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TABLE 1.1  Ground-water usage in the United States, 1985,

] Parcuni of Total Use
Ground-water Use Supplied

Categary (million gollons/day) by Ground Water
Public woter supply 14,600 400
Domestic, salf-supplied 3,250 LA
Commareinl, wi.supplied 7L 60.7
Irrigation 45,700 334
Livestoch 3,020 &7.4
Indusirial {fresh) 3,730 17.4
Industrial (saline) 26 0.7
Mining ffresh) 1410 528
Mining (saline) 626 a8y
Powar plant cooling &0a 0.5

Source: Solley, Mark, ond Fises, 1988
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Unitad Siedes to be major threots o ground.weter guslity, Seurce: Maotional Water Quality Invertary,
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Fig 1. World siress
miap, with Sy, 00
entations ploted on @
base of querage to-
pograpiy. Line
ferigths of data are
proportional B qual-
iy, Red doto indicate
a novrmal foulting
Siress regime, green
data indicate o strike-
ship faulting sress
regime, pumle data
irrdicate a dheust foult
ing stress regime, and
bock data indicate an
urikerhOLN SITEss re-
gime.

Figure 1 The location of AECL'S experiments
in the URL



Safety barrier system for high-level waste

Glass matrix (In steel mould)

= Low corrosion rate of glass
» High resistance 1o radiation damage
« Homogeneous radionuclice disiribulion

Steel container

» Completely isolates wasie lor » 1000 yEArS
» Comosion products act as a chemical bu'fer
o Comosion procucts lake up radionuelides

Bentonite backdill

» Long resaturabion Ume

® Low solule transfer rates (Diffusion)

o Felarzation of radionuelide transport (Sorption)

o Chemical buller

s Low ragionuclion solubility in lgachale

» Colioid fiter

o Plasticity (sefl-healing lollowing shysical disturbance)

Geological barriers

Repository zone:

& Low water flux

s Favourasie hydrochemisiry
* Methanical stability

Geosphere:

s Reardation of radionuclides (sorption,
mairx

 Reduction of radionuclide concantration (dilution,
radicactive decay) F

¢ Physical protection of the angineered barters
{0.9. from glacial srosion)

Fig.2  The safety barrier system for disposal of high-leve] waste.



GROUND SURFACE

UNSATURATED ZOME

we—— GAS ZOMNE (evaporation ervelope)
CAPILLARY FRINGE g,

WATER TABLE

NAPL CORE DIFFLUSION 2OME

[seluble companents,

Fig. 1. Schematic representation of lighter than water NAPL movement through the unsaturated and into the saturated
zone [after Abriola and Pinder, 1985a]

ATES

Fig. 3. Ternary diagram showing the relative permeability of the
nonagqueous phase as a function of phase saturations [afler Faust,
1985]

Fig. 2 Schematic representation of heavier than witer MAPL
movement through the saturated and unsaturaied zones,
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Figure X.a. Sheei-like spill of 36.3 L of PER. View of spill above ihe
capillary (ringe.

Figure X.b. Sheei-like spill of 36.3 L of PER. View of spill below the
capillary fringe. Time ~ 1} min.
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PER. Kinematic
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=1 h,
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J.a. Kinematic
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LVia. XVIilLa.

Figure X¥La. Beads inilially moist; diameter range = 0.85 - 1.23 mm. PER Figure XVIl.s.
then dripped in from above. The PER accumulated as a sheath around a zone
of high water content.

Beads initially dry; diameter range 0.83 - 1.23 mm. PER
first applied from above. Water then applied from above. Infiltrating water
drove PER from the bead surfaces.,

Figure XYLb. Beads initially saturated with water; diameter Fange Figure XVII.b.
A SR A R S Ly g : s

Later stage of process depicted in Figure XVil.a
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XXILb.

Figure XX1La. Fracture with an aperture of 0.1 mm, and rough walls Figure XXIlL.a. [Infiliration of DCM into a fully saturated fracture with
initially saturated with water. Water level then lowered. PER then applied at aperture of 0.1 mm, and rough walls. DCM appled at 1.4 mL/min. Resulis
1.3 mL/min. Water remaining on fracture walls affected distribution of PER similar to those for PER in Figure XXI1.b.

Figure XX11.b. Same system as in Figure XX11.&., but a1 1.5 h after Figure XXIILb. Continuation of Figure XXIll.a. experiment. 45 min after
discontinnatinn of the annlication of PER ALl PER chowan i 5 srahle erata sndine the PR aenlioation  the wee level woae booeesd 1 irtle T
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[2:1] Capillary Behavior

Overview — LNAPL DNAPL
Immiscible Transport — Overview
Generalities of Interfacial Behavior

On Surfaces

In Porous media
Capillary response

Single capillary tube

Contacting Grains

Fracture



LMNAPL y | r:-{ﬂq,(t}m( be lhavie
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GROUND SURFACE

WATER TABLE

\ DIFFUSION ZONE
[mrduble rremponsnat)

Fig. 1. Schematic representation of lighter than water WAPL movement through the unsaturated and into the saturated
zone [afier Abriola and Pinder, 1985a].

NAPL CORE

AU G
-—LE PHASE

Fig. 1 Ternary diagram showing the relative permeability of the
nonagueous phase as a function of phase saturations [afier Faws,
1085].

Fig 1 Schematic represemiation of beavier tham water NAPL
movement through the saturated and unsaturated zones.
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Figure lll.a. Schematic ol & small spill in a permeable unsaturatsd 2one with
a resulting mound of CHC gas. Concentration decreases with distance from
spill. Grainsize shown at right.

Figure [IL.b. Larger spill than in 111.4., but still not large enough 10 exceed
the _EF‘“‘E‘“{“ capacity of the unsaturatec zone; no liquid CHC reaches the
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Figure ?WL-. Beads initally moist; dismeter range = 0.85 - 1.23 mm. PER
then dripped in from above. The PER sccumulated as a sheath around a zone
of high water content.

Figure XV1.b, PBeads initially saturated with water; diameter range
= 0.49 - 0.70 mm. PER then applied from above. When the flow of PER
was discontinued  the front nortinn of the PER ctresm heaks aff and hebd
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Figure X.a. Sheet-like spill of 36.3 L of PER. View of spill above the
capillary fringe.

Figure X.b. Sheei-like spill of 36.3 L of PER. View of spill below the
capillary frings. Time = - 10 min.
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CAPILLACY PRESSUOES - TFoROUS MEDA
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[2:2] Capillary Behavior
Recap
Capilary Pressure —vs- Saturation curves
Leverett
Brooks-Corey
Drainage and Imbibition
Penetration of NAPLs — How deep?

Experimental Determination of Pc vs-Sw curves
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TABLE 5.1 Visual capillary rise in unconsolidated meterials (poresity of oll samples

s et 4184,
=
Grain Size (mm) Capillary Rise (em)

Fine grovel 9.5 25
Very coarse sand 1-2 65
Coare sand 0.5-1 13.8
Madium sond 0.2=0.5 244
Fine sond 0.1-0.2 428
Sit 0.05-0.1 105.5
Fire silt 0.02-0.05 200+

Sowee Lohmgn (1972)
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FIGURE 5.14 Changes in the vesfical distribution of oll with fime afier o slug of oll is odded to e top
of o column of sand. Ol cantent and water combeni ars sxpressed o3 o froction of the total volume of the
porcus media. Source: D, K. Eckberg ond D. K. Sunada, Waoter Resources Research 20, no. 12 (1984} 1891 -
§7. Copyright by the Americon Geophytical Union.
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L. Boehr, Woter Rescurces Ressarch 23, no. 10 (1987): 1926-38. Copyright by the American Geophysical

Unign,
TABLE 5.2 Woler-olr portition coefficients for selected organic compounsy.
== ——
Malacular Water-Air
Compaund Formula Wwigh! Partition Confiient
Aromatics
Benzens CoH, re 5.68
Tolusne CpHy - 3.85
o-Xylane CeHip 106 458
Ethylbenzene CaHig 104 3.80
Mengromatics
cm c‘“u B4 015
1-Hexgne CyHyy Ba 0.087
n-Haxane e, B& 0015
n-Ocrane CeHy 114 0.0079

Soerte: b | Baske Winkes Deisusoas Bassorch 23 s 1001908 Pobvlahes | RET by Amercon Geophyscal
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Recownrakle Volume

Farr, Houghtalen, and McWhorter (1990 and Lenhard and Parier (1990) developed
two methods 1o estimate the volume of recoverable LNAPL in an aguifer based on the
thickness of the LNAPL Boating in a monitoring well. These methods are based on the

p capillary soll properties. One of the two methods is based on the determination of soil

amm.a...j.:fmjmf properties as reponed by Brooks and Corey (1966). We will look at this method in
some detail using the derivation of Farr, Houghtalen, and McWhorer.

Bkt  to—E T as shown in Figure 5.1 is the diffierence berween the depth 10 the water oi

interface in the well, D%* and the depth 1o the oil-air interface, DY The values of the

L depth 10 the oil mble in the aquifer, D7”, and the depth 10 the top of the capillary fringe,

lnahﬁ_ 1\ D¥, ean be computed.
-WI : |ha
n'-sﬂ"ﬁf]'l :
' i ¢ Ry,
Se = ‘—‘(lﬁ’cﬁu. :-nf-m-a‘l— Py = the Brooks-Corey air-organic displacement pressure 4‘35- n.f-wE
Se= (Su- Su) Pi" = the Brooks-Corey organic-water displacement pressure '
loa/Pe/y

die = Crappac i T

E&?,;-—g— e

l,@ J..;
l .llll

| ?' l'| |

| oy Lo \x l,,jg >‘ \

o -1 L
N |
0.0 ] |
I '4 p I.“ ien

S RAE) o9 P/ 1)

M‘j o hﬁ“"""" M{-ﬁaj v  baalis
Meow - w:,uu-.j = &r Ao = mﬂmj = Wanm'»

Sw



Percem il
saturalion
(1= 1 ] L an L

— Aw —+] Qil

o
Hesichaad odl sarieration

I'-'-T} ------ i -+ --------- . i
I I
Egi Ol uabile
gi' Moile il — hortpontal movemenl down i »
i the slope of water capillary fringe i :
ot T L, (= : v
v Immobile oil P Ws
w“cqiﬂu-}frmz
] ] I ]
v-}"ﬂ"""‘ T kil o 4l [ 1] T
W Ip_,_]p.j Wiater 1zble s-ufu:c:“
T
s Grround waler m zone of saluration
T

HGURE 3.1% Comparison of disiribution of mobile ofl in on oguifer with the thickness of flaating il in
o manitoring well For the cose where a weter copiliary fringe exists below the zone of mabile ol

'I'Eﬁmunmq'-r.: :

D,

ir!_r_,,-pr:]..u.'g,-—mﬂr ‘L'GFFM...

