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MAJOR DIVISIONS SYMBOLS1 TYPICAL NAMES
10 Weil-graded gravels or gravel-sand mixtures, little or no

CLEAN GFUVELS GW 0 01 fines
GRAVELS WrrH - k_/

LU I Er THAN 0. FINES 0 Poorly graded gravels or gravel-sand mixtures, Ettle or no
r-4 GP )0

wen MORE THAN 112 OF fines
JLu COARSE FRACTION> y gravels. gravel-sand mixtures

>:> SRAVELS GM satwtu No 4 SIEVE SIZE
ov; XrTH
LU OVER IS% FINES Clayey gravels, gravei-sand-clay mixtures
= a GC
:Z40

too Well-graded sands or gravelly sands, little or no fines
Wz CLEAN SAIQS SW
co A SANDS WrTH

LESS THAN 5% FDES Poorly graded sands or gravelly sands, little or no fines
SPQg=

W MORE THAN 1/2 OF
> COARSE FRACTION< SANDS sands. sand-silt uxtures

No 4 SIEVE SIZE WITH -SM SIty

OVER 15% FffýES SC Clayey sands, sancF-clay mixtures

Inorganic silts and very fine sands, rock flour, sflty or
ML clayey fine sands or clayey silts with slight plasticity

Cn SILTS & CI-AYS(n LU Inorganic clays of low to medium plasticity, gravelly clays,
25 i::ý- CL sandy clays, sity clays, Lean clays
U), LIGUM LIMIT 501 OR LESS
,cnU10 OL Organtc sats and organic silty clays of low plasticity
Z,o -cu Inorganic sits. mqcaceous or diatomaceous fine sandy or

MH saty SOIK elastic sits
SILTS & CLAYS ,oo'

CH / Inorganic clays of high plasticity, fat clays
LIOUID LIMIT GREATER THAN 50%LU 44

0 0 Organic clays of medium to high plasticity, organic silty
H clays, organic saits

HIGHLY ORGANIC SOILS PT J_U Peat and other hg* organic sods

DEBRIS ZONE1 Metal, concrete, plastic, bricK wood, etc.

CONSTRUCTION DEBRISI Concrete, wood, rebar asphaft

SYMBOLS KEY GRAIN SIZE CHART

Bulk or classification sample CLASSIFICATION RANGE OF GRAIN SIZES

U.S. Standard Grain Size
Sieve Size in Millimeters

No sample recovery BOULDERS Above t2a Above 305

-Undisturbed" sample COBBLES 122 to 3" 305 to 76.2

GRAVEL 30 to No.4 76.2 to 4.75
First-encountered groundwater level coarse 3* to 3/4* 7&2 to Is I

bile 314" to No 4 19 1 to 495

SAND No 4 to No-200 4.75 to 0.075
Static groundwater level coarse No 4 to No.10 A 75 to ZOO

seckis No 10 to No.40 2.00 to 0 42S

(IOYR 4/4) Munsell soil color chart fre No 40 to NO-100 1 0 425 to a 075

1990 edition SILT & CLAY Below No-200 Below 0.075
rn

Source ASTM 0 2488-90, based on Unified Sod Classification System =jL)

i Not part of ASTM Classification System 0(B
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Equipment Moblie CME-75 HSAS

CL
Elevation 5199 23 Date 8124194

.2 Z CL
M

SM, silty sand, fine- to medium-grained sand,
3 some clay 10 YR 81A - light yellowish brown
5 loose nonplastic, dry alluvium
it
12

Color change to 10 YR 7/4 - very pale brown
7
7
6

A
5 ML, sandy silt, very fine- to medium-grained
4 sand 10 YR 81A - light yellowish brown loose.
5 slightly plastic slightly moist calcareous alluvium
6
7
9
10
7 SK silty sand very fine-grained sand. some

clay 10 YR 713 - very pale brown, loose
10 nonplastic slightly moist. calcareous micaeous

10 alluvium

12 Color change to 10 YR 614 - light yellowish
13 brown

15
10

CL, clay with silt and mecUum-grained sand 10 YR14 5/6 - yellowish brown medium dense nonplastic
15 dry
9 10 YR 6/6 - browrush yellow
19
20 15 Color change to 7 5 YR 5/6 - strong brown
17
33
so Color change to 10 YR 5/6 - yellowish brown
29
35
31 Lolor change to 10 YR 8/2 - white caliche due
19 to increase in calcium carbonate
19
26 Increase in coarse-graned sand, color change
20 20 to 10 YR 5/6 - yellowish brown. abundant white
32 cahche

65 Color change to 10 YR 7/4 - very pale brown
23
28

35 Color change to 2.5 Y 514 - light ofive brown
17
28
47

Notes LAS HNU/OVA readings equal to SANDSTONE, very fine- to fine-grained sand.
zero parts per million 40 10 YR 6/6 - brownish yellow locally very thinly
except as indicated 96 25 laminated low hardness friable. moist, calcareous2 Munseli color chart weathered bedrock <used
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Equipment Mobile CME-75 HSAS

CDE EJevation 5199 23
z (a 

Date 8/24/QA

in 
25 ...

23 CLAYSTONE. 10 YR 6/2 - light brownish gray
Al soft plastic moist black lignite fragments,

CLA
83 gypsum weathered bedrock
48 Abundant iron oxide and gypsum, minor lignite

58GA Color change to 2 5 Y 5/3 - light olive brown

32
53

3071 30 INTERBEDDED CLAYSTONE AND SLTSTONE TO

65
SANDSTONE, 2-5 Y 5/2 - grayish brown.
splitting along sandy layers at I- to 2-inch

50 intervals, weathered bedrock
26
123
100 SANDSTO14E. very fine-grained sand to silt 2.526 Y 6/4 - light yellowish brown, low hardness.
63 friable dry noncemented to locally weakly
75 cemented weathered bedrock
24 35- CLAYSTONE, 2 5 Y 5/3 - light obve brown locally
38 dark gray, laminated, fractured soft, plastic.
50 - iron oxide weathered bedrock

INTERBEDDED CLAYSTONE AND SILTSTONE. ib
YR 5/3 -light olive brown. low and high angle
fractures some slickensides weathered bedrock
CLAYSTONE, very iihe-grained sand, 2 5 Y SIB

light olive brown soft, plastic weathered
bedrock

Color change to 2 5 Y 510 - gray high angle
fractures with iron oxide and slickensides

40- SANDSTONE to SLTSTONE. very fine-grained
sand to silt massive no bedding. not fractured,- moderately hard. moderately strong, 10 YR 412 -
dark grayish brown, calcareous, weathered
bedrock

CLAYSTONE, locally intensly fractured with
iron-oxide fractures/ joints, breaks in blacky to
concoidat fragments 2 5 Y 4/2 - dark grayish
brown weathered bedrock

Color change to 2 5 Y 413 - olive brown

SILTSTONE, clayey 2 5 Y 5/4 - light olive
45- brown. thinly laminated. low hardness. friable,

weathered bedrock

CLAYSTONE, 2.5 Y 4/3
weathered bedrock olive brown. fractured,

L

SANDSTONE. very fine- to fine-grained sand,
2 5 Y 614 - fight yellowish brown low hardness,. rot) 'I
riable,. compacted, uncemented, weathered

X bedrock

P oc
CLAYSTONE, 2.5 Y 4/3 - olive brotin. weathered

YSTONSANDS _ roý

Lbedrock

r"SANDSTONE, very tine- fine-grained sand,
locally s.ltý

so-- locally silty. 2 5 Y 6/4 - light yellowish brown
and 2 5 Y 7/6 - yellow low hardness. friable,
compacted noncemented
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EQmpment Mobile CME-75 HSAs

Elevation 5199 23 Date 8124194
Z CI
Z Q.
X_ 50-

CLAYSTONE, 2-5 YR 5/2 - grayish Drown. thinly
- laminated closely fractured soft, plastic,

slightly to nonweathered bedrock, iron oxide
fractures and horizontal partings silty
lamination, trace thin black lignite laminations.
bedrock

2 5 Y 4/2 - to 2 5 Y 3/2 - dark gray brown to
very dark gray brown. very thinly laminated,
closely fractured

55-

Becomes lignitic, color change to 2 5 Y 3/2 - to
2 5 Y 2/0 - very dark gray brown to black,

60 thinly laminated
Color change to 2 5 Y 513 - light olive brown due
decrease in lignite

SANDSTONE. very fine-grained sand silty,
clayey 2 5 Y 513 - light oilve brown. moist, low
hardness friable compact non-to weakly
cemented noncalcareous bedrock
CLAYSTONE, 2 5 Y 4/2 - dark grayish brown
thinly laminated soft plastic iron oxide on low
angle to horizontal parting spaced I to 3 inches
bedrock

Becomes lignitic color change to 10 YR 3/2 -
very dark grayish brown. very thinly laminated,
soft plastic lignite fragments bedrock

Mottled olive and gray

70

lIGNITE, 2 5 Y 2/0 -black flaky coal-like
material moist bedrock

CLAYSTONE. 10 YR 312 - very dark gray brown,
10 YR 312 to 10 YR 212 - very dark brown thinly

T laminated low hardness plastic iron oxide, waxy,

LIGNITE black thinly Laminated tow hardness
friable fissile locally clayey, moist, bedrock
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Equipment Mile rME-75 HSAI
> = A! - I

Elevation 51-9-9 23 Date 81241
CIL a) 0

0 (n

75-

Contains thin laminations of crushed olive-brown
blocky clay fragments and very light grayish
ashy material

80

CLAYSTONE. 2 5 Y 3/0 - very dark gray low
hardness Plastic moist iron oxide bedrock

85
Becomes silty

SANDSTONE, very fine- to fine-gratned sancL
some sift, 2 5 Y 7/0 - light gray low hardness,
friable moist bedrock

It

CLAYSTONE, 2 5 Y 3/0 - very dark gray,
massive (no fracturing) low hardness plastic
moist bedrock

Glo- 2 5 Y 3/2 - very dark grayish brown

- silty 2 5 Y 410 - dark gray to 2 5 Y 2/0 - black,
- low and high angle slickensides

1100
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EtImpment Mobile CW-75 HSAS
Date $L241

Elevation 519-9 2-3 94
3: 4) CD
0 CL 0 co

100

105

Becomes lignitic color change to 2 5 Y 2/0 -
black to
2.5 Y 3/ 0 - 2.5 Y 3/0 - very dark gray, thinly
laminated local shiny black lignite layers
sfickensides at 107 8 f t soft plastic,
locally fissile locally waxy moist. lignite
content decreases downward at 109 0 ft.
becomes ashy

15-

SANDSTONE. very fine-grained sand, 2 5 Y 5/0
gray and 2 5 Y 410 - dark gray, layered,

