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Diving Plumesand Vertical Migration at Petroleum
Hydrocarbon Release Sites

by James W. Weaver and John T. Wilson

Petroleum hydrocarbons are mostly less dense than water. So they should float or, at least,
hang around the water table, right? Not o fast. There are some fairly common Situations
where we would expect a plume of petroleum hydrocarbons to move verticdly into the
aquifer—as a result of water table drawdown associated with pumping from water supply wells,
smearing of contaminants due to water table fluctuation and Ste investigation activities, and the
movement of water through preferentia flow pathsin heterogeneous environments. But evenin
the absence of any of these circumstances, a plume may <till move downwards, or “dive,” into
an aquifer.

This diving Situation occurs when groundwater recharge enters the top of a shallow water-
table aguifer. Once in the aquifer, thiswater begins to move in the direction of groundwater
flow. Because the recharge water is entering the aguifer from above, it can push contaminant
plumes downward. The amount that a plume is pushed down, or “dives,” depends on the
amount of recharge water entering the system and the relative contribution this additiona water
makes to flow in the aquifer.

We expect that such diving plume scenarios may occur in the wetter parts of the country,
but even in dry dimates, recharge-driven diving can occur because of irrigation, lesking water or
sewer pipes, or recharge from ephemera surface water festures. In either case, plume diving
depends on the localized pattern of recharge, the flow rate in the aguifer, and the distribution of
contaminants—as shown in the following East Petchogue, New Y ork example.

East Patchogue, New Y ork

A gasoline release a an East Patchogue, New Y ork UST facility created large BTEX and
MTBE plumes. The plumes were detected because a private water supply well, located 4,000
feet downgradient from the source, was in their path. The well screen was about 50 feet below
the weter table, right where much of the MTBE masswas located. The Site investigation Started
at this point and went upgradient to identify the source.

Because of the importance of the aquifer for drinking water supply, the State of New Y ork
undertook an extengve invegtigation of the site that included vertica characterization of the
plumes. Multilevel samplerswith 6-inch screens at 5-foot intervalswere used. A resulting
vertical section through the plume showed that BTEX and MTBE tended to dive into the aquifer
with distance from the source (Figure 1). 1t was further noted that a significant amount of diving
occurred asthe BTEX plumes passed under agrave pit.

By studying the well logs and performing a detailed hydraulic characterization of the aquifer
with a borehole flowmeter, vertical migration controlled by stratigraphy was ruled out, because
the hydraulic conductivities varied by less than afactor of two over the aquifer. This|eft



recharge as the most likely explanation for the plume diving. The modd described in the Sdebar
on page ??7?? was used to Smulate the site and provided additiona evidence that recharge was
the cause of the diving.

This Patchoque example sheds light not only on how recharge pushes the plume downward,
but dso what happens when water discharges from aquifers. Where water comes up at
discharge points, so will the contaminants—aong streams, rivers, lakes, or the ocean. The
ocean is the expected destination of the MTBE plume at East Patchogue, where the
groundwater flow system discharges into Great South Bay, adjacent to the southern shore of
Long Idand. The groundwater and contaminants move upward as they approach the discharge
point & the bottom of the Bay.
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Figure 1. A vertical cross section through the MTBE, benzene, and total xylene plumes a East
Patchoque, New Y ork. The gasoline source islocated at the right-hand edge of the sections,
and flow isto the left. Each of the plumes dives into the aquifer with trangport in the aquifer.

Consequences of Missing the Dive



What about the consequences of adiving plume, or more to the point, the consequences of
missing adiving plume? We averaged the East Patchogue data set to show how the plume
would gppear if sampled only from long-screened wells. The data were averaged over the top
10 feet of the aquifer to smulate 20-foot well screens—10 feet in and 10 feet out of the aquifer.

The graphsin Figure 2 show two sets of concentrations plotted dong the length of the
plumes. Thefirgt data set (circles) shows the maximum concentrations from the multileve
samplers. This set represents the maximum concentration measured in each sampler, regardiess
of depth, a each location aong the plume. It isintended to be a reference to show the extent of
contamination on the x-y plot.

The second concentrations (diamonds) are the values for the smulated 10-foot screens. For
these, the MTBE concentrations dl fal below New Y ork State's threshold of 10 ng/L. With
only these data we would have concluded that there was no MTBE plume at thissite. The
maximum concentrations, however, indicate a 9gnificant MTBE plume in the downgradient
portion of the aquifer.

The smulated long-screened data show that the benzene plume appears to be shortened to
about one third its actud length. This effect occurs because plume diving pushes the benzene
plume out of the bottom of the sampling network. As this occurs, the concentrations appear to
decrease, because clean and contaminated water mix in the well. This mixing resultsin diluted
samples and lower concentrations.

Interestingly, the long- screened data al so show that the total xylenes and benzene plumes
appear to be the same length. Here, because of sorption, the tota xylenes did not travel far
enough in the aquifer to drop out of the monitoring network, and there was no apparent
shortening of the plume. But, these two contaminant distributions provide aclue that thereisa
sampling problem. Our expectation is that there should be separation of benzene and total
xylenes caused by sorption. In this case, the expected chromatographic separation has been
negated by the monitoring network.
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Figure 2. Consequences of sampling only the top 10-feet of the aquifer at East Patchogue. The
MTBE plume disappears (top), the benzene plume is shortened by two thirds, and the total
xylenes plume appears a the same length, because it does not reach the gravel pit where diving
dominates the contaminant digtribution.

