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WHAT IS “PLUME DIVE"?
* Rocharse * The term “diving plume” refers to the gradual vertical A BST RACT REFERENCES:

e \L\L\L \l, ‘ | migration of 3 dissolved-phase contaminant p|ume to The term “diving plume” refers to the gradual vertical migration of a dissolved-phase contaminant plume to greater Groundwater supply wells that extract groundwater at depth also induce downward vertical gradients, and can induce |If site factors suggest a potential for significant dive, and the consequences of missing a diving plume are great, a Alvarez, G. 2003. “Predicting Diving MTBE Plume Behavior” Presentation at
o o _ depths within the subsurface with increasing flow path distance, resulting in the existence of a region of plume dive in the absence of effective confinement. relatively detailed vertical characterization of the plume may be necessary. Guidance for evaluating the level of the National Ground Water Association Conference on
v ¢ Gradual build-up or accretion of clean recharge greater depths within the subsurface with INncreasing uncontaminated water overlying portions of a contaminant plume. Geologic factors that influence vertical plume migration include variations in hydraulic conductivity with depth; strata assessment associated with various characterization tasks such as vertical plume delineation can be found in MTBE: Assessment, Remediation, and Public Policy, Baltimore,
- ----------------}/.-----------.-.!-_______ flow path distance, resulting in the existence of a The objective of this technical poster is to summarize issues related to the phenomenon of diving plumes. The factors  orientation and dip angle; and heterogeneity within the aquifer. “Strategies for Characterizing Subsurface Releases of Gasoline Containing MTBE" (AP 2000), which can be applied Maryland. June 5-6.
b _ _ _ _ that can cause plumes to dive are presented, and methods used to evaluate the potential for plumes to dive are to any contaminant investigation. Analytical tools can be used a priori to guide installation of depth-discrete monitoring Amerson, I., and R.L. Johnson. 2003. Natural Gradient Tracer Test to Evaluate
‘1\ — b region of uncontaminated water overlylng pOftIOﬂS of outlined. Suggestions are provided regarding,the identification and characterization of diving plumes. Geochemical factors can result in spatial variations in contaminant attenuation mechanisms, which may give the well networks near the apparent leading edge of the plume, where typical depth-integrated monitoring wells may result Natural Attenuation of MTBE Under Anaerobic
~ = — — Gradual downward 3 contaminant pIume - - _ - o _ _ impression that a plume is diving or that it is diving at a greater angle than would be observed solely due to in measured concentrations that appear to be reduced as a result of mixing of contaminant with the overlying Conditions. Ground Water Monitoring and Remediation 23, no. 1: 54 -61.
g‘l:;é':]aet'xgi;’f ' eDrIrvolr?gozl:m’f:r hrae‘;:tf‘:r‘]’:ﬁg'moiléﬁt(‘:%?; (:cr)r:izltirfeharlirsakc:ctgnrzzgopo.rg ?) rd;g'?ﬁepsl?n;i?i; rr]‘gé z?i‘;‘:ﬁ;‘::yaft:fg;iz:zed’ accumulation of recharge. If the recharge water infiltrating into the subsurface contains greater amounts of dissolved accumulated clean water. Anderson, M.P. and W. Woessner 1992. Applied Groundwater Modeling:
I M P L I CAT I O N S TO M ISS I N G Additionally ingdequate Charécterization posefa oreater potentl?al fo,r under-designing T o A pot.entially oxygen, aerobic biodegradation may be enhanced near the water table. The occurrence of a diving plume may be identified by analyzing depth-discrete shallow groundwater samples for Simulation of Flow and Advective Transport. Academic Press: San Diego.