\\Mkhlg;‘ik



Slﬂ.hl-ﬂﬂ.,]qr.._, b:u- .L:‘.n-p']- z Tha-

Equation 5.30 may be rewrinen as
rﬂ
'F-- - T—A—*—-—
i s el
If any of the organic liquid exists at a positive pore pressure, then 7% will be
greater than DY and from Equation 5.31,
ot
a{!.-l.:!l (5.32)

Sr_;u CIL CoMPowrend

If the organic liquid is all under tension in the capillary zone, then there will be
no mobile organic layer and no organic liquid will collect in the monitoring well Under
these conditions, Equations 5.29, 530, 531, and 532 are not applicable. However, as
soon as free organic liquid appears in the aguifer, it will collect to a depth of & least
Pr/(p. = 0.8

The otal volume of nonresidual organic liquid in the vadose zone is given by
u-n{j;‘:‘_';:-s,>a-j':".'.|z:—<s.+ S a} (.33)
¥, = the volume of organic liquid per wu anea

n = the '
Satvimdus. wath AAFL S.-ﬂrﬁ:mmﬂmmﬁa
5, = the organic liquid saturation ratio
z = the venical coordinate measured positively downward
" = i value determined from Equation 5.30
07 = a value derermined from Equation 5.29
Dg** = the top of the zone where nonresidual oil occurs

Based on work by Lenhard and Parker (1987, 1988), the fuid-content relations
PelatE Founp are

PReT vl s 5— & =1 —a,‘n(if) ‘+ B P py (5.34a)
o
TO SATURATLONWT S+ 8 =1, < ry (5.34b)
=)
Lwili= s.,:-({E) +5, P> P (5.352)
d
5 =1, P <P (5.35b)
where

5. = the irreducible water saturation
4 = the Brooks-Corey pore-size distribution index

In additon,
PP = p (D7 = (PTipg) = 2) + P (5.36)
Fﬁ'
= - -'+ - F -
P = glp, ﬂ..‘l[ﬂ'.'.' TRAT] ]* 7 (5.37)



Integration of Equation 533 for D™ > 0, using Equations 5.34, 5.35, 536, and 537,

yields the following. For 1 not equal 10 1,
' T 81 -50D o
VoLumexr & gm S‘}D[“u -1)(3-')-(3) ] (5.38a)
RS (DuAa i 1-1 o) " \b
For wl,
s | V,=nl1 = 51— D0 +inT) (5.38b)
FeesenuT il
W Dw e o L
(o —0JE P2
' s
r- -r' ——
L ~ *Gu-re
If organic liquid above the residual saruration exists all the way o the land surface,
then [5™ does not exist Under this condition integration of Equation 5.33 yields the
following. For 4 not equal 1o 1,
2 P- #“EI I_‘I-I
NoLumer IF ( V= it - 5"‘};” D)~ n.ril—.ﬂ[’ (H') A
Res oAz +L[ —({"" ')H]} (5.392)
(p. = p, )01 = 1) PE
PN For 4 equal 10 1,
ABSEAT ] A R PE ]
et = s 7= D - o+ | 5390)

hopov. welioa (e ) = N a2 (1= Sug =S, )(T- WD

| | i i
Ej];rnﬂi‘ ad 1o he able L sercver im_}?whf:
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Ideally, the relative conductivity, moisture content, and waler capacity Se = G = (G -©r)
curves are determined directly by performing a series of tests on the soils ” —
involved in the study. However, in many cases they can be approximated using (& - er)

a set of measured or approximated constanis and a set of empirical relationships.
For example, one option for generating the curves is to use the van Genuchten

functions (van Genuchten, 1980). The van Genuchten relationships are: ¥ &
= n
K, =02*[1-(1-0)'] B
Free prrameliog
and ¥
- ol repraget IMT..) Sez€,
Se= 0, =[1+(ah)*]" forn<o 3 e
’(5 MPM I'E-‘F.l.- .F' Pe -vs- 5=
8, =1 forh20
Table 5.1 lists a set of saturated and residual moisture contents '
Gmhmnmdﬁmfmnmdmﬂm_mm
the a term, care should be taken to convert it to the proper units.
Bu -Bf +al{nl -Er] S
Table 51
1 Soll |
Tzi_ﬁ Type Saturaied Feamioiuml l==l [
o | comento | a)
e
and [ Clary™ 0.36 0.068 ooos [ 109 |
| Clay Losm _ 0.41 ﬂ ﬁ :§1
0, = moisture content (dimensionless) ﬂ —El“ E g 1ﬁ—-
&= 9, = effective moisture content (dimensionless) ﬂﬁ!m Hl!ﬂ 0.067 0.020 141
 Sity Clay 0.36 0.070 :ﬁ_ }E.._
] = ration moisture content (dimensionless 0.43 0.089
i sam (i ) gm % o 1ﬂ
i i i 0.38 0.100
6 = residual moisture content (dimensionless) 2100 ] H'L
By = soil-specific exponents (dimensionless) L — D975 18
a = soil-specific coefficient -
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[3:1] Contaminant Transport - Mechanisms
Recap
Transport Mechanisms
Diffusion/Dispersion
Advection
Dispersion
Mechanical dispersion

Hydrodynamic dispersion
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[3:2] Contaminant Transport - Quantification
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Advection-Dispersion Equation
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3-D Flows
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[3:3] Contaminant Transport - Measurement
Recap
Evaluating dispersivity
Laboratory approaches
Well testing

Natural gradient experiments
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[4:1] Retardation & Attenuation
Recap
Retardation and attenuation
Sorption and isotherms
Measurements
Sorption-like behavior — fractured rock

Predictions of sorption
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[4:2] Retardation & Attenuation
Recap
Predictors of sorption
Octanol-water partition coeff, K,
Solubility, S
Multi-component mixtures — Raoult’s Law
Mass removal rates

Mass in place
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TABLE 3.5 Empiricol equations by which K_ con be estimoted from 5.

Equahior
'“ “ “
My log K, =044 — 0.5 log § Karickhofl, Brown, and
i e =094 Scoit 1979
" MoK, =364 — 055 ig § = ——emags 1980
IcaL’. = 3.C4-0.5% !.::TS B i mgll
mis :;:;«m—wmus Meamsetal 1580 | o
= = Siin ¥V
enre Baupeans = (4O . | [ i) llog K = 395 — 062 log § Hossett ot ol 1983
5 in mgfl "
fﬁg S = I miz liog K., = 0001 — D.729 liog § Chiou, o
$ in moles/L. < = 0996 ﬁziﬂ
IOj Koe > 3.6¢ - 0.55(245) = 2.4k
Kﬂt_ = l%% L/ e L;’-ﬂ) /.
TABLE 5.8 QWLMQWM
Compouns: Dichlorosthone  Benzene Trichiooethene /‘n—‘— 2.2 Dichlorobiphenyl  Pysane
hl-n
Moleculor waight:  98.96 7612 13138 12808 20300 20226
E 1780 1100 {u 186 [T
og & Bipe 215 iJi r ulr 0268 1%
. Selubifity (metes/L;
SSExM0T 2WxMT BE x0T BAex W' LAl x 10 242 x 10" B3R xN0* 158 = 107
log & —ngs e — 2108 —307 —285 382 —5.08 —&.80
Solubility (Mols Fraciion
UBD X WD WO xT0* BB xWOTT SR x M 254k 10°° T IL BT I't & 284 x 107
log & —3:00 -ga9 382 —a8? — a0 —536 —&83 —855
Equafion
St Estimated log K_
my 206 27 250 304 287 333 ans 506
ma4 158 85 57 @ 244 282 are aar
mis 167 an 215 274 an dag 527
s 1463 (L] 2oy 26% 280 o anz iBs
mn s 143 L5 247 23 288 393 519
Rangs 115-2008 143-297 175350 180-304  231-287 282-333 379448 447-527
Mean 162 1% 209 267 259 305 409 497
St dev. o3 on 0 0.24 [ F7] on 025 032
Coef. var 0.08 047 0.06 0.05 004 0.04 0.05 0.08

" The sgeotion mewivery in biy kobls refer b Toble 15




Equdion
i Syention Chandouls Bont Salvewns ,1,3’(..,
m log K_ = 0.52 log K + 0.62 72 sbstinted banzers  Briggs, 198)
pasticided TAME 14 Eperimenicily K, valoes.
2 log K_ = 1.00 log K — 0.21 10 polyaromatic Karickhofl, Brows, and Sco 1979
__Wydeccarbons Campsuid [Rra—
M [ K.=083K, | - Miscallonsous organis | Kesickoil, Brows, and Sooll 1979 Berzens I-f Chios, Porer, ond Schmedding 1983
| legk.= K.+ 1377 45 orgosics, mastly Kanoga and Goring 1980 l-ﬂ-tl-q-:‘s;::::-
|pasac icheri 138 Rogesy, McFarige,
ma log K, = 1079 log K, — 0.18 13 pashicides oo o Dopvidon 1980 Efivpibenzens ‘lﬂ Chicy, Pones, and Schmadding | 983
A=09;a=13 2.7 -Dichlosobphems Loy Chicy, Pores, and Schmedding 1983
(i1 log K = 0.94 log K + 0.22 inizings ond | Roxe oodl Dovidson 1980 bbb cibana :.’:: ﬂhllln-ldhn;::!:m
dinifrognofing: Mopthoiers Kawickholt, Brown,
m log K, = 0.99% log K_ — 0346 5 polyoromatic Kanckhoff 1981 Pyrens an Korickholf, Brawn, ond Scon 1979
A=09;s=5 Iydrocorons. A.BD Mmors e ol VD
= — D0 .3 ) "
s Biaeiiatiniiy h:ﬂn.“#ﬂﬂ- e DxPelNENTAT
™ n K = n K_— 07300 DT, etrochioraksi- MeCall, Swonn, and Loskowski 1983
phusyl, lindane, vIRNLLES
2,40, andi e, (O
Mo | tog.=0%04kgK, — 0779 Semews, chloinaied | Chiou, Purter, ondl Schmadding 1983 Comrals?
=09 a= 12 banzenes, PCB: a - i e
my log K = 077 log K + 048 Maihylcted ond chici-  Schworzenbach ond| Westall 1981 7
A=09% =13 nated benzenes |
maz iog K = L0 g K, — 037 22 polyrclear Hassatt o al: 1980
A =09 n=20 aromatics
& -.n-wh-l--l-— -ﬁll- 2. Y -Dicliovobiphenyl  Pyrens
140 wso sn
ilﬂ-
Mmber l-n?_
ok b ﬂf 249 262 260 135 142
] .58 % "2 29 119 216 459 511
¥ L —— L 198 214 214 a0 13
s 238 254 1L9L 240 T a7 an 399 a7
Ir.:j Kew= 2.13 a5 186 2 305 an am a7 51
5 na 190 i#ﬁ 2% a7 242 1w an sn
o & !l m r42 : 192 276 am 299 440 an
. L) 147 214 294 ais a1 445 i
¥ " 156 241 247 264 407 459
ow= |35 me 15 206 230 251 as0 et
1 mn 78 214 275 294 292 a9 an
Koe = 0 &3 = m 47 L1 197 182 o8 305 448 5.00
= QL.99 Rowge 106235 132l 14d-242 1.98-317 214-3.42 216-3.39 T-476 135-5.29
Meon 157 1.84 200 270 293 19 44 458
ls | Jo— St dev. LE ] a3s 03 039 041 037 0.54 043
g Rec= 192 Cost, vor. 024 019 017 ' 015 013 0.13 014
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CONTANIMANT TRANSPORT AND FATE [N THE SUBSURFACE - D, W. Wackmy ﬂn@
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TABLE 4.1 HHHHM““—I““MhHM