INTERBEDDED SILTSTONE to CLAYSTONE. some
very fine-grained sand 5 Y 3/1 - very dark
gray (moist) 5 Y 7/1 - light gray (dry) soft to
low hardness plastic to friable moist local
slickensides bedrock

12

Increase in sand content laminated, locally
interDedded, becomes moist

125 Trace silt CV
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Equipment Mobihe Cff,-7514SAs

S 5199.23

Elevation Date 8/24/QA
3: 0)

Z a C3 (n

Increase in clay and silt content

Interbedded silty claystone. clayey siltstone
and very fine sandstone

13
Color change to 5 Y 5/1 - gray

S ANOSTONE, very fine- to fine-grained sand,
locally clayey, 5 Y 5/1 - gray low hardness

X :-:- friable. moist bedrock

CLAYSTONE and SILTSTONE. alternating fight

135- gray and dark gray laminations

SANDSTONE, very fine- to fine-grained sand,
25 Y 5/1 - gray, local thin layer lignitic
lam nations low angle low hardness friable,
m 01ist bedrock

CLAYSTONE. occasional silty sandy laminations,
high angle fractures silt content increases,
bedrock

SILTSTONE, minor clay, 2 5 Y 411 - dark gray.
low hardness friable moist bedrock

CLAYSTONE AND SILTSTONE. black waxy.
140- massive soft, low hardness, plastic slickensides

bedrock

SANDSTONE, fine-grained sand, some
medium-grained sand, 2 5 Y 5/0 - gray to 5 Y
4/1 - dark gray, low hardness, friable, moist.
noncalcareous bedrock

X

145
CLAYSTONE. 5 Y 2 5/1 - black, thinly laminated
zones, little fracturing low hardness. plastic.
moist unweathered, bedrock, somewhat fissile.
high angle slickensides

150-
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W
Equipment Mobile CME-TS HSAs

CL E Elevation 5199 23 J)ate 8/24194
3: Z OL 4) co
0 0 Cn

INTEREEDDED CLAYSTONE AND SILTSTONE, 5
Y 8/1 - gray and 5 Y 411 - dark gray, massive
thinlaminated fractured lowtomoderateiy
hard, plastic, friable moist bedrock Silt content
increases downward mterbedded claystone and
very fine- to fine-grained sandstone/sandy
siltstone

-A _\_

Interbedded sandstone and clayey sittstane

155

ISO

- LIGMTE, fractured deformed bedrock

185-

CLAYSTONE. 2 5 Y 2/0 - black, massive little
fractured, soft, low hardness plastic moist
bedrock

170

Color change to 5 Y 3/1 - very dark gray

175 Total depth - 175 1 ft
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Equipment Mobile C-ME-75 HSAS

>
0-ý CL4* S Elevation 5282 79 Date 8124194-3r W ca

0 cr)

ML, silty with medium-grained sand, 10 YR 614 -17 yellowish brown stiff nonplastic dry, minor
is roots, alluvium
8 CL. clay with some silt and sand 10 YR 5/4 -
10 yellowish brown. very stiff, nonplastic, dry,
9 alluvium

5 SM, silty sand with clay medium-grained sand.
10 YR 614 - light yellowish brown. loose,5 np tic

_ w
nonplastic, dry, minor white calcium carbonate,

5 silt and sand content decrease with depth,uv'umalluvium
7 5 ML, silt with some fine- to medium-grained sand
7 and clay. 10 YR 8/3 - pale brown nonplastic,
8 dry to very slightly moist, carbonate matrix

alluvium

Increase in very fine-grained sand

A CL. clay with medium- to coarse-grained saný:_
some silt 10 YR 814 - light yellowish brown

I medium stiff nonplastic slightly moist,
5 calcareous matrix alluvium
20 Color change to 10 YR 8/2 - white, very stiff.
27 dry
28 10
17
17
13
8 CUSC clay with fine- to mechum-grained sand
10 and silt 10 YR 7/4 - very pale brown stiff,
a
8 Color change to 10 YR 7/8 - yellow
8
10 Zone of white calcium carbonate crystals, color
]a change to 10 YR 614 - light yellowish brown

2S SILTSTONE. 2 5 Y B/6 - olive yellow very
35 fine-grained sand and silt to trace clay, low

hardness. friable dry locally weakly cemented,
calcareous matrix oxidized, weathered bedrock

40 CLAYSTONE, 5 Y 4/3 - olive, fractured, high
32 and low angle with iron oxide on fracture. soft
T7 plastic slightly moist gypsum and calcium
28 carbonate weathered Denver

38 Color change to 2 5 Y 5/2 - grayish brown
20 trace silt, dry, iron oxide gypsum oxidized

27 20 noncalcareous, weathered bedrock

28 Low angle fractures spaced 1/2 to 1 inch, high

17 angle fractures spaced 2 to 8 inches

31 Color change to 2 5 Y 410 -dark gray along
fractures oxidized to 2 5 Y 13/2 - light yellowish33 gray

Color change to 2-5 Y 512 - grayish brown,105 intensely fractured to crushed
50 INTERBEDDED CLAYSTONE and SILTSTONE to

Notes I AN HNU/OVA readings equal to 35 VERY FINE-GRAINED SANDSTONE. 2 5 Y 7/3 -
zero parts Per Million 70 Pale yellow low hardness, friable, dry to slightly
except as indicated 107 25 moist with very minor iron oxide on low angle
2 Murtsel color chart fractures layers 112 to 2 inches thick, C'I
used weathered bedrock
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Equipment Mobile CME-75 HSAs

Elevation 5282 79 Date 8124194
X => CL 4) CD
0 0

F5 25

62
71 CLAYSTONE. paper thin silty parting spaced I
so to 2 inches apart 2 5 Y 412 - dark grayish

brown, low angle fractures, intensely fractured
to crushed, soft. plastic, slightly moist, iron oxide
on fractures. oxidized weathered bedrock

Color change to 2 5 Y 5/2 - grayish brown
SANDSTONE, medium-grained sand 10 YR 418 -
dark yellowish brown, low hardness fraible.

30 weathered bedrock

CLAYSTONE. 2 5 Y 4/2 - dark grayish brown,
j'>aDery to shaly, thinly laminated intensely
fracturecl, soft. plastic, moist. iron oxide on
fractures laminations, weathered bedrock

35

Becomes lignitic, color change to 5 Y 3/1 - very
dark gray closely fractured

4

Thin sand lens approximately 0 1 inch thick

Thin sand lens approximately 0 1 inch thick

.... SANDSTONE, 2 5 Y 814 - light yellowish brown
compact noncementeC soft to low hardness,

45 friable,loose moist weathered bedrock
DITERBED13ED CLAYSTONE AND SILTSTONF_
2 5 Y 4/2 - dark grayish brown locally shaley
thmly laminated closely fractured soft, plastic,
moist, local iron oxide, weathered bedrock

Sandstone lenses fine- to very fine-grained
50 sand 2.5 Y 5/8 - light olive brown. moist
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Equipment MOile- M-75 HSAs

;D
CL 528279 Date 8/24194

Bevation3: Q 4)
.2 QL C3 W

50 ...

SANDSTONE. 2 5 Y 5/6 - light olive brown very
fine-grained sand, locally clayey with occasional
very thin bedded gray claystone, thinly

:X laminated no to low hardness, no strength
moderately fractured moist, weathered, varible
iron oxide along laminations, weathered bedrock

80

65

INTERSEDDED SILTSTONE/CLAYEY
SILTSTONE/ SILTY CLAYSTONF_ 2-5 Y 5/6 -
light olive brown somewhat platey. thinly
laminated closely fractured low angle soft to
low hardness base of iron oxide oxidation,
weathered bedrock
SILTY CLAYSTONE. 5 Y 3/1 - very dark gray.

70 shaley laminated, closely fractured. low and high
angle, soft, plastic, moist, bedrock

LIGNITE, 2 5 Y 2/0 - black, shaley. thinly
laminated closely fractured, low hardness,
friable, moist. coal-like, bedrock

75-
CM
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Ewpillient Mobile CME-75 HSAs
;D >

6 Elevation 5262 79
CL 0 CD 

- Date 8/24/94
Z OL C3 in

75

CLAYSTONE, 2 5 Y 4/0 - dark gray, occasional
shaley laminated close to moderately fractured,
soft plastic unweathered, moist. trace lignite80 fragments bedrock

Lignitic from 78 7 to 79 2 feet

Thin sand lens, gray very fine-grained sand
uncemented

85
SANDSTONE, fine-grained sand silt, 10 YR 411 -
dark gray, thinly laminated low hardrimess
friable, unweathered moist bedrock, thin zone
approximately 0 1 inch thick, moderately
cemented locally clayey
Pyrite nodule
CLAYSTONE, 10 YR 411 - very dark gray
slabby, locally laminated, moderate to little
fractured soft plastic moist bedrock
Pyrite and lignite at 85 9 to 86 0 feet. some high

90 angle slickensides

Intensely to closely fractured claystone,
slickensides

95- INTERBEDDED CLAYSTONE. SILTSTONE.
SANDSTONE. 2 5 Y 2 5/1 - black (claystone) to
5 Y 511 - gray (sandstone) thirily laminated
interbedded claystone and siltstone thinly
bedded sandstone, little fractured to massive
soft to low hardness plastic to friable, moist
soft sediment deformation features in
interbedded siltstone claystone varied fracture
filling. sandstone lenses 3 to A inches thick poor
to moderately cemented fine-grained sand, well

4 sorted rounded, quartz. iron oxide, feldspar,

ýJ 
bedrock

Do- Color change to 5 Y 2.5/1 - black
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Equipment MobileýCME-75 USU

0- OL
Elevation 5262 79 Bate 8124

QL C3 U)
100

LIGNITIC CLAYSTONE, black to very dark
brown-black occasional shaley, thinly laminated
close to moderately fractured with occasional
slickensides, soft to low hardness, plastic, locally
friable. moist bedrock
CLAYSTONE. 2 5 Y 2/0 black, blocky to massive,
locally thinly laminated. moderately fracturecl,

105 plastic, moist, bedrock

INTERBEDDED CLAYEY SILTSTONE. SAN13STONE
and MINOR CLAYSTONE, 2 5 Y 5/0 - gray,
massive to blocky, locally thinly
laminated (alternating siltstone/claystone
laminations) moderately fractured, low angle,
occasional high and vertical fractures, soft to
low hardness locally weak to friable to plastic
moist bedrock pyrite nodule at 107 0 feet
SANDSTONE. thinly laminated, low to moderately
hard, weak to friable. moist bedrock

110

CLAYSTONE. locally silty with minor siltstone
interbeds mottled, 2 5 Y 5/0 - gray and 2 5 Y
3/0 - very dark gray, blocky to massive. locally
thinly laminated, moderate to little fractured.