It's Timeto Rethink Our Assumptions

Are plumes longer than we think they are? The short answer isyes The reason we think they
are shorter isthat most LUST ste monitoring well networks do not adequately delineste
contaminant plumesin three dimensions.

“Conventiond” monitoring wells are designed, primarily, to monitor for the presence of free
product floating on the weter table. To accomplish this, conventiona wells are congtructed with
relatively long screens that are set to bisect the water table. This approach is meant to allow for
seasond fluctuations in water table eevation in the hope that the screen will extend below the
lowest low-water elevation and just above the highest high-water elevation.

Also, many monitoring networks consist of reatively few wells, most of which are located
on the LUST gite property. We' ve seen that such networks are not well-suited for determining
the true extent of aplume, nor can they provide accurate information about the vertica



digtribution of ether contaminants or hydraulic conductivity. The lack of thisdataisa critica
limitation for performing a quantitative risk assessment.

Groundwater samples drawn from these conventiona wells represent composite samples.
Because they mix waters of varying true concentrations, they are diluted and give afasely low
impression of the severity of contamination.

So how do we interpret concentrations of contaminants that are below state or federa
action levels? Here, an old dictum applies. The absence of evidence is not evidence of aisence.

It may be that, sometimes, low concentrations are just that. But we need assurance that the
wells have been located such that they actudly sample the plume. When we sample from the
wrong place, as our Patchogue example shows, we may well think that concentrations are lower
than they are actudly. As a consequence, we fasdy believe that plumes are shorter than they
are actudly, even to the point of gpparent nonexistent.

With the prevaence of biodegradation of BTEX (and some emerging news concerning
MTBE biodegradation), we may be too quick to attribute short plumes to natura attenuation,
rather than to what might be the true cause—a sampling error.

An Approach to Assessing Plume Diving

Isthere auniversd prescription for apractical assessment of plume diving and vertica
migration? We're afraid not. The site assessment process involves putting together the pieces of
the puzzle to ddinegte the extent of contamination. One part of that puzzle is a determination of
the verticd contaminant distribution. Because of the potentidly detrimenta consequences of
missing adiving plume, the Site investigation should be designed to ensure that a diving plume
doesn't extend out of the range of the bottom of the monitoring network. Site-gpecific factors,
such as geology, hydrology, land use, and site geochemistry, provide the evidence for plume
diving. Thefollowing factors should be evauated in planning a Ste investigation:

* Geology and the Sampling Networ k
What land form contains the plume? Isit aflood plain, delta, or coagtd plain? Do drilling logs
indicate that there are discrete zones that yield plentiful water and other zones that do not?

Core logs give information needed to define the stratigraphy, including the geologic units,
their consstency, and their orientation. Has a cone penetrometer or borehole flowmeter test
been performed? Have the monitoring wells been tested to determine hydraulic conductivity?
Have they been tested to determine if they are screened in intervas known to yield water?
What are the properties of the aquifer with regard to depth, thickness, and hydraulic
conductivity? Doesthe well network characterize the aguifer in two dimensons, or in three?

Clearly, verticd ddineation of a contaminant plume requires three-dimensiond
characterization, which may indude the use of permanently ingtaled multilevel wells or
temporary push points. Because of the expense of indaling and sampling from multilevel wdlls,
temporary push points can be used to reduce the cost of vertical delineation.

Using this push technique, locations can be sampled without ingaling permanent wells when
the verticd location of the plumeis not known. Permanent monitoring wells can beingdled
after the plume has been located. Determining the horizontal extent of contamination may not
necessarily be asmple task either. Push technologies can be of great benefit here as well.



Answers to the questions posed above help define the stratigraphy, which serves asthe
geologic control on the contaminant distribution. In many flood plains, for example, the surface
materid is primarily heavy slts and clays that have been deposited during higtorica flood events.
Beneath these surface silts and clays are sand and gravel deposits associated with previous
meanders of theriver. The water table is frequently in the surface st and day. So the materids
with a capacity to carry groundwater (sand and gravel) and transport a plume occur at the
bottom of the sequence of deposited sediment.

The Elizabeth City, North Carolina”Old Fue Farm Site” illustrates the effects of recharge,
dratigraphy, and sampling. It is described in areport, Natural Attenuation of MTBE in the
Subsurface Under Methanogenic Conditions, available from US EPA at
http://www.epa.gov/ada/pubs/reports.html.

* Hydrology and Land Use

From atopographic map, what do eevations of areas such streams and |akes indicate about the
groundwater flow system? How much annud rainfal occurs? What recharge estimates have
been devel oped for the area or are commonly used? What are the land use patterns?

For example, the flow system at East Patchogue is determined by the regiona flow on Long
Idand, where water generdly flows from the center if the idand in the north to the Great South
Bay in the south. An average of 44 inches of rain falls each year, and the Unites States
Geologicd Service (USGS) edtimates that the average recharge is about haf of the rainfall.