Site Locniion nnd Bstardation Factors Dotarmined Carben Content
Test Type (refarence}d Tox Ligsod Sontacunanse . mlﬂhﬂ—l
Contominast Fastor
Pals Alto, Callfernia ' asé
Fosiiandi it (1) Chlesolarm El.l
1,1,1- Trichlorosthans
Chlorolas sl 20
R. Aare, Bwitsariand Br
River indilirstion (1) T wtrochiorosboms (7]
m 0.1-0.35% (4, B)
4 1,4-Dicxans e
Tetrabydrofuran 13
Diathyl sther 1.0
Plume interpestasion (4, §) 1,4-Diczans g
mﬂu 13
1,3 Dichlorelannans e
Fanpame L * )
Carben teirachlonds 8.0
Bordes, Ontane o.0r% (8, 11)
Nutursl grodisat (8, T) Brosnolaut 1807
fata B
3.7-5.0
e o
£.0-70
Moffett Novel Air Siaiion, California 0.11% (8)
—— M. i
1L4-3.0
Qtis Alr Forcs Base, 0.01-0.75% (9)
1.0-1.1
118
1.1=8.3
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Worksheet 7-1: Calculation of Effective Solubility (from Newell and Ross, 1992 ancy Siiu e al,
1988; and Feenstra et al, 1991)

m.wmummdnq—k“-u-ﬁn
estimate the theoretical concsatration of organics in aquifers or for performing
dissolution calculations. DNAPLs comprised of & mixture of chemicals, however, the effective
solubiliry concept should he amployed:

. F=X5 »
E e elfociive ihearelical upper-ievel concentration of 8
i constituent ip wim-lllu ; I mgn)

X, =  the mole fmetion of componeat | 1o e DNAPL mixture (obtained from # lab analysis
S = the pure-phase solubility of compound | in mg/ (wually obtained from literature

For esampie, i & laboraiory analysis indicaiss (a1 U Wole (raction of wrichioroetbylene (TCE) in
DNAPL is 0,10, then the efiective solubility would be 110 mgA. This is derived by multiplying the
e phase solubility of TCE by the TCE mole fraction:

1100 mgA * 0.10 = 110 mgh.
¢ solubilitis can be calculated for all componenis in 8 DNAPL mixture. Nearly insoluble

i in the mixture (such as alkanes) will reduee the mole fraction and effective
olubility of more soluble organic, will conuribuie lite dissobved-phase organics o

-mﬁﬁ.ﬂm&mﬂ.ﬂuwrm“(
es, much ar co-selvency. eic.




Workshest 7-2: Method for Assessing Residual NAPL Based em Organic Chemical Camtemtrations
In Soll Samples (from Newell and Ross, 1992; afier Feenstra et al, 1991)

Step 1 ﬁmf;hﬂ.“lﬂ“d“ Sec Worksheet
o
Swp2  Delarmine K_, the organic carbon-waier partition coeficient from cae of the following:
© ADPEIKIE A BT WaOUIRMNA) PRErTE T on

< Ewpincal relationshipe based the Oolanol-waler parition coeffickent, which also i
hﬂiw n-n.“'x.-umn-r_-h.u“
Log K, = 1.0* Log K_ -1
Siep & Deiermine i the fraciion of organic aurbos on the soll. from s laboratory analysis of
clean soils from the sile. Values for (, typically mage from (.03 w 0.00017 mg/mg.
Convert values reporied in peresn! 10 mg/mg.

Siep 4:  Delermine or estimaie b, the dry bulk density of the soil, from a soils analysis. Typica)
mmuununm Deiermine or estimais Gw. the waier-flked

Step 5 Deiermine Ki, e partition (or distribulion) coefficient berweso the pore walsr (ground
| water) wid e woil s0lids: ik

K=k,

Step & Uning C1, the measwed conceatration of the organic COmpound in saiursied soll is
mp/kg, calculate the theorelical pore waicr coRGEoiraLion assuming uo DNAPL (Le., Cw

in mg/):
L = 1-&;;,1 s cirdbmdion :
ﬁ--ﬂL 2 bl &l
m'**m Cwe Cidsiabmdi o~ g qu "Ii‘:M--«
Step7: Compare Cw and &', (from Siwep 1): waki~ s ly Camn canh i
Cw > §', suggests possible presence of DNAPL <— Eemaciing Sowee i
O"r:mpﬂhﬂ-l--rm i) cf DARPL,
(i T s@imprle)

-* M,ﬂ_n.:\ ULl Cw ﬂ{-l-“-t_lfful r'l:h_.? ;Drwt_—- walim -:k'w



0.4.3 TiNE REQuiesDd R DiISSOLUTIEW — e ﬁ..u

Dishatoolad @_, o
PﬂL ;"’V

o) Dshribyled fhnurwf voly me

= Slng dussolotien et
— Decreass widh ha olue BB reducfren A

covinct anes,

- ___,. et

HI.E:EM . | come

Mass ks, of momanl. e G A

Vi= adwichie weloetsy

Ao = effeihins povos

A = cfcm-f-ftn

m 5 NAPL ey

Cu = duislned exat Cocrntiasfii

ol Sondy st
K= lﬁ*! :-}ﬁ
L= 0.0 Vakia= 10 16F
o
Ae= O.3
Residind @ 2oL f13 =380y,
GfFCFJP'f":J(:-’ = 3&1{‘.:_03-
Solleility = ooy /L
Astume soobddy @ l0F —» 204w/t
t = 3 years

H-a.m ConpiliE it MJWMM_ C o frtsonrafras.
Fn“ud & w:, sﬁﬁﬂ:.



b) Resduel Rel Savreas

Mo = Suqﬁu_ o ﬂ“td
mass heafer vate(HiLtfr)

hstomsy povl ars remairs Conaliat ”"“"1;:”**'1“"“" Manss vk o

—_—,

$ ? Duffsscin /Dusprpu.

hri —\

ty e S
Mo = [(4Dv/Grip)]  Coat ne

Dy = :u{-f vwi‘w:t_-ﬂla)wvm
- Vi ()
Ve At aduectin yw%ﬂ-ﬁg
p oot g
e = effectiun poonty
Comr = Saduatui. conwchadtin (folobil By
(way ln 107o of Twis cue (5

mass Fonefor ot effect )
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SCHWILLE POOL DISSOLUTION EXPERIMENT

L
¥ ' VOLUME AVERAGED
WATER £ AV
- CONCENTRATION
v 4
o 4
e ) G — TE ShbXity, S 2 0O
From Schwille (1968)
RESULTS OF PQOL DISSOLUTION EXPERIMENT:
Linear Velocity Congentration Relative
(m/day) (mg/L) Concentration
pap 90 8.2 %
- il 79 %
6.8 77 7.0 %

Mucks loaasir s~
alsslit selubllihy

CONCLUSION FROM POOL DISSOLUTION EXPERIMENT:

f Dissolvea concentratiens can be counsiderably less than saturation
concentrations

= Lonimet Tl ._-( L . i X A, elngak
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o -_f_%(f,-ﬁ.,) = k- [A]
o Ll 1L 2 = S093/k

o) kol (1967) gue H ooy Vbl o hefflues:

et

7=6

TABLE 3 B . we (A0 8 ¢
Environmental half-lives and products from ablotic hydrolysis T praypof BETH
or ﬂthydmhalog-mum of halogenated aliphatic compounds at = - _
,z.u * 2 Halt-iite Jr Loy i C0p .
Mathanss ¢
Dichioromaihans 1.5(10), 704 ()
Trichloromethane . 1.3(10), 3500 (8)
" Tatrachioromathans 7000 (8)
Bromomathane y 0.10 (8) . .
Dibromomethane 183 & | b
Trbromomathens BAA (7} 1 y [
Bromochioromathans A (8) | :
Bromodichloromethans 137 (8 g
Dibromochiomomethans 74 (8) ;
Chiorosthans ai2(11pe Ethanol (17 [
1,2-Dichloroethane 50 (12) i
1.1.1-Trichinroathans 08 (100, 1.7(12)  Acstic acid (12-14) )

0.8 (15, 2.5 (16 1,1-Dichloroethyiene (14-18)
1,1,2-Trchlorosthans 170(12) 1,1-Dichiorosthens {17) !
1,1,1,2-Tetrachioroethane 384 (12) Trichioroethena (12) |

F 1,122 Tetrachlorosthane . 0.B(12) Trichlorosthens (12)
1,1,22.2-Peniachiorosthane  0.01 {12} Tetrachioroathana (12)
Bromosthans / 0.08 (7)
. 1,2-Dibromosthane 259 Bromosthane (9) 53
25(18) Ethyiene glycol (18)
Ethenes -
Tichioroathens 0.9(70), 25 (15"

' Tetrachlomoathens " DT{I0), 8 (15
Propanes .

*  1-Bromopropans 0.07 (&)

1 2.Dihmmoorooans O.AR (9 Bromoorooana (9)
1.3-Dibromopropana 013 (M Bromopropanol (9) I
1,2-Dibromo-3-chloropropene 35 (79) Bromochiorcpropens (19) !
*Emrapolated by I rom Fleferance 11. A 10*Clnseawaime AL X0 *C. i
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H = ypdeocasbon concentration in pore fvid (ML)

0 = oxygen conceniration in pos hid (ML)

M, = sl aesobic micwsbial concentntion (ML)

&, = maodemus hydeocarbon utilization rate per unit mass o

arvobic microogganisms (T 1)

¥ = microhial vidld coefficlent (g cels/g hydrocarhon’

K, = hydrocashon helf sansmtion constant (ML)

K, = cxygen half sstration conswan (ML)

e, = firsondes decay mie of nanil igganic carbor:

G = maural onganic carbon concenintion (ML)

& = microbial decsy miie (T4)

@ = o of ooygen o hydrocarbon consumed

The microonganisms will grow an hoth nenly ocourring omganic arbon as well
as hydrocarbon contaminants. The microanganisns tend A0 10 move © the agquifior
bermse they generally adhere w0 aquifer marerids (Harvey, Smith, and Ceonge 19847
Evenif the microbes are free w move, he natural tendency of the squific mas wil
be 1 ter them out. There will be some sendenc for microbes o trangior $nam ifhe
solid surface 1w sohstion. As 2 first approximation his can e considersd o be 2 lincar
functon of the wtal mass of microomganisams.
We can combine Equations 358, 360, and 361 individuslly with Fgumion 3.1 1w

obtai solute transport equatons for hydmocarhos, oxygen and microoganisms. The
hydrecarbon is assumed 10 sorb omto dhe solid mdfaces following 2 liscer sompsion
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i, = conceserasion of aenobic microbes in solution

7, = mardaion faoos for hydrocadbon

r, = micaobisl retandagon Exsor

o, = memge knesr ground ey velocity

T Some microogganisms cin degrade hydeocarbons in the shsence of axygen. These
micobes use snother dlecron aooepior, sach s nitrate {Major, Mayfied, and Barker
1988}, Ansesubic decomposition of hydmoarbons can be described by amother variation
of the Monod function, which describes ro-step catalytic chemical reacions (Bouser
and MCCamy 1984). This fincion i

| Rats Lo —-_M(“H)

A, = weal mass of swerobic microbes
B, = maximuen hydocadon uilizason e per unit mass of anaerobic
mECTobes.