115 soft to low hardness. Plastic, moist, soft
secliment deformation features trace lignite,
waxy bedrock

Grades to very dark gray claystone
CWor change to 2 5 Y 410 - dark gray

120 SILTSTONE, 2 5 Y 5/0 - gray, massive to
blocky, thinly laminated, moderately fractured
low and high angle. slickensides (high angle),
bedrock

125
CV
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JEqupment Mobile CHg-75 HSAs

Elevation 5262 71) Date SIZA-10-4
Z Cý

125

13

SANDSTONE. 2 5 Y 410 - dark gray, caliche
fracture filling high angle fracture contact.
2 5 Y 6/1 - gray with green cast,
low hardness, friable, moist bedrock

135

CLAYSTONE. 2.5 Y 2/0 - black, locally mottled
to 2 5 Y 510 - gray. some green-black streaks
massive to blocky occasional thinly laminated
close to moderately fractured occassional high

- angle srickensides soft to low hardness, plastic,
moist, scattered white flecks bedrock

140-

INTERBEDDED CLAYSTONE AND SILTSTONE, 5
Y 5/1 - gray. massive thinly bedded
occasionally thinly laminated moderately to
closely fractured high and low angle fractures.
low hardness. friable moist trace organics,
bedrock

14

CLAYSTONE. 2 5 Y 2/0 - black, massive
occasional shaley. occasional thin laminated,
closely fractured soft to low hardness, plastic,
raoist unweatherecL waxey, slickensides on high
angle fracture black organic (lignite), fracture
filling and fragments, bedrock

ISO C4
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Equipment Mobile r-ME-75 HSAS

CL
Elievation 5262 79 Date 8124194

150
Color change to 5 Y 3/1 - very dark gray

Black coal seam, approximately 0 5 inches thick,

155 brittle blocky break
Becomes fignitic. 2 5 Y 2/0 - black. thin
laminated closely fractured high angle
slickensides, low hardness, plastic moist
scattered fine-grained white flecks bedrock

High angle slickensides

ISO Lignitic claysonte black and lignite fragments,
pyrite and calcite fracture filling
SANDSTONE. fine-grained sand to 5 Y 511 -
gray, slabby to blocky. laminated to very thinly
bedded moderately fractured. low to medium
abgle with thin black organic material on
fracture low to medium hardness, weak to
friable moist bedrock

SILTSTONE, 2 5 Y 5/0 - gray, thinly
laminated (varved) low to moderately hard
f iable to weak, unweathered, bedrock

165
CLAYSTONE. 2 5 Y 5/0 - and 2 5 Y 410 - gray
and dark gray occassional silty massive
occassional intensely fracutured, high angle
slickensides soft to low hardness, plastic. moist.
bedrock

ITO Total depth 170 0 ft

175-J
CU
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---------- --------

Equipment Mobile CME-75 HSAs

>.
C"-g -C' a Elevabon 5239 41
n CL W ID 

Date 8/30/9A
Z CL 0 U3

M 3:- 0
4 SC. sand, very fine-grained sand with silt and

clay 10 YR 614 - light yellowish brown, loose,
plastic dry, fine roots alluvium

CL clay with silt and fine- to medium-grained
sand, 10 YR 6/4 - light yellowish brown. medium

5 stiff, plastic dry caliche alluvium
A

SC. sand with clay matrix. fine- to very
t2 fine-grained sand, some granules 7 5 YR 514 -

7 brown, medium dense, loose, dry, cahche alluvium

8 CL. clay with medium- to coarse-grained sand
10 10 YR 812 - white very stiff plastic dry
10 abundant caliche matrix, iron-oxide staining
13 alluvium
18
is
17
21 Increase in coarse-grained sand granules and
12 fine pebbles color change to 10 YR 6/4 - light
14 1 Cc) yellowish brown
12 SW, 10% clay matrix silt to very coarse-grained
7 sand some granules and small pebbles 10 YR
8 7/3 - very pale 6ro-n mechumk dense. locally

10 plastic moist alluvium
CL, clay with sand and gravel 10 YR - 713 -6 very pale brown stiff to very stiff plastic moist,

12 with thin layers of very fine-grained sand
11 locally caliche with minor caliche, sand lenses -
7 SW to S? 0 01-trich to 0 10- inch tNck alluvium

10
13 15 SW, sand with some sift very fine- to very7 coarse-grained sand. 10 YR 814 - light yellowish
8 brown. medum dense nonplastic moist fining
8 downward alluvium
12 SP. very fine-grained sand lens
24 CL, clay with sand and granules (pea gravel). 10
21 YR 6/4 - light yellowish brown, medium

dense (very stiff) nonplastic moist alluvium

Color change to 10 YR 513 - brown, becomes
plastic10

4 20 SW sand, very fine- to very coarse-gramed

8 sa;d with silt and gravel 10 YR 7/3 - very pale
brown dense loose dry alluvium
SP, sand. very fine-grained sand 10 YR 6/3 -

0 pale Drown medium dense nonplastic moist,
12 noncalcareous subrounded alluvium
20 th 40% very fine-grained sand and.. : CL, clay W1 - light yellowish brown stiff,22 silt. 10 YR 614

plastic moist iron-oxide staining on horizontal
14 partings spaced micaceous, alluvium

Notes I All HNU/OVA readings eQual to 5 SW, sand very fine- to very coarse-grained
zero parts per million 7 sand with granite pea gravel occasionally up to
except as indicated. 9 25 3/4-inch grains dense dry alluvium
2 Munsell color chart
used SP. sand 10 YR 713 - very pale brown medium -;c

dense loose dry, alluvium

Prepared f or. Figme 3
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBIM

Prepared by.
Harding Lawson Associates
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Equipment Mobile C-ME-75 HSAs

Elevation 5239 41 Date 8/30194
Ci cu to

Z a 0 co
25

Very fine gravel 1/10-inch to 1/4-inch gravel

SANDSTONE, very fine-grained sand and silt, V)
13 Y 7/3 - pale yellow, low hardness friable dry to
20 slightly moist oxidized, fines downward to
47 siltstone 2 Y 7/2 -light gray. weathered
28 bedrock

42 CLAYSTONE. silt and very fine-grained sand. 2.5
Y 7/2 - light gray. locally 2 5 Y 8/8 - oliveso 30 yellow, soft plastic to friable. slightly moist,

so weakly cemented slightly cohesive. oxidized.
weathered bedrock

too SANDSTONE. fine- to coarse-grained sand
rounded silty. no hardness no strength, moist.

.... weathered local weak cement oxidized.
weathered bedrock

so
68
so

35

Color change to 2 5 Y 7/3 pale yellow, friable

Medium- to coarse-grained sand some gravel,
color change to 2 5 Y 5/6 - light olive brown

40

45

lightly more cohesive occasional horizontal
Iron-oxtde stained layers. color change to 2 5 Y

50. 514 - Fight olive brown

Prepared for. Figure 3
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBJt294

Prepared by.,
Harding Lawson Associates
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Ewpillient Mobile CK-75 HSAS

CL

Elevation 5239 41 Date 8/30/94

0 W

50)

55

80

65

CLAYSTONE. 2 5 Y 414 - olive brown shaley
laminated intensely fractured soft plastic
moderately weathered, moist. bedrock, lignitic

.. claystone, 2 5 Y 3/2 - very dark grayish brown,
shaley, fractured soft, plastic, weathered, moist.
local heavy iron oxide weathered bedrock

SANDSTONE. medium-grained sand, low

L hardness friable moist weathered bedrock

CLAYSTONE. 2-5 Y 2/0 - black, slabby. thinly
laminated closely fractured soft plastic moist

To- lignitic moderately weathered bedrock

Color change to 2 5 Y 5/0 gray interbedded
with 2 5 Y 3/0 - very dark gray becomes
silty/sandy with thin lignitic laminations, some
layers have dark green black cast

SANDSTONE, medium-grained sand, shaley. low
hardness fraible moist itgnttic fragments,
bedrock

75
-C

Prepared f or: Figize 3
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boift ASBI1294

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile CME-TS HSAs.

Elevation 5239 41 Date 8/30/94

75--

CLAYSTONE, silty, 5 Y 5/2 - olive gray, closely
fractured, soft to low hardness, plastic, moist,

- tron-oxtde staining weathered bedrock

Color change to 5 Y 411 - dark gray
80-

SANDSTONE, very fine-grained sand 2 5 Y 5/0
410 - gray to dark gray. slabby. thinly

laminated moderate to little fractured low
hardness friable interbedded with claystone
and siltstone bedrock

go- CLAYSTONE. silty, 10 YR 411 - dark gray.
massive thinly laminated little fractured. low
hardness plastic moist, bedrock

SANDSTONE, silty to very fine-grained sand 5
Y 411 - or 10 YR 411 - dark gray, massive, thinly
laminated little fractured to massive, low to
moderately fractured, hard, friable to weak.
moist cross-bedded sandstone bedrock

100--
CU

Prepared for: FIVze 3
Program Manager f or
Rocky Mountain Arsenal
Commerce Oty, Colorado Log of Borhg ASBU294

Prepared by:
Harding Lawson Associates
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< Equipment Mobile Ct!Z-75 HSAs

Elevation 5239 41 Date .81$0194G) 9D
0 Z CL 0 CO

JOO----4

.X1

105-

CLAYSTONE, 5 Y 2 5/1 - black thinly laminate(:L
closely fractured. high angle. slickensides low
hardness (soft) plastic moist lignitic. bedrock

110

t
Total depth 112 9 feet

Prepared f or: Figme 3
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Borinta ASS11294

Prepared by:
Harding Lawson Associates
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S Equipment Mobile CME-75 HSAS

CL
r= Elevation 5199.23 ft Date 11118124-

2 CL 0 in
65

CL, clay. 35 percent very fine-grained sand.
3 10 YR 5/3 - brown. medium dense. nonPlastic dry
6 caliche. alluvium
2
14 Color change to 10 YR 614 - light
3 yellowish-brown, increase in very fine-grained
5 sand and trace medium-grained sand

3

Heavy white caliche zone

3 Heavy white caliche zone. clay increase to 45
percent

10 SP, silty sand very fine- to fine-grained sand
V, 10 percent clay 10 YR 6/6 - brownish yellow.

17 very dense, dry to slightly moist alluvium
30
45 Decrease in clay content to 5 percent,
so 10 percent very fine-grained sand 85 percent
25 tine-grained sand
35
so

27 R55
37
45
so
21
Is CLAYSTONE. 5 YR 411 - dark gray, unable to

determine bedding medium hard to weak,
14 iron-oxide stained. weathered bedrock
Is Claýstone becomes bentonitic with orange
12 oxidation
21
30 20- Total depth 20 0 feet34

Notes LAIT HNU/OVA readings equal to
zero parts per million
except as indicated 252 Munsea color chart
used

Prepared for: Figue 4
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring SABIW4

Prepared by:
Harding Lawson Associates



Equipment -Mobile CME-75 HSAs

CL
QL S Elevation 5206-28 ft Date 11/15/94X

to

4 CL. sandy clay, 40 percent very fine-grained
sand, 10 YR 5/6 - yellowish brown dense

7 nonplastic dry, micaceous. cemented alluvium
9
7
4

8
7 Color changes to 10 YR e/4 - light yellowish
10 brown with increased caliche
8 Color changes to 10 YR 5/6 - yellowish brown
to mottled caltche
is

20
4
10 Coarsening downward becomes moist

10
to
9 Rounded granite cobble and decrease in clay

10 10 content

5 Increased very fine- to coarse-grained sand

5 low plasticity slightly moist

6 Change in color io 10 YR 614 - light yellowish
brown

Thin layer of coarse-grained sand

15

Increase in coarse-gramed sand and gravel,
medium plastic

Interbedded thin medium- to coarse-grained
,ýand lenses between 17 7 and 20 3 f t

6 - branite cobbles and pea gravel

20-
SC, clayey sand. very fine- to medium-grained
sand trace coarse sand 10 YR 5/4 - yellowish
brown medium dense, medium plastic, moist.