inadequate assessment of remedial performance. There are several methods available to assess the potential for and characterize the magnitude of dive prior to dissolved oxygen, iron, methane, or other parameters that may indicate the presence of overlying unaffected Bear, J. 1379, Hydraulics of Groundwater. McGraw-Hill Series in Water Resources
A D IVI N G P LU M E: : : : : _ _ _ detailed site investigation. Analytical tools include using the ratio of recharge rate to groundwater discharge rate to groundwater versus groundwater affected by hydrocarbons or other contaminants. Detecting such zones can increase and Environmental Engmeen.ng, MgGraw-HHl Publishing Company, New York.
— — _ PLUME AXIS gg;e ??hsee\ele'rsilezggr(?furl:gt’ ggﬁlog'ccc’ anﬁ ggoglr\]fr:ncl)caol f:r::'tcoarlsl thna; CC"e'Ltr'ZLf[’Fgatlohpld”?el_S'VeédT_Qﬁt?ap{ﬁLgydLa;“C estimate the expected slope of dive, or the depth to which a plume may dive below monitoring well screens for given  confidence that the monitoring network is located in the probable path of the plume. Earle, R-PT'"d J-W-hV‘I\//Ta(‘j’ﬁ’ 20&%3%'”*“'3’“%” (I)j 821 Methé" teg[_bﬁjtsyl ether (MMTBdE)l
' ' ri Xi ur urring or r | induced verti raulic gradients. u : : : : i : L _ - _ - it | | i i i
b — PLUME THICKNESS o nadequate evaluation of risk to receptors downward vertical gradient indicgtes s p%tential forpa g(g:living p>llume b dois ot b;/gitself T thge - distances. Th_e U.S. Enwronmer_ltal Protectlon _Agency (USEPA)_prowdes an on line Cglcu!ator that estimates the position Many of the methods described above, or a combination of those methods, should be used prior to and during field (Husrglf/l\)m' ! 0 o(;/y o agOOZeNé/WchEIr S[)r? ptl i creegmg do e
by >b1 = DUE TO VERTICAL DISPERSION e Under-desieni | | - - - - e - - of the phreatic surface, stréamlines, and anticipated slope or dive for specified combinations of boundary heaas, investigations to characterize the magnitude and extent of contaminant plumes 1 I IFOSSSL s Bl e OrtHeast TOEHS Aokl
2>D1 naer-aesigning corrective actions degree, if any, of the resulting plume dive. The depth to which a plume will dive in an unconfined aquifer as a result of recharge rate, and aquifer hydraulic properties. Many numerical models exist that will also simulate the position of the & & g ' Water Conference, October 3-4, 2002, Burlington, Vermont; p. 74-75.
* Inadequate assessment of remedial performance natural or anthropogenic recharge is dependent on the rate of recharge and the groundwater seepage velocity. ohreatic surface, streamlines, and the three-dimensional distribution of a contaminant plume. Franke, O.L., T.E. Reilly, D.W. Pollock, and J.W. LaBaugh. 1998. Estimating Areas

Example of a Diving Plume due to Accretion of Clean Recharge Contributing Recharge to Wells: Lessons from Previous Studies. U.S.

Geological Survey Circular 1174. U.S. Government Printing Office.
Hattan, G. and G. Blackburn. 1999. Findings of Kansas MTBE Investigations.

FACTORS CONTRIBUTING TO DIVING PLUMES: THE PHENOMENON OF PLUME DIVING HAS ‘i =™

B E E N O B S E R V E D AT S EV E R A L D ET A I L E D Lahvis, Matthew, Arthur L. Baehr, and Ronald J. Baker, 2004. Evaluation of

- HYD RAU L I C: - G EO LOG I C: - G EOC H E M I CA L: \\//(z)lﬁtlzllzza(gc))?;; §5I\513a_t2u6ra7ll Attenuation Pathway for MTBE. Ground Water,

F I E L D S T U D I ES T H R 0 U G H 0 U T T H E Landmeyer, J.E., Pankow, J.F., Chapelle, F.H., Bradley, PM., Church, C.D., and
Reynolds, M., E. Sandin and J. Urquhart. 1991. Evolution of Techniques For