(3.62)

(3.65)

£, = hulf maximum rate concentration of the hydrocarbon for aracrobic
decay
The solute wranspon and decay cquation for anaesoblc biodegndation in the
asqueont phase s pros
g : o | i o g
A i e g, —&—-;(A.El‘—ls)‘%(‘q.n) G669
¥ the concenerasion of the bydrocarbon, #, s much less than K, thehalf maximum

e conoentration, ten Equaton 3635 can be simpliied w a linear form by neglecting
e denominator (Boswer and McCarty 1984). This results in & Bst-ooder decay

i 3--(2)r oo
Under these conditivis the solute transpon equation with anaenbic biodegra-

datin becomes
Tial-D- () o
Beachin Hrma
) & hede bk
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Vapor Mobility



[5:1] Vapor Mobility
Transport Mechanisms
Diffusion
Partitioning
Retardation

Agueous advection
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LOADINGS MAY BE CHKED USING Mols SoPHisTicATED MODEL

JTransport Examples

porous medium:

-
L

- V\ﬁbh-rmpﬁ:..m.-t‘a

/ e
e, = 10% f_ = 0.01%
e, = 25% v = 165 grems Gb 1of s
I \“ x <.S-ﬂ
- T
q.. = 45 cm/yr - 7 Diﬂ"‘
2.5m
depth to watertable 5 m | I]

TCE @ 20°C:

D, = 8.1 x 10" m?/sec Guaews oaffrnin conf..
H = 0.30

K,. = 126 ml/g

P, = 60 mm Hg (C, = 7.9%)
S = 1100 mg/1

source:

height 2.0 m
radius 1.0 m

depth to top 0.5 m



Gaseous and Agueous Transport Gaseous and Aqueous Transport

Example - ‘ Example
; | b |
- uncovered ground surface t;* -covered ground surface~ .. Mo "’"ﬂ“m""
‘ - P&.“ﬂu'—{- repcliads: LF“‘) ““I"" ¢ (_ -~ = Dacnciated Pasois semecliaton (“-‘-‘*41)' e
= !“{mfw R ,‘ﬂ“{“m‘ (E}th;\' e ‘?\g . ~ Decasancd [:‘JII:'.”‘?'*‘.\' (ﬁf-nli) ‘ M}%‘:—?

Height (m)
b

0o ¥ i : g u“‘. b1 o9 8.0 240 .
i Rodies () “1 4 Rodius (m)
5_?§, kg to groundwater after 6 months 0.35 kg to groundwater after 6 months

- \:‘.—u u-n
s TEr . R %

18.0 . 40

o
Rodius (m)
15.8 kg to groundwater after 1 year
iy 2.95 kg to groundwater after 1 year

A v InfiL FRAT I :



Watertable (Capillary Fringe) Boundary

SURFACE &, — o
0

[ i 3 i 1

LI _ T -~

HILVM
wy

CONTINUOUS AIR -
i) FILLED PORES)

- very slow vapour transport in transition zone

- top of fringe impermeable to vapours

but, contaminants partition to water



Watertable Fluctuation

- contaminated soil moisture placed in
saturated zone

- consider diffusive transport example

watertable concentration prof ile
‘(covered; after 6 months)

=30 -20 =10 0 10 20 30
DISTANCE FROM SOURCE CENTRE (m)

-a S0 cm rise in watertable elevation

- 3.3 kg TCE placed in muﬁdwlter

Thas mwﬁmMMmm
i it Tl | lonsling ~ fwm O 358



+.0.3  Gas-— phese Aclrcefren.

Gas—phase Advection

- driving forces include:
- pressure gradients due to:
- barometric pnnuurt variation

- water movement (vl goe)
-vnpourizntlnn at source
s metchinl sctivid "I

- density gradients due to:
- composition - 'I?r—fﬁ'u.wt Purw-fr#u t‘-‘i COVmpPorard £ o ?u*}_orﬁ/r;e

- temperature (comuechs ol S e
U'H”'L 5 I |] S..pnm
s. iy

Lt s



Gas-phase Advection

Exa

- advection due to compesitional density

- medium-grained sand (k" = 10" m?)

2.9
Radius ()

13 8 kg to groundwater after 6 months
\ l_c.’w..pﬁxn{ T TR T o esathy
fg-f Lincomaned .
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Mathematical
Models



[6:1] Mathematical Models
Overview
Example - Atlantic City
Finite differences
Flow

Advective transport
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Figune 5.7.
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[6:2] Mathematical Models
Software
Flow - Visual Modflow
Advective transp. — Modpath
Advection-Dispersion - MT3D
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Aquifer and Aquiclude
Characterization



[7:1] Direct Investigation (Drilling and
Instrumentation)

Drilling
Soil — Augering/Cable drilling/Tricone

Rock — Tricone/Diamond drilling
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* Good technique for unconsolidated
deposils encountered
« Conlinuous core can be cllected
h - — ——
Rotay * Quick and efficient methad * Requiwes drilling fhuids.
whch aller  waler
* Excellent for large and smail S
Results
deptn imitanons . n a mud cake
" on the borehole wall
= Can be used in consolidasd requiting  additional
and unconsolidated deposits wel development, and
= Confinuous core can be m causing
colected by wire-line method chemistry
* Lows of cirguiation can

‘ii

i

hoiss: i boulders are
acidies encountered:
Cabls Too!  * No fimitation on well depty « Linited rigs and
P axparienced personnal
= Limited amount of drilling
o Can be used in bothi + Slow and inafficiany
consohdated and » Dificult to collect core
unconsohdated deposis
« Can be used n areas where
lost circulaiion is a probiem

* Good Khologic control

* Eflective technmique n

boulder environments
Sourse: EPA (1989).
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%\dpﬂﬁ‘ﬂ__/

Holiow-Stem Auge Diract Rotary Cable Tod

Figure 2. llusiraion and advantages and desadvantages of auger, rotan, and
cabile wol driling. Source EPA (1989).
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Figure 5. Componenis of a consoidaled mi equipment hollow-stem auger
Source: University of Missour, Rolla (1981).
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Table 9-3. mﬂmmmmmmmngmﬂn
1987; Rehm et al, 1965; USEPA, 1967).

S S T P s e S L e e e
Y T T
# Limited 10 very shallow depihs
(typically < 15 1)
soll until the backet or screw i cutiing edge * Usabie io poacinale anromdly domc
filid. The anger is then removed | * Waler-bearing zone identification ~ or rocky or gravelly soil
from the hole. The sample is ¢ Conlamination proscnoe Sxaminstion; * Borehole stability may be difficult o
dislodged from the anger, and sampic aaalysis smaintain, particularly beneaih the
drilling continpes. Motorized waits | * Shallow, small diameier well installstion wmier wbie
are pleo available. » Experienced wer can identify stratigraphic | * Potential for vertical cros-
mwmnﬁm contamination
P A - wall == e o Labewr imiesadwe
- Mmﬂﬂh-ﬂhw
paces
* Various types (Le., bucket, screw, sic.) snd
sizen (typically 1 8o 9 inches in diameter)
= Incxpenaive 1o purchase
BOLID-FLIGHT AUGERS — A = Shallow solls isvestigations (< 100 ft) + Low-guality soll samples unbess split-
culter besd (= 2-mch diameter) is | = Soil mmples are collected from the auger spooa o thin-wall sampies are taken
atiached (o multiple suger fights. Nights or wing aplit-spoca or tkis-walled * Soil sample data bimited to ances and
As the sugers are rotated by a samplers if the bole will nol cave upon depibs where stabie soils are
rotary drive bead and forced down retrieval of the sugen
by either & bydraulic pulldosm ors | * Vadose oD moniloring wells * Upable to isstall mosdior wells in
feed device, cultings are rotated up | * Momitor wells in sstursied, siable soils mon uncomeolidated squifers
1o ground surfsce by moving aloag | * Mentification of depth 10 bedrock becausr of hoMehole caving upon.
1he continwous Oightimg. * Faal snd mobile can be need with small suger removal
rge * Difficolt penetration in loose
* Holes up 1o 3| dameter boulders, cobbles, and olber mulerial
* No fluids required that might bock p suger
* Simple 10 decostaminsic ¢ Moaitor well dismeser bmited by
suger diameler
+ Cannnd pesetrate oossolidsied
materials
+ Polential for vertical cross
con Lamina oo
BOLLOW -STEM AUGERS — * All eypes of soll investigaiicns to <100 ft + Difficulty in preserving sampie
FHOUOW SICTD BUECTIOE & domc o e ok sl miegrity o berviag (resning ssad)
similar manner 1o solid-fight * Pormits high-guality soll sampling with Formation
sugering, Small-diameter drill rode split-apoon or thin-wall sampler = If water or drilling mud is wed 10
and samplers can be lowered * Waler-quality sampling control beaving will isvade the
through Lhe hollow sugers for + Monitor well malallation o all : formation
sampling. If mecessary, sediment sncomsolidated formation = Polcalial for cros-contamination of
wilhin the hollow siem can be * Can scrve s o lemporary casing for coring aquifers where annalar space Bol
cieaned oul prior 10 inserting & rock positively controlied by waier or
mmpler. Well can be completed * Can be used im siable formations io sel drilling mud or sariace casing
below the waler tabie maing he sur{ace casing e Limited suger diameter bmils cosing
sugern m lemporary casing. * Can be wsed with small rigs is confimed size (typical sugers are ¥ein OD
spaces wilh 3¥ein ID, and 12-in OD with &
* Does wot require drilling Nuide In ID)
* Smearing of clays may seal off
imlerval 1o be monitored
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Table 3-3. mmmﬁmwt—mun.muu

lm.muu,w,u-n,m

{0 ETEOD | L APPLICATIONS/ADVANTAGES
DIRECT MUD ROTAEY - * Rapid drilling of clay, st sad ressonably
Divilling fuid i pumped down the compacted sand sad gravel 1o gresl deplth wall cake from ouler perimeter of
drill rods and Usrough & bit (>700 f1) finer pack during development
sttached o the botiom of the rods. | * Aliows splil-spoos snd this-wall sempling « Bemtonite or olher dilling Guid
The fluid circulsies wp the annular i sscomsolidaled materials additives may influesce quality of

bringing cuttings 10 the * Allows drilling sad cone-eampling in EEmples

surface. Al the surface, drilling consolidated mock * Pouential for verticsl cross-
Puid and cuttings are discharged * Abundsat xnd flexible moge of ool sl COBLAmInALIon
into » baffled sedimentation amd depth capabilities + Chroulaied cutting ssmples are of
pond, O pil. ThC wank siecal = Sapdseimmeed o ibling, sl sl g g e poor geality diffusulk do determmins
overflowa into & suction pil where vailable sample depth
drilling fuid is recirculated back * Geoplrysical borebole logs + Split-epoon and thin-wall Emplers
through the drill rode. The drill are cxpeosive and of queslionabic
stem s rolsted al the surisce by ool effectiveness ot depths > 150 ft
top bead or rotary table drives and * Wireline coring sechniques for
dows pressure i provided by pull- ssmpling both unconsolidated and
down devices or drill collan. mﬂllﬂlﬂlllﬂm formations ofien Bot