0 alluvium

Increase in clay content to 45 percent sand
coarsening

Color changes to 10 YR 614 - yellowish brown,

Notes I Al HNU/OVA readings equal to decreased clay content

zero parts per million Some rounded gravel
except as indicated 25--
2 Munsell color chart CU
use(L

Prepared for: Figulre 5
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring WES11484

Prepared by:
Harding Lawson Associates
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Equipment Mobile CMS-TS HSAs

Elevation 5208.2e ft. Date 11115194
CL

25

Coarse sand layer with gravel from 28 0 28 3 ft
with sequence coarsening downward to 29 8 ft

Granite cobbles

30 CLAYSTONE. 2 5 YR 5/3 - light olive brown.
closely fractured medium hard, friable.
weathered bedrock

High angle fractures and color change to 10 YR
6/8 - brownish yellow, oxidation along fractures
and bedding

Thin interbedded very fine-grained sandstone
layers alternating 10 YR 8/6 - olive yellow and
2 5 Y 717 - light gray sandstone
Total depth - 33 7 feet

35-J

Prepared for: Figure 5
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of BorbV WEB11494

Prepared by.
Harding Lawson Associates
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Eqtupment Mobile CHE-TS HSAs
;D >

CL
r= Elevation 52107 ft Date 11118194

OL

4 M. sandy clay, 40 percent very fine-grained
sand 10 YR 4/3 - brown to dark brown, dense,
nonplastic, dry alluvtum

10
8
4
5 Color change to 10 YR 614 - yellowish brown due
7 to increased caliche. trace coarse sand
9
to

Color change to 10 YR 8/3 - very pale brown
4 due to increased caliche
4

Trace rounded gravel

7
7

SC. clayey sand, 20 percent clay. very fine- io
fine-grained sand trace coarse sand 10 YR 6/3

pale brown medium dense nonplastic dry
to alluvium

Rounded cobbles Color change to 10 YR 6/e -
brownish yellow becomes moist

4

5
15 Granite cobbles
25
15
30 SANDSTONE. 90 percent fine-grained sand,
so trace clay 10 YR 6/6 - browrvsh yellow.

weathered bedrock
24
35
so

3S
so

35 20 Increase in clay to 15 percent and very
so fine-grained sand to 10 percent, decrease in

fine-grained sand to 75 percent

35
so

35Notes I AD HNU/OVA reacings equal to
zero parts per million A5
except as indicated so 252 Munsell color chart CV
used_

Prepared for. Figze 6
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBI1594

Prepared by:
Harding Lawson Associates F
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Equipment MOP-He CHEnZ-5 HSAS

>
0 OLC1. It Elevation 62107 ft Date 11118194X M cl 0) to

0 CO

25 ...

30
so

CILAYSTONE. 5 YR 412 - olive gray with white
caliche brownish red oxidation zones, medium

8 [-hard friable. weathered bedrock
13
t9
27

30 Total depth 30 feet

35-

Prepared for Figure 8
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Bormg ASBI1594

Prepared by:
Harding Lawson Associates
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Eclwpment Mobile CME-75 HSAS

Elevation 5215 21 ft Date 12/05/94
W to

(0)

2
8 SC, clayey sand very fine- to fine-grained
18 10 YR 414 - dark yellow brown to 10 YR 614 -
15 light yell wish brown medium dense, nonplastic
7 dry rooted cahche-rich, 81111VIUM

8 90 percent caliche-rich clay
7

14 06

7

7 SP, sand, very fine- to fine-grained. 10 YR 614
light yellowish brown, medium dense. nonplastic,

dry, lightly cemented alluvium
SANDSTONE. very fine- to fine-grained sand,

14 ... 10 YR 714 - very pale brown massive, no visible
no visible fracturing low hardness, friable,27
noncemented weathered bedrock

so 09
7 1 percent medium-grained sand

33
50

10

Color change to 10 YR 6/6 - brownish yellow

L4 20- Color change to 10 YR 518 - yellow brown

14 _j .1
Notes LAII HNU/OVA readirigs e4ýual to I Color change to 2.5 YR 514 - light olive brown

zero parts per Million
except as indicated_ 25
2-Munsell color chart CU
used

Prepared f or: Figure 7
Program Manager ior
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBII894

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile C.Mg-75 HSAS

OL Elevation 5215,21 ft Date 121051943C M OIL) to
0 Z OL

25

CLAYSTONE, 10 YR 411 - Clark gray to 10 YR -
711 light gray. unable to determine bedding
closely fractured low hardness friable a3hy
welded appearance oxidized, weathered

7 30 bedrock
7 2.3
21
21

35ý

Color change to 2 5 YR 4/4 - olive brown,
becomes slightly moist

40- Color change to 10 YR 5/6 - yellowish brown

TQtI depth 43 feet

45-

Prepared for: Figure 7
Program Manager f or
Rocky Mountain Arsenal
Commerce CAty, Colorado Log of Boring ASBIIS94

Prepared by-
Harding Lawson Associates
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EQuipment Mobile CME-75 HSAS

CL
e Elevation 5223 39 ft Date 11/f7/943: Q. 0 0

CX 0 W

CH. sandy clay, 40 percent very fine-.gramed
sancl. 10 YR 5/3 - brown hard noriptastic. dry

14 rooted caliche cemented, alluvium
is
20 17 Heavy white caliche
is
16
18 SC. clayey sand, very f me- to f me-grained
20 sand, 40 percent clay 10 YR 514 - yellowish
0 brown medium dense to hard, dry. caliche,
12 3S cemented, alluvium

17
20
9 Slight increase in clay content. low plasticity
10 trace coarse sand and fine gravel
8
15 35 Color change to 10 YR 5/3 - brown to 10 YR 413
9 - dark brown with 10 YR 813 - very pale brown
2
2
2 10
6
7 20 Decrease in clay and caliche increase in very
9 fine-grained sand
7 Sand becomes p00Tly sorted and 5 percent
8 coarse-grained sand, trace gravel
8 Color change to 10 YR 5/4 - yellowish brown
10 increase in clay

Cobbles encountered from 15 to 20 5 feet

10
11
8
10
12

20
8
7
is 20
45

SANDSTONE, fine-grained. 10 YR 7/1 - right45 gray with oxidized layers thin bedding no
50 fracturing weak to moderately weak, weathered
25 bedrock
so 10 percent clay 10 percent fine-grained sand,

68 percent medium sand 2 percent
coarse-grained subangular sand color change
to 2 5 YR 5.3 - light olive brown

Notes I All HNU/0VA readings equal to
zero parts per malion
except as indicated 252 Munsell color chart CIS
used

Prepared for: Figure 8
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring SABITT94

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile CME---75 HSAS

Elevation 5223.19 tt- Date 11/17194
Q.

M =z a
25

12 30 Decrease in medium grains to 50 percent,
so increase in fine-grained sand to 30 percent. 10

percent very fine-grained sand 5 percent
coarse-grained sand

35 Color change to 10 YR 614 - light yellow brown

40-

Water level estimated during drilling

45-- Becomes saturated

Total depth 45 0 feet

50

Prepared for Figure 8
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring SABIfTQ4

Prepared by:
Harding Lawson Associates
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---- - - - - - - - - -

Eqtapment Moble CME-75 HSAs

>
Elevation E240 78 ft Date 12/08104

M CL W
06 0 U)

C"
CL. clay. 10 YR 4/2 - dark grayish brown, stiff,2 low plasticity dry f ractured, brecciated

5 claystone fragments gypsum or caliche
it volcanoclastics, alluvium
14
10 Silt increasing color change to 10 YR 414 - dark
10 yellowish brown

10 Color change to 10 YR 7/4 - very pale brown
with caliche

Increase in very fine-grained sand to 10
5 percent color change to 10 YR 6/3 - pale

brown, becomes very stiff with caliche nodules

4 Increase in very fine-grained sand to 30
7 percent. color change to 10 YR 414 - dark
6 brown with caliche
6 Heavy white caliche zone
S 10
7

CLAYSTONE. clasts of clay, oxidized soft,
siltstone layers weathered bedrock

7 Color 2 5 YR 5/2 - gray Drown massive, closely
8 fractured low hardness weak. iron-oxide
10 stained, gypsum weathered bedrock
22
7

SILTSTONE. 2 5 YR 6/2 - light olive brown.
massive moderately fractured low hardness

15 weak, gypsum crystals oxidatioN weathered
bedrock

13 Color change to 2 5 Y 514 - olive brown, trace
21 coarse sand
30

20-

Motes I AN 1,M/OVA readags equal to
zero parts per million 50 SANDSTONE. fine- to medium-grained sand,
exceot as indicated 25 ... pale yellow thin-laminated, low hardness triable,
2 munses color chart dry weathered bedrock CIS
used.

Prepared f or: Figure 9
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBIIB94

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-75 HSAS

Cl.
1ý 06 E Sevation 5240 78 ft Mte 12/06/94
CL (D to

0
M

2

Color change to 2 5 Y 5/6 - olive brown.
medium-grained sand becomes moist

30-

35 ----- Total depth 35 0 feet

40

Prepared for: Figure 9
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBIIB94

Prepared by:
Harding Lawson Associates

Page 2 of 2



Equpment Mobile CME-7514SAS

Et Oevation 5234 48 ft - Date .12107/QA
ca W

M

A CL. clay, fine- to coarse-graned sand, 10 YR
514 - yellowish brown hard nonplastic, moist.