The UST facility property was paved and adjacent to a highway. Downgradient, the land
usesinclude light commercid, playing fidds, agravd pit, and medium-dengity residentia aress.
Each of these land uses influences the pattern of recharge, from very low recharge where the
surfaceis paved to very high recharge in the gravel pit.

With this information, we could have suspected that the contaminants were likely to travel
toward the Bay. If the plumes moved away from the service station property and out from
under the paved area, there would be a good chance for diving behavior, particularly if the
plumes reeched the gravel pit—as they indeed did.

At other stes, unlined drainage ditches, leaking water mains and sewer pipes, irrigation, and
the flow peattern in the agquifer can determine the vertical distribution of contaminants.

Thus, where rechargeis likdly to be the plume diving instigator, the amount of water that
infiltrates into the area above the plume, and the amount that this recharge contributes to flow in
the aguifer determines where and how much diving will take place.

» Geochemistry

Simple geochemica tests can be used to spot a plume that is diving because of clean water
recharge. In generd, uncontaminated recharge water a the top of an aquifer will have oxygen
concentrations that are above 1 mg/L, iron concentrations that are less than 0.5 mg/L, and
methane concentrations that are lessthan 0.1 mg/L. Groundwater that has been contaminated
with petroleum hydrocarbons will generaly contain oxygen concentrations thet are less than 0.5
mg/L and may contain concentrations of iron and methane that are greater than 1 mg/L. If the
groundwater is sampled with abailer, the sampleis usudly contaminated with atmaospheric
oxygen during sampling, and this rule-of-thumb for oxygen should not be applied.



In generd, clean recharge water will have low Dissolved Organic Carbon (DOC), usudly
lessthan 1.0to 2.0 mg/L. The plume will usudly have eevated DOC, often above 10 mg/L.

Putting the Pieces T ogether

The gratigraphy of an area provides the first indication that plume diving should be considered.
Are the contaminants contained in dipping drata? If thisisthe case, off Ste migration islikely to
be controlled by the siratigraphy. Dipping or not, the plume direction will be dictated by the
flow that water takes through the geologic Structure.

The groundwater flow rate and an estimate of the petroleum rel ease date provide clues
about trave time to various downgradient locations. If the rateis low enough, the plume may
never reech that gravel pit or unlined ditch that is waiting to drag it to the depths of the aquifer.

S0, before taking the Ste investigation off-Ste, can an estimate of plume diving be made? In
ample aquifers, the OnSite plume diving calculator can be used to estimate diving at a Soecific
location. (See sidebar.) Subsequent sampling with a direct push probe can provide
confirmation (or not) of the location of the plume, both vertical and horizonta, before a
commitment to permanent monitoring wellsis made.

From our work on siteswith diving plumes; it's clear that prospects for plume diving need to
be factored into Ste invedtigations.  Thisinformation can be used to determineif diving islikey
to occur in the downgradient plume. If diving is a possibility, then the sampling desgn must be
such that plumes are fully characterized through the design of the monitoring network.

By the way, plume diving is not a new concept. It was evident in data collected from the
first Borden Aquifer dispersion experiment conducted in the 1980s (MacKay et d., 1986, A
natura gradient experiment on solute trangport in a sand aquifer, Water Resources Research,
22(13) 2017-2029). It was aso observed in data from the extensive USGS Cape Cod field
study (LeBlanc et d., 1991, Large-scde naturd gradient tracer test in sand and gravel, Cape
Code, Massachusetts, Water Resources Research 27(5), 895-910)
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SdeBar

The OnSite Plume Diving Calculator

Cdibrated numerica groundwater flow models, such as MODFLOW, can be used to show

how much recharge-driven diving there might be in an aquifer. Inasmuch asthese modds are

not applied at most LUST gites, we'd like to suggest that you try some smpler aternatives.
From our experience at the East Patchogue site, a smple smulation model was developed

to estimate the prospects for recharge-driven plume diving. The modd isapart of EPA’son

line tools for Ste assessment cadled OnSite. Use of the tools requires only a standard browser



and Internet access. Thetools are available at
http://www.epa.gov/athens/software/trai ning/WebCourse/part-two/onsite.

The plume diving modd alows an aquifer to be split into segments, each with its own
hydraulic conductivity, recharge rate, and length.  The upgradient and downgradient heads are
specified in the aquifer, asis a sarting point that represents the source and awdl location.
Given these specified aguifer parameters, an estimate is given for how deep the top of the plume
is below the water table at the specified well location.

The software has been used on severa Long Idand sites and found to match the observed
plumes. The modd, however, is based on asmple one-dimensiona conceptudization, and we
don’t expect it to be appropriate for dl Stes. It does, however, give an idea of the prospects
for recharge-driven plume diving.

Asthe ste investigation moves away from the source, the moded can be used to predict
plume diving. Sampling of the aguifer can then show if the predictions were correct. Even more
to the point, sampling can show if the plumeis diving, and the mode results give a guide for
determining the vertica extent of contamination.
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