* Dirilling fuid isvasion of permeable
s0mes may compromise integrity of
submequent mositor well samples

= Difficult 1o decontaminates pumps

AIR ROTARY = Alr rotary drilling | * Rapid drilling of semi-comsolidated and * Surisce casing froquently required 1o
is similer 1o mud rotary drilling comsclidated rock 10 grest depth (>700 ft) prodect top of bole from caving
excepl that air is the dirculation * Good quality/relisbie formation samples * Drilling restricted 10 semi-
medium. Compressed air injecied (particularky i small quaniities of drilling commolideted and comsolidalod
through the drill rods circulsies Duid are meed) bocause cosing provests formatinns
cuttings and groundwaier up the mixture of cotlings from botiom of boke » Samples refiable, bul oocur ae small
annuivs to the surfsce. Typically, with collapsed mulerial from shove chips that may be difficult 1o
rotary drill bits are wed in Allows for core-sampling of rock
sedimentary rocks and down-hobe s Equipment penerally svailable * Drying effect of sir may mask lower
B i mc v i b - e vy aond quick dcotificntion of yiokd wmlor produshig Bosss
ignecs and metamorphic rocks. lithologic changes * Ajr sircam roquines ooolsminsnt
Mondtor wells can be compleied s | * Allows idenlification of mos! weler-bearing fikration
open bole intcrva beneath B00c8 * Alr may modify chemical or
elescoped casings. * Allows estimation of yields in sirong waier ological conditions; recovery Lime
producing oees with abort "down Lime" is wnceriain

* [Potential for verucal croms-

* [Potential exists for iydrocarbon
contamination from air compressor
or down-bole hammer bil olls

AIR ROTARY WITH CAEING « Rapid driling of encomsolidsled sanda, * Thin, low pressure waler-bearing
DRIVER — This method wees 8 milts, and clays momcs esally overiooked i drilling ot
casing driver io allow air rotary ¢ Drilling in alluvial maierial (imclhading wopped 8 sppropriste places W
drilling through sestable boulder formations ) obacrve whether or nol waler levels
umeraclidaied muleriai. * Casing supporis borehole, thereby are
Typically, tee drill bit is eniended § maintaining borehole inlegrity and reduciag | * Samples pulverizad & in all rotry
10 12 inches shead of the casing, potential for vertical cross-conlamination
the casing is drives down, and thes | * Eliminstes circulation probiems common * Air may modify chemical or
the drill bil is weod to clean =~ -+=with direct wud rotary method conditions; recovery time
material from within Use caing. * Good formation samples because casing s msceriain
[ur-ﬂjpuﬂh-hlmduuh.
from b of bole
. mmmuﬂuw

back (smearing of ailis and clays can be
snticipated)




Table 9-3.  Drilling methods, applications,
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m;mud,ms,u-u.mn

B

and Hmitations (modified from Aller ot al, 198%; GRI,

e e

il APPLICATIONSADVANTAGES <~ 1§ 0 LIMITATIONS
* Very rapid drilling through both + Limiisd borehole sise that hmit

ROTARY ~ Clculating fluid (sir wmcossolidated snd comsolidaisd Sormations diameter of monitor wells
or waler) is injected through the * Alows CODUDEOUS smpling i sl fypos of * ln mesisblc formetions, well
sanubm betwesn the outer casing formatioes diameiers gre bmited 10
snd drill pipe, Bows inio the dril ¢ Very good repressststive sempies can be 4 imches
pipe through the hit, and curries obtained with reduced rink of + Bquipmen! svailahic more comman
cuttings 1o Lhe surface through the conlaminadion of meupic Sdior wator- i8 the souttreest U5, than clewhere
drill pipe. Similar $o rotary drilling bearing zone * Alr may modify chemical or
with the casing driver, the ouler * Allows for rock coring Iological comditions; necovery lime
pine stuhilives the horehole and * In stable formations, wells with diameters -
reduces crom-coalamination of e large s 6 inches can be installed o opes | ¢ Unablc io imstall Bler pack uniess
fDuids and cutlings. Various bita ot complctions. completed opes hole
can be weed with this method.
CABLE TOOL DRILLING — A * Drilliag in all types of geologic formstions | * Drilling is slow, sad frequently mot
drill bit is stiachad 1o the botiom * Almost smy depth and dismeter moge cost -effective a8 & resull
of » weighted drill siem that s * Emc of monlior well installation * Heaving of uncomsolidated materials
siached 10 8 cable. The cable and | * Esse and practicality of well developmen st be controlled
dirill siem sre smpended from Use s Excelient samples of ooarse-grainad media + Equipment availsbdity more common
drill rig mast. The bit i can be obtsined in ceniral, morth central, and
shiernatively miscd aad lowered * Polential for vertical cros-oonlamination i porihesst sections of the US.
0 e formation. Casungs e redipr) booames casing i sdvanood wilh
periodically removed waing &
bailer. Casing must be added = ¢ Simplc equipmenl and opcration
drilling proceeds Uurough usslable
formations.
ROCE CORING - A carbide or + Provides high-quality, sndisturbed core + Relatively expensive and siow rale of
dismond-tipped bit is altached 10 samphes of stiff io hard cays sed rock penetration
ithe botiom of & ollow core bermel. | * Holes can be drilled al any angle * Can koec 5 large quantity of drilling
As the bit culs deeper, the rock + Can detect location and nature of rock wler inlo permesble formations
sample moves up isto the core frmct nres * Potestial for vertical cross-
tube. With » deuible sl sowe ® Can ses sewe holes 10 man 8 onmiplete siie onataminaiion
barrel, driliing fuid circulates of geophysical bogs
between the fwo walls and doss = Variety of core sizes svailable
Bot contsct the core, allowing * Core boles can be utilized for ydraulic
betier recovery. Clean waier is tesis and monitor well compiction
usually the driling fuid Standard | * Can be adapied to & varicty of deill rig
core tubes are stlached o ke fypes and operatioms

botiom of & drill rod asd the
eniire sinag of FOGs MUSl D2
removed afler ench cone Men.
With wireline coring, sa imser core
barred in witharwem trough the
drill alriag weing an overshot
device thal is lowered oa & wircline
it the drill string.




Tabie 83 Drilling methods,
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and lmitations (modified from Aller ot al, 1985; GRI,

1967; Rehm et al,

N Lk
SRR I METBOD oo

L APPLICATIONSADNANTAGES {1 L DMITATIONS
CONE PENETROMETER — « Efficient %00l for surstigraphic logging of ¢ Unabic i0 penctraic desse geologic
Hydraulic rams are ssod 10 push & Bl e conditions (Lo, heod ceys, boaldcrs,
sarrow rod (eg., 1.5-4mch + Messurement of some soll/fuid propertics )
diameter) with 8 comical point s (e, tip peactration resistance, probe side | ¢+ Limited depth capability (depends on
the ground al & meady mic. fraction, pore pressure, electrical ¢ Soll ssmples cammot b colioctad
Electronic scoscrs atiached &0 the , rachosctivity, flucrescence), fior examination or cisesicsl
text probe messure tip pesetration with proper strameniation, ol be malyses, Enbess special equipment
resistance, probe side resisiance, obtsised contisvously mtber than &t Is wiilined
inclinslion and pore pressure. imtervals: thas improving the * Duly vory bmited quantitics of
Sepaore have plso bomo developed of thin layers (Lc., seble DNAFL capillary groundenter can be sasphed
0 mcssure subsurisce slectrical ariers) mad ComUmmnARLY * Lissbied well comstraction capability
conductivity, radiosctivity, and + There are virtually o cutlings brought 1o * Limdied svailability i
sad reflectance). Come meed 10 handle cwitings
penctrometer tests (CFT) are s Process presents a reduced poleatial for
geocnally performed using a special verlical eros-conlamination if the openings
iy mend @ computcrisced dets arc sealed wiik growt froes the botiam wp
collection, analysis, and displey upon rod ressoval
syutem. To facilitate imterpretation | * Porous probe samplers can be wead 10
of CFT dais from sumerous besis, collect groundemier samphes with minimal
CPT dats from st kess! one Lest loms of wolsiile compounds
per site should be compared 1o & * Soll gas sampling can be conducted
log of continuously sampled soll a1 | * Fleid sampling from discrese intervals can
a0 mdjscent bocation. be conducted weing spocial tocls (eg., the

Hydropunch™ manulactiored by O.ED.

References: Robertson and Eaviroamentsl Sysicma of Ans Arbor,
Campanelis (1986), Lark ef al Michigan)
(1990, Smollcy and Kappmeyer
{1991), Christy and Spradlin
(1992), Edge and Cordry (1989),

and, Chiang et al. (1992).




Table 1. Well-Drilling Selection Guide

|
Nominal
Nominal
_ Type of Rangeof | Samples
Drilling Method | °;=f' m Material u?.':" Borshole | Obainable | ond | Reference
| Drilled ' | Sizes, In 2/ |
{ in ft1_J - |
Powsr Auger None. Wt o | wasered | <160 5-22 S.F Yes | 62
(Holfow Stem) Mud e : I
Power A o | 1 8 ¥ 6.
R None. Water Soil ' !
Power Bucket Auger | (below water No Weathered <160 | 1848 ] Yes 6.4
b rock |
: " <70 (Above i
Hand Auger None No Sol | WalerTable  2-8 s | Yes 85
= L “_’ i
DirectFluid Rotary | WelerMud ~ Yes | SollRock | >1000 | 2-26 SR | Yes 73
o 1
Direct Alr Rotary | A Wda | oy Sol, Rock  >1500 2.6 S.RF Yes 74
| O™ Alr, Water ; Yes Pl vl | < 4.18 R Yes 751
Wireline § - Yes Soil, Rock = >1000 36 S.RF Yes 76
= . ; - AR -
Reverse Fluid Rotary | Waier Mud |  Yes Soll Rock <2000 1238 SRF Yes 78
[ — - .
Reverse Ar Rotary | AKX Water, Yae Seil, Reck | ~1000 12 26 &R F Yoo 77
PG g i 8. R, F (F- Below
CableTool Waler Yes Soil, Rock q;m 54 | Ve 8
Casing-Advancer | AFiAMEN |y, | Soll Hock | e 216 8.RF Yes 9
o PR 1'._ = ; = R o .
Direct-Push Technology| Mone | Yes Soi <100 15-3 | F Yes 10
- '[ - = ?
Sonic (Vbetory) i WL g B 442 | BRF ves 11
Jut Percussion Walsr Mo Soil <50 24 | 8 N | 12
Jutting Waisr | Yes Soil <50 .- 3 8 No 12
|1/ Actual achievable drilled depths will vary depending on the ambient geohydrologic conditions existing at the site and size of driling

used. For example, large, high-torque rigs can drill io greater depths than their smaller counterparts under favorable site
Boreholes drilled using air/air feam can reach greater depths more efficiently using two-stage positive-displacement
having the capability of developing working pressures of 280 to 350 psi and 500 to 750 cfm (particulerly when
submergens o raquines higher pressures) The smaller rotary-type compressors are only capable of producing a8 maximum working
pressure of 125 psi. and produce 500 to 1200 cim. Likewise, the rig mast must be constructed to sefely cary the anticipated working
loads expected. To allow for contigencies, il is recommended that the rated capacity of the mast be at least twice the anticipated weight

load or normal pulling load. 2_/ Soll = S (Cuttings), Rock = R (Cuttings), Flukd = F (Some samples might require accessory sampling
devices to obtain.)