12 alluvium

25

25

14

15

19

19

5

6 White caliche zone

Color change to 10 YR 814 - light yellowish
brown trace very

3 --- coarse-grained sand, becomes soft. calcareous

A SC. clayey sand fine- to medium-grained sand,

45 10 trace coarse-grained sand, 10 YR 714 - very

42 pale brown, nonplastic dry, alluvium

Color change to 10 YR 7/3 - very pale brown38
becomes very dense caliche- cemented

36
SANDSTONF- medium- to coarse-grained sanZ
trace fine-grained sand and silt, 10 YR 7/4 -

28 very Dale brown low hardness. triable dry.
so weathered bedrock

Slightly calcareous with iron-oxide staining

Slightly cohesive increase in coarse-graned
sand, noncalcareous

15

20- Fine- to coarse-grained sand, quartz grains.
10 YR 614 - light yellowish brown

Color change to 2-5 YR 414 - light olive brown

Notes I AD HN`U/OVA readings equal to
zero parts per miHion
except as indicated 25M
2 munsell color chart
used

Prepared for. Figure 10
Program Manager for
Rocky Mountain Arsenal

Commerce City, Colorado Log of Boring ASBIIS84

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-75 HSAs
CD

X Elevation 5234 48 ft Elate 12107/94
CL

25-

30-

Increase in medium-grained sand

35-

Trace silt becomes slightly moist, color change to
2 5 Y 5/8 - light olive brown

40

CLAYSTONE, fine- to medium-grained sand
2 5 Y 414 - olive brown. moist, weathered bedrock

14 45
22
36 Color change to 10 YR 312 - very dark grayish
50 brown massive to blocky to thinly laminated,

moderately fractured iron-oxide stained, lignitic,
weathered bedrock

50 Total depth - 50 ft

Prepared for: Figure 10
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASB11994

Prepared by-
Harding Lawson Associates
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Equipment Mobile CME-75 14SAS
;D 3.

Elevation 5230 59 ft Date 11118194
Q 4) CD
CIL 0 co

0 ML. sift. very fine- to fine-grained, 10 YR 3/3 -
dark brown medium dense, nonplastic, dry

20 rooted alluvium
21
is I " CL, sandy clay very fine-grained sand. 10 YR7 614 - light yellow brown, medium hard,
8 nonplastic dry alluvium
8
12 Color change to 10 YR 4/4 - dark yellowish
7 brown, increase in fine- grained sand and
7 caliche
7
a Color change to 10 YR 814 - light brown
3 mcrease in very fine-grained sand

Color change to 10 YR 7/4 - very pale brown
4 due to increase in cahche
5
4

5 10
7
9
7
7 SC, clayey sand very fine- to coarse-grained

sand 7 5 YR 514 - brown mechum dense
If nonplastic. dry alluvium
12 Becomes well-cemented with caliche 10 percent
13 (obbles and fine gravel
12 ')and coarsening downward poorly sorted,
8 cobbles
8 15 SP-SK. Poorly sorted to silty sand very fine-10 to very coarse-grained sand trace fine gravel,
6 7 5 YR 7/4 - pink loose dry, alluvium

Increase in clay to 5 percent, 3-inch-diameter
11 granite cobbles

2 20 SW-SM, well-graded sand cobbles and gravel,
21 10 YR 814 - light yellowish brown loose. dry.
26 oxidized alluvium
25

Increase in clay content to 10 percent increase
is in gravel
21

Notes 1 As HNU/0VA reacsrigs equal to
zero Parts Per million 36 SANDSTONE, very fine- to medium-grainedexcept as indicated 50 25
214unsell color criart sand 10 YR 516 - yellowish brown very dense,
used. weak noncemented very thin bedding,

weathered bedrock

Prepared f or: Figure ft
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Borhg ASBI2094

Prepared by:
Harding Lawson Associates

__j
Pa,ge I of 2



Equipment mobile CME-75 HSAs

>
S Elevation -523Q 5-9 ft Date 11118104
W CD

0
F3 25

35
50

30

Color change to 10 YR 514 - yellowish brown,
cobbles

35-

40-

45

so Total depth 50 feet

Prepared f or: Figxe 11
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASB12094

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-75-HSAs

Cit. E Elevation 5249-27 ft Date 12/1/94W CD
0 b

4 CL. sandy clay. fine- to coarse-grained sand,
10 YR 61A - light yellowish brown, stiff slightly

6 plastic moist caliche alluvium
12
13 Color change to 10 YR 7/4 - very pale brown,
7 sand becomes fine- to medium-grained

8
Q
14 Color change to 10 YR 8/2 - white sand
11 becomes fine- to coarse-grained
if Becomes nonplastic rounded gravel 3/4-inch in
12 diameter
17
10

10

9 Abundant caliche
it
14 .... SANDSTONE. very fine- to fine-grained sand
7 2 5 Y 7/3 - pale yellow low hardness friable

dry. weathered bedrock17
so Color change to 2 5 Y 614 - light yellowish

brown due to increase in caliche

CLAYSTONE. 10 YR 513 - brown to 2 5 Y 5/3 -
light olive brown. low hardness, friable, dry,
weathered bedrock

20- Color change to 2.5 Y 5/3 - light olive brown due
toincreased cahche

Notes I AD HNUIOVA readings equal to 9 Color change to 2 5 Y 5/2 - grayish brown,
zero parts per Million 12 lignitic iron oxide on fracture planes
except as indicated 17 25
2 Munsell color chart cm
used

Prepared for. Figure 12
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBI2184

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile CME-75 HSAS

CD -6 CL F= Elevation -5249.27 ftX CL W CIO Date 12/7/9,4
0 CL 0 U3
M 25

Color grades to 7 5 YR 312 - dark brown, lignitic
clayshale to 3A ft

30-

Color change to 10 YR 3/3 - dark brown

35-

40 Color change to 2 5 Y 4/4 - olive brown.
becomes soft moist

SANDSTONE, medium- to coarse-grained sand,
2-5 Y 414 - olive brown moist, noncemented,

45 weathered bedrock

so Total depth 50 0 feet

Prepared f or: Figure 12
Program Manager ior
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASS094

Prepared by,
Harding Lawson Associates
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Equipment Mobile CRE-75 HSAs

;D >
0 - Elevation 5238 JA ft Date 11/181943C M CL d) 0

0 CO

0 CL, sandy clay, 30 percent very fine-grained
sand. 10 YR 413 - brown to dark brown, medium

to hard nonplastic dry, rooted. alluvium
14

Color change to 10 YR 814 - fight yellowish
brown due to caliche

Decrease in very fine-grained sand to 15
percent with 15 percent silt

7 Color change to 10 YR 5/4 yellowish brown with
4 10 percent silt and 20 percent very fine-grained
5 5 sand
10
13 Slight increase in very fine-grained sand
5 content to 30 percent. cemented with white
5 caliche trace coarse-grained sand
7
7 Heavy caliche zone

7 10 Heavy caliche zone

13
t3 Hard caliche zone
7
9 9

10
to Trace gravel with rounded granite cemented with
5 caliche
7 15
12
If Sand size increasing with 7 percent

coarse-grained sand with subrounded to
rounded fine gravel

AO percent poorly sorted sand
10
13
0
is 2

SW, poorly sorted sancl. very fine- to very
coarse-grained sand 2 percent fine gravel 10
YR 6/6 - brownish yellow, medium dense dry.

14 partially cemented, alluvium
14
9
to

Notes I An HNU/OVA readings ecual to 5 Increase in clay content
zero parts per minion 10
except as indicated 19 25
2.Munsell coicr criart CV
used

Prepared for: Figme 13
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBI2294
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Equipment Mobile CME-75 HSAS

>
X Elevation 5238 14 ft

11,9 Date 11118194= Ci. 0) CD
Z Qý

25 Becomes well-cemented, granite gravel and
50 cobbles
12 Increase in gravel and cobbies to 25 percent
10
20
is
13

20
2S Well cemented, cobl:ile-rich, oxided layer
25
7 30 CLAYSTONE. clay with very fine-grained

15 sandstone lens 2 5 YR 814 light yellowish brown.
thinly interbedded low hardness weak, dry

20 weathered bedrock
25
7
15
22 Color change to 2 5 YR 5/4 light olive brown,
30 very fine- to fine- grained sandstone bed

approximately 0 2 foot thick, oxidized, partially
cemented friable

35

Cuttings become moist

It

40

45-

50 .... Total depth 50 0 feet

Prepared for Figtre U
Program Manager for
Rocky Mountain Arsenal
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Equipment Mobfle CME-75 HSAS

:E CL
CL r= Elevation 5248 08 ft Date 11/18AM

CL d) (4no

0 U. sandy clay very fine-grained sand. 10 YR
6/4 - light yellowish brown stiff. nonplastic dry
rooted partially caliche cemented, alluvium

13
13
7
9
9
10 Color change to 10 YR 416 - dark yellowish
5 brown
7 Color change to 10 YR 8/2 - white due to heavy
11 caliche cement
26

5 Very fine- to coarse-grained sand, trace fine
11 gravel poorly sorted color change to 10 YR 614
13 light yellowish brown
18
9 10
to
12 SC, clayey sand very fine- to medium-grained
8 sand trace coarse sand 10 YR 4/3 - dark
2 brown medium dense low plastic dry, alluvium

granite cobble
Color change to 10 YR 414 - dark yellowish
brown slightly moist. thin oxidized stringers

12 appears bentonit3c
8
11 SW/SK sand to silty sand very fine- to
12 15 coarse-grained sand 10 YR 7/4 - very pate

brown medium dense nonplastic dry alluvium9 partially cementecL angular grains, trace fine
7 granite gravel

Becomes loose less well cemented

13
8 Gravel size and content increases some cobbles
12
13
15

20

15 CLAYSTONE. 2 5 Y 5/2 - grayish brown, blocky.
6 - closely fractured, moderately hard, weak dry,
8 moderately weathered bedrock. heavy dark
12 bi owntsh orange oxidation along high angle
13 - fractures gypsum crystals limonitic

8 - Interbeds of papery thin laminated, sandstone.
Notes LAO HNU/OVA readings equal to very frne-gramed sand 10 YR 612 - light

zero parts per million 12 - biownish gray becomes less oxidizedexcept as indicated 12 252-Munsed color chart Becomes more oxidzed heavy black
Used mineralization

Prepared for: FVwe 14
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado L09 Of BOM9 AS812394
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Equipment MobHe CME-75 14SAS

0-
Elevation 5248 06 f t Date 11118194

0 CD

25 Carbonization

Carbonaceous

30-

Becomes less carbonaceous

351

40- Total depth 40 0 feet

45

Prepared for: Figure W
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBI2394

Prepared by*
Harding Lawson Associates
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Equipment Mobile CME-75 HSAS