N I T E D TAT E Characterizing VOC Plumes: A Case Study. In Proceedings
Potential for Potential for Episodic bank storage may locally Leaking water main  Mounding and Supply well o s [FOBUS COIETENIEE of ZEEIEl Regionzl Croune tieer (Oehber 22
gradually gradually increase dive, even if stream gains induced pumping 31, 1991, Portland Marriott at Sable Oaks, Portland,
diving plume rising plume groundwater on average * downward flow * Recharge - Long Island, New York (Weaver and Wilson 2000; Weaver et al. 1999). Comparison of analytical results from depth-discrete Maine [Ground Water Management Book 71); p. 583-596.
Recharge creates Gaining Stream o * _— monitoring wells to vertically averaged results indicated that the presence of clean recharge accreted above a plume led to a Todd, D.K., 1980. Groundwater Hydrology, 2nd ed. New York, John Wiley.
gradient ‘__* . * - - : * * false portrayal of the contaminant distribution, including apparent shortening of plumes. At another Long Island site, Tratnyek, PG. 1998. Fate of MTBE relative to benzene
s ')J;w:rrﬁecftei?;els - — 3 , e — downward migration of constituents was further induced by nearby supply well pumping from deeper aquifers. in a gasoline-contaminated aquifer (1993-98): Ground Water Monitoring
-v- --------- i --’ ---------------------- - - . / --’ ------------------------- - . . . . . . I I . _
\ o== radient - ffﬁ' re———— e emmmmmm———— R~ ZZ | L iy -0 - - South Carolina (Landmeyer et al. 1998; Lahvis et al. 2003). Higher concentrations of MTBE and benzene occurred in the and Remediation 18: 93-102. - |
{ s . =S deeper sampling ports of multilevel monitoring wells in an area below a drainage ditch as a result of recharge events that Weaver, J.W., J.E. Haas, and C.B. Sosik. 1999. Characteristics of Gasoline
>< E:Lﬂﬁﬁ!‘i‘,?!. flow r:l:]t(')“’/';é’f)slgggbic deflected originally horizontal groundwater flow patterns and possibly increased biodegradation in the shallow portions of Ee[fasef C';n thedWV?/tir T?A\ble A_q;{'fe;:f Long |S|Par;d'| Preselnt?[gl[ a][t the
n : . the plume. ational Ground Water Association/American Petroleum Institute
e s 4 e .y biodegradation > _ L o _ conference, 1999 Petroleum Hydrocarbons Conference and Exposition,
x///// //// Z ng&l{fﬂlﬂm 77 - Remaining plume - Cape Cod, Massachusetts (Reynolds et al. 1991). Accretion of precipitation, rather than hydrodynamic dispersion, was the Houston, Texas. November 17 - 19.
5074 D0, aﬂ"'t*fs o B o 3. L Additional dive due / ///%///%///mm/// SRR h?s mcreaseg.angle dominant factor controlling vertical migration of a VOC plume. Weaver, J.W. and J.T. Wilson. 2000. “Diving Plumes and Vertical Migration at
/ Horizontal flow to proximity to deeper of apparent dive - Kansas (Hattan and Blackburn 1999). A shallow MTBE plume migrated downward along preferential pathways. Petroleum Hydrocarbon Release Sites”, LUSTLine Bulletin 36. November.
dominant i - - : : : :
In aquiers C=> REGIONAL FLOW => REGIONALFLOW  supply well pumping ==> REGIONAL FLOW . U.S. Naval Base Ventura County, Port Hueneme, California (Amerson and Johnson 2003). A natural gradient tracer experiment
Expected groundwater flow conditions within a watershed Example of a Diving Plume Near a Gaining Stream Example of a Diving Plume Along Leaking Water Example of a Diving Plume due to Stratigraphic Controls Example of Apparent Dive Due to Geochemical Factors on an MTBE plume indicated the plume center of mass deepened with migration distance due to the dip of the stratigraphy.
that may lead to downward and/or upward solute plume migration Main and Supply Wells - The U.S. Environmental Protection Agency (USEPA) Region 5 is conducting research on how to best monitor leaking

underground storage tank (LUST) sites to characterize diving MTBE plumes. Results at three sites in the Midwest (lllinois,
Wisconsin, and Michigan) indicate higher concentration plume "cores" at progressively deeper intervals with distance from
the source as a function of recharge area and/or changes in lithology at the water table. (Alvarez, 2003).

METHODS TO ASSESS POTENTIAL FOR AND MAGNITUDE OF DIVING PLUMES: NUMERICAL MODELS: FIELD CHARACTERIZATION:

