stanford-Waterloo Natural Gradient Tracer Test at Canadian Forces Base Borden in Ontario, 
Canada. (the interpolation and visualization in this image was done by Seth Pitkin using Ed’s data). 
Ed collected a series of 2 meter long cores spaced 1 meter apart horizontally in a cross pattern. He 
then chopped the cores into 5 cm thick chunks and ran permeameter tests on each chunk, resulting in 
1,279 measurements of hydraulic conductivity. The Borden aquifer is commonly referred to as 
relatively homogeneous in appearance and is in a sand deposited beach environment. This image 
shows the distribution of the K values in 3 dimensions. Note that there is a substantial vertical 
exaggeration in the image. The spatial structure of hydraulic conductivity is such that there are thin 
zones of high K material adjacent to thin zones of lower K material.
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Other investigators have since performed similar studies and have found similar 
results.  With the exception of Columbus AFB, all of the investigators have found 
vertical correlation lengths in the centimeter scale with horizontal correlation 
lengths in the meter to a few tens of meters. 
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In the 1970s and early 1980s, it was thought that hydrodynamic dispersion was a relatively strong 
process and that it resulted in fan shaped plumes with fairly low concentration gradients and 
significant dilution.

However, work beginning with Ed Sudicky’s Ph.D. thesis at the University of Waterloo in 1979 raised 
doubt about this view of dispersion. The Stanford Waterloo natural gradient tracer test was a seminal 
event in contaminant hydrogeology, published in Water Resources Research in 1982. This large scale, 
rigorous and robust study indicated that transverse (at right angles to the principal direction of flow) 
dispersion was a weak process. Vertical transverse dispersion was found to be very weak, essentially 
on the order of molecular diffusion. Similar work by other researchers followed, including a large scale 
test conducted by the USGS at the Massachusetts Military Reservation on Cape Cod, verifying the 
results of the Stanford Waterloo experiment. These tracer tests used conservative tracers such as 
chloride to assess transport. Later experiments such as those by Mike Rivett and others used reactive 
contaminants such as chlorinated solvents to assess transport and further confirmed the results of the 
conservative tracer tests.

Note the location of the “Sudicky Star” on the plan view diagram of the Stanford Waterloo Tracer test 
at CFB Borden. The Sudicky Star is the location of the study of hydraulic conductivity distributions that 
was shown earlier.
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This is a view of the trichloromethane plume emanating from the “emplaced source” at 
CFB Borden. The results of this experiment, carried out by Rivett et. al. illustrates the 
effects of weak transverse hydrodynamic dispersion. Plumes tend to be long and narrow 
with very steep concentration gradients. This means that not only do hydraulic conductivity 
measurements, porosity measurements, and hydraulic gradient measurements vary 
significantly over short distances, but contaminant concentrations are expected to vary by 
orders of magnitude over short distances transverse to the direction of transport. Plumes, 
particularly plume cores, are expected to have widths similar to the width of the source.
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Martin Guilbeault, Beth Parker and John Cherry were the first to report (at least in 
a peer reviewed format) the finding that the vast majority of contaminant mass 
discharge occurs through a very small percentage of the overall cross sectional 
area of the plume. This is a logical consequence of the weak nature of transverse 
hydrodynamic dispersion and the discrete and complex distribution of many 
source materials (particularly DNAPLs). 
Guilbeault et al (2005) used very closely (15 cm) spaced groundwater samples to 
define the solute distributions at three sites around North America. The finding 
that 75% of the mass discharge occurs through only 5 to 10% of the plume cross 
sectional area has profound implications for how sites need to be investigated and 
how remedies need to be focused.