_E FjeVafjon 5272 46 ft. Date 1210819A3r M 0 CD0 Z CL (n

CL. sandy clay fine- to mechum-grained sand.
10 YR 414 - dark yellowish brown stiff plastic

-\-moist alluvium, noncalcareous rooted
CL. silty clay trace fine- to coarse-grained

15 sand, 10 YR 713 - very pale brown stiff.
nonplastic dry alluvium local caliche

Color change to 10 YR 8/2 - white due to heavy
4 caliche cement
15 Color change to 10 YR 714 - very pale brown,
11 some granite gravel
to SANDSTONE. very fine- to fine-grained sand.
5 2-5 Y 7/4 - pale yellow, low hardness, friable to

weak weathered bedrock weakly cementedso calcareous
Siltstone/sandstone,very fine-grained sand 2.5
Y 7/3 - pale yellow, mottled with white caliche

Color change to 2 5 Y 7/4 - pale yellow

10-

loll

Becomes noncalcareous

20- Sand fine- to medum-grained. 2.5 Y 5/6 - light
olive brown, noncemented noncalcerous dry

Notes I AS HM/OVA readings equil to
zero parts per miflion
except as indicated 25- -2 munses coior chart
used

Prepared for: Figure S
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of BorIng ASBI2494

Prepared by:
Harding Lawson Associates -
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Equipment Mobile CNE-75 HSAs

5272 48 ft

Elevation Date 1210§194-
CL 4) W

0 CO

25--

30-

35-

CLAYSTIONE, 2-5 Y 3/3 - dark alive brown.
massive thick bedded moderately fractured,
soft, plastic, little weathered, bedrock. moist,

8 40 minor lignite fragments, noncalcareous,
is iron-oxide stained fractures and partings

23
31

Trace silt

50 T -otal depth 50 0 feet cm

Prepared for Figure 15
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Borft ASBI2494

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-75 HSAS

CL W Sevation 5257-30 ft Date 12/08/94
C U)

0
C.L. clay, 10 YR 418 - dark yellowish brown, stiff,
plastic moist, alluvium. rooted, trace sand and
pea gravel

13 Color change to 10 YR 7/3 - very pale brown
mottled with white caliche some silt and very
fine sand

T Increase in sand and sAt content, locally grades
5 to SC clayey sand sand coarsens to fine- to
7 coare-grained
8
13

3
7 SC, clayey silty sand fine- to medium-grained

o sand, 10 YR 814 - light yellowish brown medium
12 dense nonplastic, dry alluvium. mottled with
12 white caliche in veinlets and fractures
a 10
12
14

14

6 CL. sandy silty clay, fine to medium-grained
sand 10 YR 6/4 - fight yellowish brown stiff

12 nonplastic, dry alluvium mottled with white
42 caliche in veinlets and fractures
13 Increase in sand and gravel content some fine-
20 to coarse-graned sand fine gravel color
17 15 change to 10 YR 814 - light yellowish brown and
13 grades to 5 YR 7/4 - pink becomes hard

4 Color change to 10 YR 5/6 - yellowish brown,
8 ecomes stiff decrease in caliche content
12 Gradually grades to entirely white caliche color
13 change to 10 YR 8/1 - white
7

13
SANDSTONE. 2.5 Y 7/4 - pale yellow, low

8 hardness, weak weathered bedrock
13
5 20 CLAYSTONE, 2 5 Y 513 - light olive brown,

sightly f laggy locally thin laminated, locally
13 iniensely fractured, soft plastic, weathered
14 bedrock moist local caliche. gypsum fracture

filling, minor iron oxide

Notes I AD HNU/OVA readings equal to
zero parts per million
except as indicated 252 MunseV color chart CM
used.

Prepared f or: Figure 18
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Borft ASBI2594

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile CME-75 HSAS

Elevation 525730 ft Vate 12108/9
7t CL

25

30

35

40 Color change to 2 5 Y 4/3 - olive brown

Color change to 10 YR 3/3 - dark brown, some
lignite may be present noncalcareous

45

50
Total depth 50 0 feet CIA

Prepared for: Figure fS
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBt25S4

Prepared by,
Harding Lawson Associates
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Equipment Mobile CME-75 HSAS

>
CL E Etevation 5243-92 ft Clatee 11123194
a) go

Z CL 0 CD

0 SCý clayey sand very fine grained, TO YR 514 -
yellowish brown, medium dense 30 percent
plastic clay dry alluvium. rooted

15

Becomes partially caliche cemented

13

12 Color change to 10 YR 614 - light yellowish
5 brown clay content decreases to 20 percent

4 5
7

7 Clay content increases to 40 percent becomes
3 silty

CL. sandy clay, 30 percent very fine-grained
5 sand 10 percent silt 10 YR 5/3 - brown stiff,
5 nonplas i dry alluvium
5 Clay content decreases silt content increases
5 to 10 percent
5 Heavy caliche cement
6 10
4 Mottled with caliche

4 Caliche cemented
8

18 Trace fine rounded gravel
18

Increase in sand content very fine- to
medium-grained sand

15

9 Trace to some coarse sand and fine rounded
12 gravel color change to 10 YR 5/4 - yellowish
14 brown, mottled with white caliche, ashy

13 appearance. elongated black mineral grains well
cemented

0
Sand content decreases to 25 percent,
micaceous color change to 10 YR 5/3 - brown

12

7 20 Sand content increases to 60 percent very
8 fine- to fine-grained. some medium- to
15 coarse-grained sand, trace rounded gravel,

16 color change to 10 YR 5/4 - yellowish brown,
medium dense low plastic clay dry alluvium,

3 elongate black mineralization
8 Locally very sandy. poorly sorted sand, very
8 fine- to coarse-grained subrounded fine gravel
9 layers 1-inch thick

Notes I All HNU/OVA readings equal to 3 Sand content decreases to 20 percent, very
zero Darts per milliton 6 fine- to very coarse-grained sand poorly
except as indicatecl. 25 sorted trace fine subrounded gravel, mecrium

2-Munsell color chart hard caliche stringers contains several thin
usec sandy veneers

Prepared for: Figure U
Program Manager for
Rocky Mountain Arsenal
Commerce City. Colorado Log of Borbig ASB1= 4

Prepared by:
Harding Lawson Associates
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EqLqpment Moble CME-7614SAs
>

4* -0- gý E-= Bevation 5243 92 ft Date 1112319A=) ci, CU to
0 U3

25
12
6 Sand content increases, thin. intercalated layers
9 of sand and fine gravel
10
10
3 Interbedded layers of sand and clay, slightly
A less well cemented
7

8 Granite cobble
7 30 Decrease in sand content, trace fine gravel

slightly moist
Caliche8

6 Sandy
2 Increase in sand content very fine- to9 coarse-grained sand some gravel very well
10 cemented
7 Caliche very thin layers of poorly sand. medium-
s to coarse-grained sand

12 35 Quartz cobble
15 CLAYSTONE, 2 5 Y 5/3 - light olive brown,
9 blockly, closely fractured medium hard, weak
is moderately weathered bedrock some caliche
27 oxidized along fractures
33 Very thin bedded slightly less fractured, 4

caliche, mottled with orange oxidation to 38 feet

40-

45. Total depth - 45 0 feet

Prepared f or. Flgwe fT
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Loa oi Borina ASS121394

Prepared by:
Harding Lawson Associates
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Eqmpment Mobile CME-750 HSAs

OL E Elevation 5268 37 ft Date 12109/94
3: W (a
2
CO

CL, clay, fine- to medum-grained sand, some2 silt 10 YR 416 - dark yellowish brown medium
6 stiff, plastic moist alluvium, rooted, noncalcerous

13 Color changes to 10 YR 7/3 - very pale brown
13 Some fine- to coarse-grained sand stiff,7 nonplastic dry, alluvium, calcereous, fine roots
7

14 Trace pink granite gravel, color change to 10 YR
4 5/4 - yellowish brown slightly plastic slightly
8 moist local white caliche locally very sandy
10
16 Color change to 10 YR 6/6 - brownish yellow
7 nonplastic
7

8

6 10 Color change to 10 YR 416 - dark yellowish
4 brown, stiff plastic, moist alluvium abundant
4 caliche at contact
5 CLAYSTONE, 2 5 Y 6/5 - light yellowish brown
8 flaggy, intensely fractured, soft plastic

weathered bedrock iron oxide on fractures7 gypsum crystals in voids
12 Color change to 10 YR 3/3 - dark brown moist12
14

Becomes sandier fine- to medium-grained sand
color change to 2.5 Y 8/5 light yellowish brown

20 1nterbedded clayshale and sand, color change
to 2 5 Y 5/6 - light olive brown

Notes I Ali HNU/OVA readings equal to SILTSTONE. clayey sandy 2 5 Y 7/3 - palezero Parts Per million yellow thin laminated, low hardness weak
except as indicated 25- weathered, bedrock
2 murtseu color criart CM
used

Prepared f or: Rgure IS
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boft ASS12794

Prepared by.
Harding Lawson Associates
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Equipment Mobile CMF-760 HSAs
AC>.
0- ý 'a a Elevation 5288 37 ft Date 12/09194

CL 0 co

25-
so SANDSTONE, very fine- to fine-grained sand.

2 5 Y 7/3 - pale yellow, low hardness, friable
bedrock. dry. noncalcareous

CLAYSTONE. silty sandy very fine- to
fine-grained sand 2 5 Y 514 - light olive brown
soft. plastic, bedrock, moist, noncalcerous

30

35 Locally silty. some fine-grained sand, color
change to 2 5 Y 5/3 - light olive brown, locally

so thin laminated intensely fractured. soft plastic,
weathered bedrock, moist, noncalcareous. iron
oxide on fractures
Color change to 2 5 Y 514 - right olive brown,
soft, plastic bedrock, moist noncalcareOU3 Small
angular fragments

40

45-

50.
Total depth 50 0 feet

Prepared for. Figure 18
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASBI2794

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-750 HSAs
>C)_

CL E Elevation 5242 72 ft Date 12112/a4-45 W
Z CL 0 U)

M X_
SC. clayey -sand. fine- to medium-grained sand,to some silt, 10 YR 41A - dark yellowish brown,

13 dense slightly plastic moist alluvium, rooted
15
12 Color change to 10 YR 8/3 - pale brown, mottled
5 with white caliche
2
3
3 Increase in clay content
5
to 5
9
10 Locally sandy. trace gravel
4

5

5

5 Scattered gravel caliche content increases
10
10
18 SC, clayey sand fine- to coarse-graned sand.
20 10 10 YR 8/4 - light yellowish brown, dense
10 nonplastic. moist alluvium, mottled with white

caliche
Trace scattered gravel

Clay content gradually increases with depth
10
18
25
35 CL, sandy clay fine- to coarse-grained sand,10 `10 YR 4/4 - dark yellowish brown stiff
13 15 slightly plastic moist, mottled with cahche, trace
9 black lithic fragments alluvium
10 Color change to 10 YR 5/4 - yellowish brown

9 Some medium send color change to 10 YR 6/4 -
to light yellowish brown trace iron oxide
to
to
8 2 Sand content increases with depth interlayered
12 clayey sand and sandy clay, trace scattered
12 gravel
16 SC, clayey sand fine- to coarse-grained sand.
8 scattered gravel 10 YR 5/4 - yellowish brown.

dense slightly plastic, moist alluvium, calcerous10 matrix
11
12

Notes I AN HNU/OVA readings equal to 8
zero parts per minion 12
except as indicated 25
2 Mmsefi color chart
used.