e B e Simulate the position of the phreatic surface, flowlines, and 3-dimensional » Details of characterization techniques can be found in ASTM standards and several guidance
A N A LYT I C A L M O D E L S _ o plume distribution documents such as API's “Strategies for Characterizing Subsurface Releases of Gasoline
- ::rn_ f v Water Tabe e e Can accommodate spatial variations in parameters to represent more Containing MTBE” (API Publication 4699, February 2000).
1.) Ratio of Recharge Rate to Groundwater Discharge Rate Where: 2.) Capture Zone Analysis: 3.) Dupuit-Forcheimer 1-D Solution :LTE" P " “/ o et rom e taton complex conditions * Level of effort should be commensurate with the risk to receptors; i.e., evaluate the need to
This approach is based on a conceptual model of vertical plume migration Slope = change in depth per change in horizontal distance, relative to the » Conceptualize and evaluate potential for downward migration due to * Flow properties homogenous over specified regions H o B ! « Data requirements are commensurate with the site conceptual model and characterize a diving plume before conducting a detailed field characterization.
resulting from ac:cu_mulation qf rgcharge at the water table. This approach | water table surface [ft/ft] heterogeneity and temporally changing flow conditions  Uniform recharge over specified regions the desired model spatial and temporal complexity * If detailed field investigation is warranted, use analytical tools to guide installation of
assumes recharge is evenly distributed above the plume, that the subsurface is | = Accretion rate [ft/yr]; recharge rate divided by porosity, where the recharge * Obtain information regarding well locations, extraction intervals and e Specified heads at upgradient and downgradient < o : : L L. multi-level monitoring networks
L ) . . : . . . . il » Selection of model code depends on project objectives g -
homogeneous, the aquifer is thick relative to the accumulation of recharge, and rate is the net annual recharge to groundwater in feet/year rates, and estimated capture areas from local water agencies or water extent of region of interest e oo o _
that the rate of plume dive is uniform. I V = horizontal groundwater seepage velocity [ft/yr]; the specific discharge purveyors A —— — p— » East Patchogue, Long Island Site - MODFLOW and MT3D were used to e Obtain information on geology, stratigraphy, and depositional environment to guide selection of
The slope of plume dive can be estimated by: Slope = — _ —l— divided by porosity e Use simple analytical equations to calculate 2-dimensional capture T a—— G 7 e z . evaluate plume moyement and groundwater/surfac_e water interaction; the screened intervals.
q | = recharge rate, [ft/yr] width and extent (Todd 1980; Bear 1979) S Y : T " r_ model adequately simulated the observed plume dive » Depth-discrete monitoring can be used to confirm the presence or absence of vertical
q = specific discharge, also known as Darcy velocity [ft/yr] e Use more detailed methods to conceptualize and evaluate hydraulic (Earle and Weaver 2002) hydraulic gradients, which can indicate the potential for plumes to dive at a given site.
capture zones (Anderson and Woessner 1992; Franke et al. 1998) 65.0 User-Entered Data | 1038 | Calculated Value _ : : L : :
, * Use geochemical and/or isotopic characterization to assess if clean water overlies a
EPA Plume Dive Calculator contaminant plume
http://www.epa.gov/athens/learn2model/part-two/onsite/diving.htm P '

RECOMMENDATIONS TO EVALUATE IF A SITE HAS THE POTENTIAL FOR PLUME DIVE:

Many of the methods described above, or a combination of those methods, should be used 1.) Assess whether hydraulic, geologic, or geochemical conditions at a site indicate the * assess the significance of vertical gradients; 2.) If preliminary evaluation of site conditions indicates the potential for plume dive to occur, locations and appropriate depths;

prior to and during field investigations to characterize the magnitude and extent of potential for plume dive to occur: « obtain information on site lithology - evaluate regional geology and local stratigraphy estimate the degree of potential plume dive via application of the simple accretion rate » depth-discrete monitoring techniques can be used to characterize the horizontal and
contaminant plumes. To assess the potential for significant plume dive to occur at a site, and « identify site location relative to areas of potential recharge and discharge within the identify lithologic types, likelihood of heterogeneity (preferential flow paths and/or trends relationship, the plume dive calculator, or other analytical calculations. vertical extent of a plume, and evaluate the likely transport path of the plume;

to avoid mis-characterizing a diving plume, initial characterization tasks should include the watershed; in hydraulic conductivity with depth), evaluate if strata are dipping; 3.) If analytical screening tools indicate plume dive may be significant, a more thorough or « geophysical methods can be used to identify the more permeable zones through which

following elements: . . . . : . . . . . . . i i : ) .
& « identify nearby supply well locations, pumping rates, screened intervals, and assess e review available literature for occurences of plume dive at nearby sites or sites with detailed analysis Is warranted: groundwater and solutes will preferentially flow.

the potential for wells to acts as vertical conduits; similar hydrogeologic conditions. e analytical and/or numerical models may guide or assist with monitoring well installation-