[7:2] Direct Investigation (Drilling and
Instrumentation)

Sampling — Soil and Rock
Instrumentation — piezometers/packers

Continuous profiling (soil)



COMMON SAMPLING TOOLS FOR SOIL AND ROCK
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Table 5-5. Soll sampler descriptions, sdvantages, and limitations (modified from Acker, 1974; Rehm et al,

1985; Aller et al, 1969).
E:

METHOD DESCRIPTION | (0 ADVANTAGES ‘LIMITATIONS
EFLIT-EPOON (BFLIT-BARRKL) SAMFLERS * High gquality samples can be * Hammering crestes » stress thal can
The Standard Pesctration Tes! procsdore for evatusied for mineraloghcal, onmanlidate sl aiter ihe mample
driving a split-Spooa aampler 4o obtain & mirstigraphic, physical, sad ¢ Sample tramaler from the split spocn
represcniative soil sample and 8 messure of soll cluemical propertics can result i disaggregation of
penetration resistance s described by ASTM Test * Sieel brass or plaslic linemn cobenioloss #oil
Method [11586-84. The spiit-spoon sampler is 18 can be meed with sphit-epoon + Sample handling exposes soll ko
0 30 inches long with & 1V¥-inch ID aad made of samplers 80 thal samples can simosphere and may resih i los of
sicel i is aiiached ko the end of drill rods, be acaled Lo minimize changes wolalike chemicals
lowered (rypically through & holiowsiem suger) o im sample chemical and ¢ Cannot penetrale Fock, cobbles, snd
the botiom of the borebole which musi be chean, Pphysical CODGILONS PIor 10 BOEDC gTEVCE
and then hammered mio the undinturbed soll by delivery o & laboratory & Poor recovery of some loose or
dropping o 140-b weight & disisnce of 30 inches . Inexpessive Bowing cobesioniess sampics
oolo an aovil that tranamits Uhe impact 1o Use drill + Widcly svailable ({ahbough sample retainers cxn be
rods. The sumber of blows required 1o drive Lhe e 10 minimize this problem)
mmpler each é-inch interval is counted to
delermine penetration resistance  Conlinoows or
mrwerwntinuoes samples can he taken and various
other gplil-barrel diameter aizes are svailable.

These samplers can also be puahed into the ground

rather than hammened.

THIN-WALL (SHELEY) OPEN.-TURE EAMPLERS | * Provides undisturbed samples ¢ The sampler should be a1 lesst six
Open-tube thinwall samplers consis! of 8 coanector i aliff, cobesive soils and times the dismeter of the bonges!
bead and & 30 or 36 inch Joog thin-all steel, representalive samphes in soft particie size Lo minimire dilurbance
aluminom, brass, or sainkess seel Tube which un merdium enhesive anils of the sample
sharpened a1 the culting edge. The wall thickness = High quality samples can be s Large gravel or cobbles can disturb
should be kess than 2W% of the lube outer evalhuaied for mimeralogical, the fimer prained soil within which
diameter; which i commonly 2 or 3 inches. The siratigraphic, physical, and ibey are embedded and/for can
sampler s attached via it connector bead Lo the chemical damage the sampler walls

end of drill rods, lowered (rypically through a s Samphe can be prescrved and | ¢ Due o thin wall and himited
hollow-stem auger) o Lhe boltom of the borehole stored wilthin the sample ube struciural strength, the sampler
which mus! be clean, and then pushed down inlo by sealing its ende, thereby cannol be esaily pushed into demee or
the undmiurbed MOil Using e EYCIVUIAC OF sampc CUMEROHACAN L) ST b

mechanical pulldown of the drill rig. This disturbance prior 1o lab ¢ Genenlly mot effective for
procedure is described by ASTM Metbod D1587- analyns oohesbonbess. snil

E3. The Central Mining Company (CME) receatly | = Widely svailabie

developed § 541 loog continuous thin-wall pampling | = Relalively imexpentive

wyaiem. The tube is kept in place by o latching

mechanim Lhat aliows Lhe sample (o be retracted

bw wireline when full and replsced with an empty

tube.

THIN-WALL PISTON CORE EAMFLERS & Provides undisturbed samples " As wilh open-ube sampiler, large
These samplers consis! of a thin-wall ube, with an m coboaive solls, silu, aad particies may disturb sampie or
inlernal pision, and mechanmms o conatrol sands above or below the damage sampler walls and the
movemen! between Lhe pision and tobe. Thin-wall wnler able sampler cannod be esally pushed jmto
piston samplers are typically set up and pushed into | * Vacuum ensbles recovery of denee or consolidaied materials
the greand i the same sanner s thinsall Apen. rrdraineloss wrls & I wared with & dlas ahell filded suger

tube samplers. The internal pisions penerale &

bead, only 1 sample can be obisined

vacuum on the sample & the s withdrawn evaluated for mineralogical, per borehole because Lhe clam ahell
from the bole. Starr and Ingicion (1992) receally stratigraphic, physical, and will not close afler being opened:
developed 8 drive poinl piston sampler to enllect csemical conlinuous sampling mol possible
high quality core samples of sands, s, and clave ¢ Sample can be preserved and * Some piston samplers require wee of
withou! drilling fluids or a drilling rig 1o 8 dcpth of stored within the sample bube drilling Duid for rydrostatic control
approsimately 30 fi by scaling its ends, thereby ¢ Nol s widely svailable s splil-spoon

minimiring s o open dube samglbors

disiurbance prioc 1o lab * Relatively expenaive

analysis
CORE BARREL BAMPLERS (sce ROCK Sec ROCK CORING advantages | See ROCK CORING limilations in
CORING description in Table 9-3) in Table 83 Table 9-3
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Figure 9-3. Schematic diagrams of a (a) split-spoon sampler, (b) thin-wall open-tube sampler, and (c) thin-vall piston sampler used 10 obtain
undisturbed soil samples; and of a (d) double-tube core barre| used to obtain rock core (modified from Aller et al., 1989).
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Tablc -2  Information to be considered for inclusion in a drill or test pit log (sodified from
USEPA, 1967; Aller ot al, 1969),

e
s Projec mamc/namber * Weather conditions * Geologisl's pame
* Haole name/sumber * Rig type, bit szc/anger siae * Driller's mame
* Date started snd fimished * Classification sysiem weed + Sheet sumber
* Hole location; map sad elevation (e, Unified Soll Classification)
Lmbmmmadie Calmsimm
* Depth * Percent mmple recovery = Well comstruciion details
. location/mumber * Narrstive description * Other remarks
* Low counts and advance mie * Depth 1o saturstion
Fimrrmtive Gosbaglr Doocrigtin:
* Soilrock type * Bedding marure and spacing * Partice roundness or sngulsrity
* Sollrock exiure and stroctere + Soll pradation or plasticity = Estimate of dessity of grasular soil
* Color (Munsell) sad stain * Discontinultics descriptions or comistency of cobesive soll (wsually
* Petrology sad miseralogy * Water-bearing sones basod on siandard penciralion best)
¢ Friability + Formation sirike and dip * Slickenaides
* Moisture conienl (dry, mosl, wet) * Fossils * Roots, rootholes
+ Degree of westhering * Depositionsl structures *= Residual or relict structure
= Froscnoc of sacbonats = Dyganic content & Purried heriwnes
* Fraciures, joints (oreoistion, size, + Solulion cavitics * Disturbed earth, wasie materiak
* Rock core total breaksge and breakaft = Rock Quality Designation (ROD)
Gempling |nfnrmesitbon:
* Types of sampler(s) wsed = Split-epoon ssmpling = Rock coring
* Diameter and length of sampler{s) + size and weight of drive hammer + core barred drill bit design
¢ Number of each sample + mumber of blows required o + peneiration rale
= Stz and fnish depth of esch P ench &-inch interval + Buld guin or loss
* Percent sample recovery + free [all distance med 10 drive sampler
* Thin-walled sampling
+ ease or difficulty pushing sampler
+ pui required 1o push sampler
Drilting Dservatbem:
* Loss of circulation * Claages in drilling method/oquipment  * suability
* Advance rales * Dyilling difficuilics * AMOUD! Of M BSET; MI Pressurc
* Rig chaner * Amount of waier yickdlom during . nand
* Waiter-levels drilling at differcn! depths * Amounts and types of drilling Cuide
ueexd
Well Commtraction Detalls:
* Well Design: * Materiak - i
+ casing lenaih. schodule. snd diameter  + cmaing and screen + lime sad date
+ joint type + [ler pack (Le., sizc anakyuis) + waler level clevation before
+ screen beagth, schedule, and diametler <+ seal and phrysical form aher development
+ screen slot aine + slurry or groul mix + developmen! method
+ percent open ares in soreen + lime spenl developing well
+ filler pack depth interval * Instaliation: + volume of fluid removed
+ clevalion of lop of casing, bottom + drilling method + volume of fluld added
and top of protective casing, grousd  + drilling fluide + clarity of water and sodiment before
surlsce, bottom of borcbole, botuom + mowrss of =—ier mnd afier decslopeni
and top of well soreen, annular seal 4 Liming + amouni of sediment 1 well botiom
snd groul iservals, eic. + method of sealant/grout + pH, specific conduciance, and
+ well location coordinstes and map + volumes of all materials ssed temperature resdings
+ oiber backfill malerial and imtervals
Ol Rrmmrio:
* Chemical odors * Sampic shipping referenos * Alr-mositoring dats
= Sampic fuoroscomce " Lailurca * Hydropieolsic dyc tost rosulis
* NAPL sheers or presence * Devistions from drilling protocols * Equipment deconlaminalion
# HNU or OVA readings * Photograph cross-reflerence procedures
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Teable 8.8 Comparison of messnred TNAPL. thicknesses naing water-detection paste. & dear botiom-
loading bailer, and aa interface probe (from Sanders, 1984).

———

" 2 inch Gaselime | 3 Imches Karesene | 1 Inch Korvsene

Lt (imchus) | Doviation | fimches) | Deviation | (lncies) | Deviation
Water Detection paste on 8 ki) oz 138 [ BE} 336 oz L12 oaTs
tick”
Ciear botiom-loading 258 016 (Y.~ (5] 246 (411 0.80 0.12
badler™ '
Interface probe” 18 011 114 011 312 008 L10 0.12

Moles: Ave. meams sverage. Five lests were conducied with each method and Buid thickmess
"Gauging stick — 8-t Bagby Stick Co.; McCabe, Inc. waler-detection paite.
“Surfsce = 1%-inch OD, 12-inches long, botiom-loading bailer,
" ORS interface probe (manulacture date circs 1964).




Tabie 9-18. Summary of Test Resalis (Note: A = NAFL presence
mmpﬁﬂhﬂn%ﬂmﬂmh:nﬂﬂ-ﬂﬂlﬂlﬂ“d“ﬂLmL

t based oo visual examination; B = NAFL

Sample calegonics are based upon estimated NAPL ssturations & &
percenr. The volume of NAPL mined with 172 g of soll sad sufficient mL

of waler 1o constituie & total Ouid coutent of 15 mL is also piven.