Prepared f or: Figure 119
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASB12M

Prepared by:
HarcHng Lawson Associates
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Equipment Mobile CME-750 HSAS

Elevation 524272ft Date 121131943: QL 03 CD
.0 Z= C3 W

25
12

8 Sand content increases with depth
10
8
a
17 Color change to 10 YR 518 - yellowish brown
21
5 30
8 CL, clay some medium-grained send, some silt.to trace very coarse sand 2 5 YR 414 - olive
14 brown. stiff, plastic moist alluvium

5
7 Trace scattered gravel minor caliche minor iron
7 35 oxide
9
4
7
10
13
4
T
14
7 SC, clayey sand. 10 YR 5/4 - yellowish brown to

2 5 YR 5/3 - light olive brown dense, plastic
10 40 ]a matrix, moist noncalcareous reworked
14 Den"ver 'Formation alluvium
20 Clay content decreases with depth. color
5 change to 10 YR 614 - light yellowish brown,
12 locally very sandy, layers of fine- to coarse-

grained sand up to 0.2 foot thick, 10 YR 813 -15 very pale brown
21
10 Sand coarsens with depth, fine- to very

coarse-grained sand, trace gravel
177
is Very coarse sand and pea gravel

45

SANDSTONE. fine- to coarse-grained sand,
trace clay, 10 YR 614 - light yellowish brown,
thin laminated, low hardness. friable to weak.
minor local iron oxide staining minor caliche,
weathered bedrock

50- L....
Total depth 50 feet

Prepared for Figure 19
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASS12894

Prepared by:
Harding Lawson Associates
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Eqwment Mobile CW-750 14SAs

Elevation 5258 64 ft Date 11/28194
=>
40.

SC, clayey sand fine- to fine-grained sand
some silt 10 YR 3/6 - dark yellowish brown.
dense 15 to 20 percent low plastic clay rooted,

25 alluvium
20
8

Color change to 10 YR 814 - light yellowish
brown lightly caliche cemented

4 -V

7
11
12 Clay content increases locally grades to CL.
4 sandy clay becomes well cemented
5
7 White caliche

5 XX Sand becomes coarser grained 30 percent clay
X 10 YR 4/6 - dark yellowish brown local white

7 caliche

10 Color change to 10 YR 5/4 - yellow brown well
10 cemented with calcjhe
Is
Is
is Clay content increases to 40 percent medium
8 plastic clay, heavy caliche black mineralization
10
8
7

5

7 15 Caliche content increases to 100 percent
9

10 CL. sandy clay fine- to very coarse-grained
3 sand, 10 YR 814 - light yellowish brown medium
5 stiff medium plastic. moist caliche veining and

fracture filling minor black mineral grains, alluvium

13 Sand content increases with depth calcthe
13 content decreases
8 20

SC clayey sand fine- to coarse-grained sand,7 gravel 10 YR 6/4 - light yellowish brown medium
9 dense nonplastic dry, alluvium

Notes LAD HNU/OVA readings equal to 6

zero parts per million 6
except as indicated 9 25
2.Munsell color chart cm
used E C

Prepared f or: Figure 20
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASS2994

Prepared by.
Harding Lawson Associates
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Eqwpment Mobile CME-76-0 HSAs

rKE Elevation 5258 LA ft Date 11/28194
CL

2 SW. sand, fine- to coarse-grained sand, 10 YR
8/8 - brownish yellow medium dense nonplastic,

to -,,,.dry alluvium
30 CL. sandy clay f ine- to coarse-gramed sand
AS pea gravel 10 YR 5/4 - light yellowish brown
so hard nonplastic dry alluv12m, calcareous
10 SANDSTONE, fine- to medium-grained sand,

2 5 YR 714 - pale yellow, low hardness friable,.43 nonci!dcareous, rounded to subrounded grains,
local iron oxide staining weathered bedrock

30 Color change to 2 5 YR 614 - light yellowish
brown, 5 percent medium-grained sand

35- CLAYSTONE, 2 5 YR 5/2 - grayish brown, soft
plastic weathered bedrock

35 SANDSTONE. laminated with claystone veryso fine-grained 2 5 YR 616 - olive yellow papery.
moderately fractured at low angles low
hardness friable moderately weathered

40 bedrock iron-oxide staining along fractures

CLAYSTONE. 2.5 YR 5/4 - right olive brown,

45- papery moderately fractured, soft. plastic
moderately weathere<L bedrock

Becomes moist, claystone content increases with
depth

Becomes wet

50-1 Total depth - 50 0 feet CU

Prepared for Figwe 20
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASB2994

Prepared by,
Harding Lawson Associates
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Equpinent Mobile CME-75 14SAS

Elevation 5258 30 ft
CL W Date 11/30/94

Z OL 0 W

SC-SK clayey sand to silty sand. very fine- to
medium-grained, medium dense, nonplastic, dry
alluvium lightly caliche cemented, trace silt

12

Increase in medium-grairred sand

9 Fining downward, increase in fine sand and clay
6 content
6 CL, sandy clay 10 YR 6/4 - light yellowish

brown, low plastic clay, alluvium

5
7

Decrease in clay content trace silt poorly
sorted 5 percent medium sand 2 percent
Warse-grained sand, less weli-cemented

SC, clayey sand poorly sorted. very fine- to
coarse-grained sand 10 YR 614 - light yellowish
brown, medium dense, 20 percent low plastic
clay dry alluvium, trace subrounded quartz
gravel

14 Heavy white caliche
Is Very well cemented with caliche
18
20 Clay content increases to 35 percent

15
14
22 Color change to 10 YR 5/4 - yellowish brown9 scattered white caliche nodules, dense, very well
19 cemented poorly sorted 5 percent silt
21
28 hicrease in clay content 40 percent low to
12 medium plastic clay
20
28
18 20 CL. sandy clay very fine- to coarse-grained8 sand, 10 YR 5/3 - brown, very stiff. low
is plasticity dry, alluvium
Is
18 Ashy appearance some black mineral grains
13
13 Trace fine gravel
19

Notes I At HNU/OVA reacings equal to 23 Becomes micaceous
zero parts per million 11
except as in6cated 20 252-Muftsefl color chart CU
used

Prepared for: Figure 21
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log oi Boring BRB3094

Prepared by.,
Harding Lawson Associates
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Equipment Mobile CME-75 HSAs

S Elevation 5268.30 ft. Date 11130124
3:

25
20

Send size increasing, coarsening downward,
coarse sand and fine subangular gravel, color
Change to 10 YR 4/3 - dark brown with white

40 cahche. medium plasticity, black mineralization

28 30 veining

18 Increase in sand content very fine- to very

25 coarse-gratned sand, trace fine gravel poorly
sorted color change to 10 YR 5/3 - brown with

25 white caliche in nodules and anastomozing
25 veinlets

8 Some clayey sand layers, micaceous

35
Becomes gravelly, color change to 10 YR 614 -

8 11 ht yellowish brown
18 CLAYSTONE, 2 5 Y 614 - light yellowish brown to
20 2 5 Y 6/8 - olive yellow thick bedded little to

22 moderately fractured low hardness week
moderately weathered bedrock

12

Very carbonaceous
40
40

40-

45 Total depth 45 0 feet

501

Prepared for: Figure 21
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Soft BRB13094

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile CME-750 HSAs

Elevation 5258 30 ft Date t?114/94
3:

SC, clayey sand, fine- to medium-gramed sand,
some silt and clay. 10 YR 814 light yellowish

10 brown dense. plastic clay matrix, moist
13 noncalcareous thin clay layers, alluvium

11 Becomes calcareous
5
6
6

CL. sandy, silty. clay f ine- to medium-grained
T sand, 10 YR 814 - light yellowish brown, stiff,
It 5 nonplastic, dry, calcareous minor white caliche
A mottling locally very sandy, alluvium

15

SC, clayey sand, fine- to mechum-grained sand
some sift, 10 YR 6/4 - light yellowish brown,
dense nonplastic, dry, calcareous, alluvium

10 CL, sandy silty, clay, fine- to medium-grained
it sand, 10 YR 614 - light yellowish brown, stiff
11 nonplastic dry calcareous alluvium

14 SK silty sand fine- to medium-grained sand,
9 trace clay, 10 YR 6/4 - light yellowish brown
7 dense nonplastic calcareous alluvium

CL, sandy clay scattered fine- to
medium-grained sand 10 YR 614 - light yellowish
brown, stiff, nonpiastic dry, calcareous alluvium

12
10 Some coarse-grained sand trace pea gravel
12 10 YR 5/8 - yellowish brown, stiff slightly plastic.
7 slightly moist. mottled with white caliche

Some very coarse sand and pea gravel

7
12
12 20 Color change to 10 YR 6/3 - pale brown
IA non-plastic dry mottled with common white
7 caliche rare pink granite gravel

12
14
19
to
44

Notes I All HNU/OVA readings equal to so CLAYSTONE. fine- to coarse-grained sand,
zero parts per million so some silt flaggy, thin laminated soft to low
except as indicated 25 hardness plastic to friable, white crystalline
2 Munsell color chart
used gypsum fracture filling calcareous, weathered tZ

bedrock

Prepared for: Figure 22
Program Manager for
Rocky Mountain Arsenal

Commerce CAty, Colorado Log of BON19 SAB13194
Prepared b)r.