The authors also found that the optimal vertical sample spacing based on their 
work at the three sites was approximately 45 cm. This is a very close spacing and 
the cost of investigating sites by collecting and analyzing samples at such a close 
spacing would be prohibitive. This issue can be overcome through the use of 
collaborative data (e.g. screening with a MIP or LIF) followed by targeted sampling 
at the required spacing only in key portions of the profile (and plume). The use of 
onsite labs can also reduce the amount of sampling required by providing near 
real‐time feedback on the spatial structure of contaminant distributions (in 
particular, when you are sampling outside of the 5% to 10% of the cross sectional 
area through which the vast majority of the flux occurs.
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The use of vertical profiles provides excellent information on the vertical distribution of variables at a 
given location. Organizing these profiles along lines transverse to the direction of transport (or along 
transects) provides a comprehensive view of the plume anatomy. Such an approach is also well suited 
to providing a flux-based view of plumes. A transect can be thought of as a movie screen upon which 
the projector casts an image of the source material located upgradient. Thus when a transect is 
completed downgradient of the source area, people commonly refer to “back projecting” the locations 
of the source material from the “hot spots” on the transect.
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The ECD is the most sensitive detector for chlorinated compounds used in MIP logging. One limitation 
of the ECD is that the sensitivity of the detector to specific compounds varies strongly with the number 
of chlorine atoms on the molecule. Approximately an order of magnitude of signal is lost with each 
chlorine atom. In the plot above, the response test curves are shown for 0.5 mg/L PCE and TCE 
standards. The response of the 0.5 mg/L PCE standard (upper curve) is much stronger than that for 
the TCE standard (lower curve). Thus, if the makeup of the plume changes spatially (i.e., the ratio of 
PCE:TCE changes) then the detector response will change significantly even if the overall mass per 
volume concentration is the same. The travel time for the two compounds is the same. 
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In the last slide we saw that the travel time (from membrane, through the trunkline to the detector) 
was the same for PCE and TCE. However, for more dissimilar compounds, the travel times can be 
very different. The plot above shows the travel times for PCE; benzene; 1,3,5-TMB; and naphthalene. 
The travel times vary from 1 minute for PCE and benzene to 8 minutes for naphthalene. Since the 
depth at which the contamination was encountered is determined in the MIP software on the basis of 
a single travel time based on a response test, the presence of multiple compounds with different travel 
times will result in peaks showing up at different depths, when, in fact they all originated at the same 
depth.
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This image is from a transect at a chemical plant in New Jersey. The colored image represents 1,2-
dichlorobenzene concentrations in soil with each black dot showing the location of a soil sample. The 
ghosted image shows the MIP PID response (in micro volts). It is clear that the zones at which the 
MIP shows peak concentrations are shifted downward relative to the locations of those peak zones as 
determined by soil sampling. This downward shift is the result of the long travel times of 1,2-DCB 
relative to the travel times determined during the response test using TCE. In sites with complex 
mixtures of contaminants, the MIP data may be hard to decipher and can cause some confusion.
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The profiler has been modified to allow for the collection of detailed data relative 
to contaminant concentrations, the distribution of hydraulic conductivity and 
hydraulic head as well as pH, specific conductance, dissolved oxygen and oxidation 
reduction potential in a single push.
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Two options for pumping of formation water.  On the left is a schematic diagram of a positive 
displacement nitrogen gas drive pump, which pushes that water up from the bottom of the drill string. 
On the right is a schematic of a version of the tool used with a peristaltic pump located uphole.
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This diagram illustrates how the data acquisition system works. Compressed nitrogen 
pressurizes a stainless steel container filled with analyte-free water. The pressure pushes the 
water past an electronic flow meter and pressure transducer and down the hole inside a 
small diameter stainless steel tube. The water is forced out the ports and into the formation. A 
string potentiometer on the rig tracks the depth of the tool. All of the data are routed to the 
data acquisition electronics in the control box. Once a desired sampling depth is reached, the 
flow of water is shut off and purging begins. Water is pumped from the formation until the 
geochemical parameters measured in the flow cell reach approximate equilibration. Then the 
samples are collected and taken to the onsite lab. The total quantity of water purged is 
recorded along with the equilibrium parameters.
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In the diagram at the left the brown line shows a continuous record of the index of 
hydraulic conductivity versus depth. Clay layers are seen at 7’, 9’ and 19’ bgs. The clay layer 
between 19 and 28 ft bgs is interbedded with significant sand layers. Once below the water 
table, the investigators stopped driving upon encountering the first sand layer and collected 
a sample. The sample had a concentration of approximately 70,000 ug/L of chlorobenzene. 
The tool was driven a little deeper and a second sand unit was encountered. Again, a 
sample was collected which had a very similar chlorobenzene concentration as the first 
sample. The tool was driven below the clay layer and a sample was collected from the 
aquifer upon exiting the clay. This sample had a concentration an order of magnitude lower 
than those within the clay unit. The samples throughout the aquifer proper were two and a 
half orders of magnitude lower. The Ik recorded is very useful for making real‐time 
decisions about depths from which to collect samples.

The second use of the IK data is to infer sitewide stratigraphy by interpolating the data or 
interpreting the geology based on the IK records.
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There are many reasons for obtaining high quality cores, including: an understanding of the detailed 
microstratigraphy that controls NAPL and solute migration; the provision of samples from which 
accurate physical, microbial, and chemical properties can be determined; a determination of 
contaminant mass distributions, particularly between high and low-K zones and including 
concentration gradients and contaminant flux between these zones; and finally, determining the 
effects of remedial actions on the subsurface.
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