Blank
Sampies

Mo
NAPL) .

Drssolved
Samples
MNe
NAFL)

1%

(o3s
ml})

186%
(1 mL)

inw
2ml)

11.43%
(4 mL)

ZLBE%
@)

Motes and Conclusions

14 -48

PP (e
Boles)

1.4-30 ppm

1
> 1000

50-
> 1000

-
= 1000
]

100
>1000

&5
>1000

1. As effective soreening method which mry be wed, in
some casen, 10 infer NAPL prosence.

1 Organic vapor conceniration depends oo contaminant
wolatility. memsured concentrations were much higher in
chiorobenzens and PCE samples than kerosene sampies.

1 Two hisnk ssmples had OVA coscentrations of <10
and <20 ppm due 1o residual vapors from prior
s

Visual Exam

oA

1uc

0A
0B
nc

DA
1B
1nc

eA
3B
BC

0A
6B
5C

oA

4C

1. Unabie to identify presence of coloriess NAPL.
1 NAPL presence was smpecied in some samples with
higher NAPL saturation based o fluid sudsiness.

Fluorescence

1A
1B

L

4 A
1B

6C

A
1B

icC

FA
1B

1€

11 A
0B

ocC

11A
0B

ocC

1. Very effective simple tesi for fluorescent NAPLs.

Z Onc [aec positive in T2 DSAk OF Gmelveo SAMpCL

A Ouly 3 falec negatives in 45 samples with eslimstled
NAPL saturations berween 1% and 23%.

4, Sensitivity depends oa fluorescent intenaity of NAFL:
st bow MAPL saturstions, kerosene and chiorobeszene
were easier 40 detoct thas ietrachlorocthene.

5. Greater visnal contrasi eviden! between milky while
Nuoresoence and darker soils.

6. Adding more water 1o the costaminsied sod sample
improved the deteciability of NAPL in some cases by
bringing more fiuorescent fluid to the polybag wall

Soll-Waler
Shake Test

0A

wc

0A
9C

0A

1C

1A

4C

1A
ic

3A

1C

1. Difficult 10 positively idenlify clear, coloriess NAPL.
2 At relatively high saturatioss (betwoen 1% aad 23%),

NAPL. presence was wayally suspecied based on fhuid
rharnctrriaticn sl the flodsie inersee

A As 5 result, coloriem LNAFL (kerosenc) wes essier 0
detect than colorkss DNAPL (chlorobenzene and
teirachiorocibene) waing the shake lesl.

oA
1B
1w0c

OA

wc

DA

TC

A
5B
5C

A
3B
ac

A
1B
iC

A

4C

1. Fairly effective for identification of LNAPL (kerosenc),
bul B0l DNAPLL, besed oa fluid charscieristics a1 the
Buid-air mier{ace.

2 e fabmn rompaiives dn 44 den writh entimated
NAPL saturstions between 1% and 23%; oaly 15
positive NAPL identifications in these 45 samples.

0 A

1nc

oA

1uc

4A
2B
5cC

BA
1B
ic

10A
0B
1€

11A
B
oC

1A
0B
ac

1. Very effective simple test.

Z No false posilives in 22 blank or dissobved samples.

3 ldentified NAPL preseace in 40 of 45 samples with
estimated NAPL saturations >1%. Fale negaiives
wrrvrarviad m rnby d ol U 4% s ples

4. Dye coloralon obviows even i black topsodl axmples.

5. NAFPL dezaity relative 10 waler wae correctly
detormined in 21 samples and misjudged s 1 smple.

&. Can be meed 0 estimaie quantity of NAPL. io sample.

oA
1B
e

oA
eB
uc

SA

5c

A

2B |

iC

1nA
o8B
acC

11A
0B
oc

1A
oB
oC

1. Slight enhancement of ydropbobic dye shake test.

2 No false posilives [ 22 blank or dissoived samples.

1 Heniified NﬂLmhﬂdl!uﬂpﬁunﬂ
ealimated NAPL saturstioes >1%. False pegative
recorded [n only 1 of these 45 samples.

4. NAPL demaity relative o waler was correctly
determined im 43 samples and misjudged in 3 samphes.

5. Can be weed 10 estimate quanlity of NAPL in sample.
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Tably 1. Comparison of Well Casing ard Screen Materiak (1986)

Type Advantages Dsadvantages
PVC : * Lightwaight * Weaker, less rigid, and
{Polyinylchloride) o Excolant chemica more temparature-
resist Py sensiive than metallic
alkalieswma : matenials
aliphatic hydrocabons, = May idsorb soma
and oils consttuents from
+ Good chemical SroUEd
resisiance to strong * May react with and
mineral acids, leach some constituants
wnoem rLtIr:’hed oxiizing from groundwater
acids, stro
alkalias "3 * Poor chemical
; resistance 1o ketones,
= Readily available esters, and aromatic
* Low priced compared to s
stainless steel and
Tefion
Polypropylene * Lightwaight * Weakar, less rigid, and
. : more lemperature-
Fg’g."‘"e"‘ c;“ﬁﬁr = sensitve than metallic
= stance materais
* May rzact with and
= Good-to-excellent .
chemical resistance 1o !aach SN NI
alkalies, aicohols, into goundwater
ketones, and esters * Poor machinability—it
& y canno be slotted
mﬂcﬂﬂh because it meits rather
than cuts
= Fair chemical resiztance
o concentrated
oxidizing acids, alphatic
hydrocarbons, and
aromatic hydrocamons
* Low priced compsred 1o
stainless steel anc
Tefion
Teflor = Lightweight + Tensile strangth and

* High impact strength

Outstanding resishnce
to chemical anack:
insoluble in all organics
except a few exotic
fluorinated solvent

weaar rasistance low
compared to other
engineering plastics
Expensive relative to
other plastics and
slainless stesl

Table 1. Continsed

Type Advantages Disadvantage:
Kynar + Greater strangth and = Noti readily available
waler resisance than T
Nakion resistance to ketoves,
+ Hesistant b Most acetone
chemicals and solvents
= Lower priced than Teflon
Mild stesal = Strong, rigd; - = Heavier than plasics
temperatumn-sensitivily e May with ard
ok i prokiem leach some constiuents

Stainless staal

* Readily available

+ Low pricec relative to
stainless sieel and
Teflon

= High strength at a great
range of lemparatures

= Excellant esistance 10
corrosion and oxidation

* Readily awailable

= Moderate price for
casing

into groundwatar

= Mot as chemically
resistant as siainlss
steel

= Heavier than plagics

« May corrode and leach
some chromium i
highly acidic waters

« May act as a catalyst in
some organic reactions

* Screens are highar
priced than plastc
SCreens

Source: Driscoll [1986).



Table 2. Comparison of Well Grouting Materials

Type

Advantages

Disadvantages

Bentonite  *

Readily avallable

= |naxpensive

Cament .

Readily available
Inexpensive

Can use sand and/or gravel
filter

Possible to determine how
well the cement has bean
placed by lemperature logs
or acoustic bond logs

+ May produce chemical

interference with water
quality analysis .

May nol provide a complete
seal because

—There is a limit (14% lo the
amount of solids that can be
pumped in a slurry. Thus,
thare are few solids in the
seal, shvuid wail for liquid te
bleed off so solids will setile

—During installation,
bentonite pellets may hydrate
befora reaching proper
depth, thereby sticking to
formation or casing and
causing b idging

—Cannot determine how
effectively material has been
placed

—Cannot assure complete
bond to casing

May cause chemical
interferances with water
quality analysis

Requires mixer, pump, and
trémie line; genarally more
cleanup than with bentonite

Shrinks whan il eate:
complete bond to formation
and casing not assurad

Source. Driscoll (1986).



9-13

Tablc 3-4. Borchole and well ansolus grout typss snd consideratinne (madified from Aller of al | 1989; Fdil o al.
1992).

BENTONITE AND BENTONITE-CEMENT GROUTS: Bentonile is & brydroms aluminum silicate comprised primarily of mostmorilionite
chry. mmdwumhmuwmulsu-pummudmumm-uhmm
within the expanding clay lattice. The low permeability and expansion of beatonile i waler are desimable properiies for scaling abandoned
boreholes and well sapular spaces. Bentonite grouts are best prepared ming mechanical miners sad should be pumped under pressure in
place from the base of the inlerval 10 be grouled through & fremic pipe. Bentoaile grouts should be mized in batches 8o that they can be
pumped before becoming 100 viscous. Bentoaite grout should ot be placed in the vadose zonc becausc it will dry, shrisk, and fracture.
Besionite grout mey also shrisk and fracture in the presence of bydrophobic NAPLs. Several svailable benioniie grost fypes arc described
below.

Bestsnbis Slurry Growi i commonly prepared by mixing dry bentosite powder in fresh waler ai a ratio of 15 Ibs of beolonitc 10 7 palioss of
water 1o make 1 ' of aherry. Thick alurries may pel prematurely and be impomibic 1o emplace. Due o their low solids coatent, bentonile
slurries lend to setibe ms liquid bleeds off, requiring the emplacement of more alarry.

QuickGeT® Bentonke Drilling Mud Gresd s slurry of sodium beatonite and water that s marketed primarily #s & drilling mud. Grouts of
varying viscosity and strength can be obiained by mizing different proportions of Quick Gei®, water, and sand. Slurries containing saad
appear more siable than pure Quick Gel® . Edil e al (1992) found that Quick Ged® slurvies of different sand contenl and viscosity form
poorer annulus seals than neat cement, cemeal-bentonite, and Benseal® -beatonite alurry grouts.

Velclay® Bemiomlic Powder Groal B § OONRIETCA] DEOLOMKILE-DEMED CINY FIOUL LAl I8 formoulaued for sealng bor ) el
spaces. Edil et al (1992) mixed 2.1 lbe of Voiclay® per galion of water and added 2 Ibs of magnesium axide powder s & setling inhibitor 1o
each 50 Ibs of Voiclsy® slurry. They determined that Volclsy® grout bas » stiff gel structure which adheres to PVC but not steel well
casing, and that i i pot s effective & well scalant s pest cement, cemeni-beatonite, and Benseal® beatoaite slurry grouts.

Bemaca!® - Bentonite Blurry Groat is 3 mixiure of Bensea!® , & granular nondrilling mud grade bentonite developed for use in sealing and
grouting well casings, and bentonile powder with waler, Edil ef al (1992) mized 30 Ibe of Natural Gei® (s matural, smaltered bentomite
powder) with 100 galloss of water, and Usen used & venturi pump Lo mix in 125 Ibs of Benseal® 1o the alurry. They found Lhat this grout
adberes to steel and PVC casing, has low permeability, good swelling characterisiics, and flegibility, and is an excelient scalant.

Bemtonite-Coment Gromd is 8 slurry incorpoeating § 10 6 galions of water and 2 10 6 Ibs of benionite powder for each 94 Its (1 0r*) of
Portland cement. Benionite improves the workability of the cement alurry, reduces slury density, and reduces grout shrinkage during setling.
Edil & al (1992) found the sddition of § Jos of bentonite per 94 Ibs of cement forms & rigid well annulus seal with low permeability and high
OUrEMLIY; RO LA UG ol Bibores uw moc] cmiug, but sppoard woslw s il suos shosg e groui-TVYE caslag inicriscc.

Benionite Felleis can be used o seal borehole or well anoulus intervals. Wet pelicts, however, tend 10 stick 1o well casing and borehole walls,
and bridge high sbove their intended placcment depth. A tamper can be used 1o break up bridges, but this Lechnique becomes ineffective at
depibu greater than spproximately 20 B Peliets can be frozen ming refrigerstion or liquid nitrogen 10 incresse their fall distance.

PORTLAND CEMENT: Neal camen| i 8 mixture of Portiand cemenl (ASTM C-150) and water in the proportion of 5 10 6 galions of cean
waler per bag (94 lbs or 1 ft*) of cement. Five Types of Poriland cement are produced: Type | for general me; Type 11 for modersie suliate
resstance of modersie best of ydration; Type 111 for high early sirengih; Type IV [or low best of bydration; and Type V 1or high sullaie
resstance. Type | is moal widely-wsed in well construction or bole abandonment. A fypical 14 Ib/galion nes! coment alurry with a mized
volume of 1% it will heve & set volume of 1.2 ft', rellecting & 17% shrinkage. The seiting time ranges from 48 1o T2 br depending primarily

Common additives inchade: (1) 2 10 6% bealoaile 1o reduce shurinkage, lmprove workability, reduce dessity, and produce a lower cost per
volume of groat; (Z) 1 10 3% calcum chioride ko scoclerale 1be selling lime and thereby creale higher early streagih, of particulsr value in
el Aimstes: (1) 1 a0 A% pypaum in produce s guickasiiing very hard oemeni thal expends upon setling: () <1% shminun powder 10
produce a quick-setiing sirong cement that expands upon setling (5) 10 o 20% Oyssh 1o incresse sulisie resisiance and provide early
compressive strength; (§) bydroxylated carboylic achd 10 retard setting lime and improve workability withou! compromising set strengih; and
{T) diatomaceous earth to reduce alurry desaity, incresse waler demand sad thickening lime, and reduce set serength.

Edil e al (1992) found meal cemenl growt forms o rigid scal with low permeability and high dursbility tha sdheres Eairty well w stedl snd
FVC cmaing. Kurt and Johneon (1982), bowever, report that meal cemeni annular seab are subject 10 channeling between the casing and
proat due Lo lemperature changes during curing, swelling and ahrinkage during curing, and poor bonding berween the ground and casing.
particularty if well development occun prior 10 when the cemenl has compleicly set. Thus, 8 minimem of 110 2 fi of filler pack is wsually
extended in the annulus sbove the Lop of the well acreen. The high heat of cement bydration can compromise the integrity of tsermoplastic
casing. Cement i & highly alkaline sobstance with a pH that ranges from 10 80 12 This can aher groundwater pH.




Table 9-7. Advantages and disadvantages of some common well casing materials (modified from
Driscoll, 1966; GeoTrans, 198%; and Niclsen and Schalls, 1991).

WPE AIYANTAGES L1 DESADY ANTAGES
FLUOROPOLYMERS + Excellent clemical resislance 10 organic l.:-ﬂmhdﬂm
such B8 poiyerafisore- chomicals am] cormusive coviroamonts; d o other p iron, or stesl
etryene (FTFE), leira- practically issoluble in all organic liquids Expensive relative 10 sicel nad olber plastcs
flvoroethylene (TFE), and cxcopt & fow Buorinated
Ouorinsied ethylene * Lighreeight
propylenc (FEF) * High impact strength
THERMOPFLASTICE: . More reactive than FTFE
POLYVINYLCHLORIDE | = Essy workability (with threaded couplings) Poor chemical resistance (0 aromatic
(FP¥C) AND *  incxpenasve commparnd b0 DUCTODONIDETS &b L WL, EBALTE, LU R
ACEYLONITRILE L] sobvenls
BUTADIENE STYRENE | * Resistant 10 alcobols, aliphatic bydrocarbons, Much lower wensile, compressive, and

weak and slrong alkalics, oils, sirong minersl colispse strength than steed or iron
acids, and oxidizing acids My adeorb or clule irect organics
* Completely resialant to galvanic and FVC glues, If ueed, mey contribuie organic
cormoaion chemicals Lo well waler
+ High sirengih-to-weight ratios. and resistant
Lo abrasion
STAINLESS STEEL * Stronger, more rigid, and Joms tempersture- Expenarve
such as Type 304 and senailive than plastic materials May catalyze some orginic chemical
Type 316 * Good chemical resistance o organic nesclions
chemicak My corrode if exposed to loag-lerm

corrosive conditions and leach chromium
Hewvy

CARBON BTEEL

Siroager, more rigid, and less iemperatunc-
Liess expensive than slainless sleel or leflon

Expensive )

Rusis emily, providing high sorplive sad
resciive capaciry for many metals and
organic chemicals

Subject 10 corrosion (under condilions of
low pi, high dissolved cxrygen, H'S
s, > 1000 mgL ol disschnod
solide, > 50 mg/l. 0O, or > 500 mg/. CT
Hesvy

GALVANIZED STEEL

Stronger, more rigid, and jow temperature-
scnuilive than plastic malerials

Expenaive
Wmn-ltrphuﬁuﬂu hmmﬂ




Table 5-1. mmmwnmmmm—cnm.

STy
S ] mcHooST | LOWOOST | | ' /MEAN COST
Drilling
Soil Barings (34°) b ] s18m s2mn
Rock Coring £50M $40 s4n
Stainless Steel Scroen (77, Bs R $1755 0 25250
imsialied)
Stainkess Stcel Riser Pipe (2, om s1um 2m
 instalied) .
FVC Screes (2, installed) $505 N $5 R 45 0
PVC Riser Pipe (T, imatalled) $85h 550 3N
Protective Casing $150/each $90/cach $11%each
Shelby Tube Samples (37) $125/each Sdlvench $85/each
Waler Truck Restal B0y
Steam Cleaser Renul $125/day $60/dny $A5 kduy
Sieam Cleaning Time $140/br $112Mr $125/r
Stand By Time $140/br $112Ar $125/r
Drilling i Level C Protection S125Mr 35/ar S8TAr
{Add)
" Mobilizalion and 51250 $500 51075
Demobilization (200 miles)
Test Pit Excavation
Small Rubber Tired Backioe 570 - S110Mr
and ODperator
Large, Track-Mounied
Backhoe (2 yd* shovel) and $100 - $170/r
Opcrator
Mobilization sad $50 - $100/4r
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[7:3] Indirect Investigation (Geophysics)
Geomagnetic methods
Geoelectric methods DC/AC/EM
Seismic methods
Gravity methods

Well logging
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DIAGRAM OF DELIVERABLES FOR A FHASE 11
MONITORING WELL DESIGN PROJECT
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Rock rype/Materal Specific resistivity [{2m]
Rock nype
clay. marl, rich i- 30
clay, marl, meagre 0~ 40
clay. sandy, silt 25 - 150
-mﬂ ﬁ 0 ﬁ
sund, waler -
sand, gravel, dry B0 - 5000
rubble, dry 1000 - 3000
limwsiong, grpsum 500 — 3500
sandstone 300 - 3000
"hl 400 - 6000
Deposiied rofuse i -
“m&ﬂ 200 - 350
industrial mud 40 - 200
serap muial 1- 2
pieces of braken glass and poreeluin 100 - 550
casting 400 - 1600
70 - 180
“ﬂ“ﬁ“wm 1- 10
Hlﬂ 150 - 700
300 - 1200
“dﬂuﬂﬂmﬂl - 200
used lacquer and paint 200 - 1000
barrels (empty ) 5 - 20
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Fig. 2.7. Equivalent digital of & Schiumberger sounding curve. Left column =
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and moved wround uniil one of the master curves @llies with the field curve. The thickness of
the second layer, which has here seven limws the pa-value of the first layer (see the resistivity
walues al the iop right) can be found by the number of the curve ne.13. On the thickness beam
al the top e, which is divided from 0 w0 |6, the thickness h; can be directly determined



Edwards AFB, CA — Thermal Remediation Monitoring with ERT

Edwards Air Force Base, Edwards, CA

Contaminants Treated: TCE

Hydrology: Groundwater at 30 feet bgs

Geology: Fractured granite

Starting Contaminant Levels: DNAPL expected

Cleanup Levels Achieved: Project Awarded n 2000

Remediation Time Period: May-June 2002

Chient Relerence: Scott Palmer. Earth Tech, San Jose CA, (408)-232-2826
Remediation Design Engineers: Dr. Gorm Heron, Dr. Steve Carroll. Mr. Hank Sowers

ERT data planes

21

r Example ERT data plane
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1.2 ELECTRCMAGNETIC ‘HE'nm'rw
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TIME - DOMAIN ELECTROMAGLETICS (TDMD
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G RovAD - PENETRATING RADAR (GPR)
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Table 2.3. Deciectric consmms (K, elecinc conductivity { o), dlecmic velocity and anenuation
(8) ot a frequency of 100 Mitz. Davis and Anan (1989

S K omSm)  vimes)  a(dBm)
Freshwater 0 00 0.3 210
Seawater BO 30 Ao 0l

Dry sand 4 001 0.5 0,01

Wt sand, m bl an 006 0.03
Limestone [ a5 ] 0lz w

Fat clay 5-35 0.05 006 1.0- 300
Granite 5 0.1-1 03 001
Rock salt 6 0,1-1 0,13 0,01
Slate 5-15 003 00 1,0-100
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3. SEISHWC METHODS
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21 SEISMIC BEFRACTION
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[8:1] Biological Processes
Aerobic biodegradation

Anaerobic biodegradation
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[8:2] Electrolytic Processes
Electro osmosis

Electro acoustic
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[8:3] Containment and Ground Modification
Impermeable barriers
Stabilization and solidification

Permeable treatment walls
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[8:4] Soil Washing
Alkali soil washing
Cosolvent washing
Surfactant soil washing

Water flooding and groundwater extraction
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Figure 3.5.35 “-“omatic of dual drain line system for the 1888 field test using water and combined
alkali'surtactant flooding of heavy oils [Sale et al., 1989
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Figure 3.5.3.5 Schematic of field test using water and surfactant flooding for enhanced PCE recovery
(Borden, Canada) [Fountain et al., 1990].
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[8:5] Air Stripping
Air sparging and vacuum extraction

Vacuum vaporizer wells
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[8:6] Thermal Processes
Contained recovery of oily wastes (CROW)
In situ steam-enhanced extraction (SEE)
Radio frequency heating

In situ vitrification
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Figure 3.7.25 Schematic of in-situ steam enhanced extraction process [USEPA, 1882d].
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Figure 3.7.4.1 Schematic illusirating the in-situ vitrification (ISV) process [Smith 21d Hinchee, 1993).



TABLE 4.1.1. IN-SITU TECHNOLOGY COMPARISONS

OPERATIOMNAL
MECHANISM

APPLICABILITY

SCALE OF

EXPECTED
EFFICIENCY

AVAILABILITY

APPROX. COST
RANGE ($iyd")

Treatment

Dissolved phase only

1560

Traatmant

Dissolved phase only

15-60

Traatment/
Recovery

Dissoived phass oy

75-150

Treatment!
Recovery

Dissolved phasa only

75126

5125