Harding Lawson Associates
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Equipment Mobile CME-750 14SAS
>

S CL

Ili 0. E 8evation 5258 30 ft Date MIIAI944) 0
.0 0 W
M 25
Is
16 Locally silty

is
15

SANDSTONE, clayey with pink granite gravel.
10 YR SIA - light yellowish brown, slight olive cast

15 soft to low hardness, plastic to ITiable
dry, white crystalline gypsum fracture filling,

30 calacreous weathered bedrock

CLAYSTONE, olive brown (based on auger
cuttings)

Olive brown claystone some sand and gravel
(based on auger cuttings)

12 35- INTERBEDDED CLAYSTONE AND SILTSTONE,16 claystone 2 5 Y 5/3 - light olive brown,
30 fractured soft plastic. weathered bedrock.
35 moist locally calcareous minor iron-oxide

staining on fractures siltstone 2 5 Y 716 yellow,
low hardness friable, dry weathered bedrock

40 Olive brown claystone soft plastic bedrock
moist noncalcareous (based on auger cuttings)

Ofive brown claystone trace silt soft, plastic,
bedrock moist, noncalcareous (based on auger

45- cuttings)

501 E_' ýE Total depth 50 0 feet

Prepared f or. Figure 22
Program Manager for
Rocky Mountain Arsenal
Commerce CAty, Colorado Log of Borhg SAS13194

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-75 HSAs

s S Elevation 5-159 70 f t
CL a) M - Date H/118194

Z a 0
0 CLAY, clay with fine- to medum-grained sand.7 trace coarse-grained sand 10 YR 614 light

to yellowish brown stiff noriptastic dry alluvium
12 Becomes calcareous
14

8 5 SC, clayey sand fine to coarse-grained sand9 10 YR 4/6 - dark yellowish brown stiff,
10 nonplastic dry mottled with caliche alluvium
7
9
13
13

10
is
30
50
15 CL, clay with fine- to medium-grained sand21 10 YR 7/2 - light gray hard nonplastic

25 dry caliche-rich alluvium
21
11
15
35 15
so
21
27 SC. sandy clay clay coarse-grained sand,
50 gravel 10 YR 514 yellowish brown hard,
7 nonplastic slightly moist, alluvium

so
23
25
26
is 20 Color change to 2.5 Y 414 olive brown clay.
50 increase in fine-grained sand with trace
30 cobbles becomes moist
so
so
25 CLAYSTONE, sandy clayshale with trace coarse
26 sancl, 2 5 YR 414 - olive brown, fractured, soft,
11 plastic moist. gypsum, calcareous iron oxide,

Notes I All HNU/OVA readings equal to 19 weathered bedrock

zelo parts per million 11
except as indicated 30 252 munsell color cuart CU
used

Prepared for Figure 23
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Sonng ASBI3294

Prepared by:
Harding Lawson Associates
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Equipment Y12W&CME-75 NSAS

-E Elevation 5259 70 ft Date 1111$194
CX Oj co

.0
25

30
30

30

351

40-1

451

50 Total depth 50 0 feet CV

Prepared for Figure 23
Program Manager for
Rocky Mountain Arsenal
Commerce City. Colorado Log of Boring ASBI3294

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-75 NSAs

>
E Elevation 5250 88 ft Date 11/18/94

9

12 CL. clay fine-grained sand and silt. 10 YR 414
dark yellowish brown very stiff. slightly

15 Plastic moist rooted alluvium
15
16 Caliche zone becomes stiff dry
7
7
8

5

10

5
7
6
7 10
10
10
11
8 Color change to 10 YR 814 - Fight yellowish

brown with white caliche

13
8
17
T7 15
1B
8 SC, clayey sand fine- to coarse-grained sand,
20 trace gravel, 10 YR 414 - dark yellowish brown

dense nonplastic, dry calcareous moderately
Is cemented, alluvium
12
15
20 Increase in gravel
50

12 20 /JX CL. sandy clay, clay with gravel, 10 YR 613 -
pale brown to 10 YR 4/4 - light yellowish brown

25 hard nonplastic, calcareous alluvium
25
18
8
12
11

t2

Notes I AN HNU/OVA reactrigs equal to 15 Color change to 10 YR 6/3 - pale brown with 20
zero parts per million is percent fine- to coarse-grained sand
except as indicated Is 252.Munsell color chart
Used

Prepared for: Figure 24
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring AS813304

Prepared by:
Harding Lawson Associates-
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Equipment Mobile CME-75 HSAs

5250 88 ft.
Elevation DateC1

5
23
H Increase in sand to 40 percent with trace
26 pebbles and gravel
33

AS

Is

20
22
20 SC, clayey sand sand and gravel, 7 5 YR 4/6 -

strong brown. hard plastic moist, calcareous,
12 30 alluvium
18 Color change to 2 5 Y 614 - light olive brown to
22 2 5 Y 414 - olive brown, becomes slightly plastic
30 Color change to 10 YR 7/1 - light grey with grey
11 voicanics vuggy with iron-oxide staining, welded

20 tuff

23

32

12 lo CH, clay, trace gravel, 2 5 Y 414 - olive brown,
14 hard, plastic, moist, reworked Denver Formation

22 35 fragments. calcareous alluvium

26

7

10

16

17

7 Color change to 2 5 Y 5/4 - light olive brown,
7 noncalcareous
10

10

4 40
10
14

14

7

8

11

it

5

7

8 45
21 CLAYSTONE, 2 5 Y 5/4 - light olive brown,
8 laminated soft. fractured, moist. iron-oxide on
]a fractures, weathered bedrock
31

35

50
Total depth 50 0 feet

Prepared for. Figure 24
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring ASS13394

Prepared by:
Harding Lawson Associates
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Equpment Mobile CME-75 HSAs

CI
VE Fiev.3tion 5242 02 ft Date 11118194

CD CD -
C2 U)

CO 
0

6 CL, sandy silty clay, 20 percent send 10 YR
5/4 - yellowish brown stiff, slightly plastic

6 slightly moist, tooted alluvium
7
6 Decrease in send content to 10 percent, color
7 change to 10 YR 7/3 - very pate brown caliche
7
7
5 i[ncrease in sand to 40 percent color change to
7 10 YR 6/4 - light yellowish brown becomes
7 inedrum dense and dry

6
6
5 Decrease in sand to 10 percent, becomes stiff
A
10
16

SC. clayey sand fine- to medium-grained sand
40 percent clay matrix 10 YR 614 - light
yellowish brown hard nonplastic. dry,
caliche-rich. alluvium

16 10
20
25
23
.4

Is 
4

23
is
5
6
7 15 Decrease in fine- to medium-grained sand

content to 25 percent

Sand content increases downward to 40 percent
12

is
16
8
9
16
20
10 20 CL sandy clay less than 40 percent fine- to
12 medium-grained sand trace pea gravel 10 YR
is 5/6 - yellowish brown stiff slightly plastic,
20 slightly moist caliche-rich alluvium

6 Decrease in gravel
7
18
15

Notes LAD HNU/OVA readings equal to 8

zero parts pe, MjHion 12
except as indicated 16 25
2 Munsell color chart CU
used <

Prepared f or: Figure 25
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Borft ORS13494

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-75 HSAS

0- E 9 Elevation 524402 ft Date .1111$194
C"

25
22
8
ý4 SC, clayey sand fine- to coarse-grained sand,

10 YR 5/6 - yellowish brown, dense. slightly
14 plastic moist alluvium
20
7
16
26
32
10 30 Increase in clay content, color changes to 10 YR
12 614 - light yellowish brown
13
28
11 Interbedded sandy clay and clayey sand with

22 color change to 10 YR 5/e yellowish brown stiff
tA plastic with trace pea gravel

7
10 35
22

14
14 CL, sandy clay trace gravel 10 YR 5/6 -
6 yellowish brown stiff plastic moist minor caliche.
7 alluvium

5
17
3 40
7
12
15
3
4
7
19
4
8
Q 45

?2

Very fine- to fine-grained sand

10
12

50 Total depth = 50 0 feet

Prepared for: Figure 25
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Baring BRB13494

Prepared by:
Harding Lawson Associates
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Equpment Mobile CME-75 HSAS

> CL
CL E Sevation Ml-59 ft Date 111118194-

SC, clayey sand, very fine- to fine-grained
sand, 10 YR 5/4 - yellowish brown, mecrium

12 dense, nonplastic, caliche-rich, rooted, alluvium
11 1

12 CL clay very fine- to fine-grained sand. 10 YR
5/4 - yellowish brown. low plasticity. dry, caliche
cemented alluvium

7
9
10
7
8
12
8

5 Color change to 10 YR SIA - light yellowish
A brown
4
4
4 10 Heavy caliche zone
4
is
18
7 Sand becomes poorly sorted and micaceous

13
9
15
is 15

is SC. cAayey sand 10 YR 414 - dark yellow
brown loose dry alluvuim

is
15
7
13
15
17
to 20
15 CL sandy clay 10 YR 5/6 - yellow brown, dry

alluvium

15
to Heavy caliche zone
20
20
21

Notes I All HNU/OVA readings equal to 4 Thin gravel layer slight increase in clay
zero parts per million is
except as indicated 20 25
2.Nunsell color chart C4
used -C

Prepared for. Figure 28
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring SRS13594

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile CME-76 HSAB

Elevation 525159ft ___ Date 1111811M
=> CL
Z CL 0 U)
=_ 25

21
2
2
5
10 Increase in sand content, color changes to 10
5 YR 5/3 - brown, low plasticity dry.
Is well-cementecl, caliche-rich alluvium

18
is
4 30 Dendritic caliche, fine to coarse gravel
is
21 Al
23
7 Sand content increases to 15 percent, no

20 caliche
is

20
5
10
IQ 35
20
8 Sl:, clayey sand, very fine- to very
s coarse-grained sand 10 YR 5/2 - grayish brown
14 to 10 YR 513 - brown medium dense nonplastic
14 poorly sorted dry, alluvium

8 Very fine- to medium-grained sand layers i-inch
11 thick

Sand and gravel well-graded color change to
2 5 Y 5/3 - light olive brown, becomes slightly

40 moist

12
12 Water level estimated during drilling at 415 feet

Total depth - 42 0 feet

45-

CU

Prepared for Figue 28
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of BorIng SRS13594

Prepared by,
Harding Lawson Associates
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Equipment -Mobile CME-75 HSAS

>
E= E Fievation 5287 15 ft Date 11118194
=L 0 -

SP. sand, very fine-grained to fine-grained3 sand 10 YR 814 - light yellowish brown medium
18 dense, nonplastic, dry. rooted, lightly cemented,
20 alluvium

20 Color change to 10 YR 6/6 - brownish yellow.
9 less cemented, localized caliche veins
to
10
12
8
8
9
8

SC. . clayey sand, 10 YR 614 - light yellowish
brown, loose low plasticity, dry,

8 caliche-cemented alluvium
7
10
to
9
8

10

to

12 Very heavy caliche dense well-cemented
22
35
35
12 Sand becoming poorly sorted, 5 percent medium-

22 to very coarse-grained trace fine subrounded,
22 subangular gravel medium gravel

21
9
21

20
19
5 20 Caliche in veins well-cemented, becoming

14 fine-grained
20
25
to Very fine- to fine-grained sand trace
20 medium-gramed to coarse-gratned cobbles
20
18

Notes LAD HNU/OVA reaclings equal to 12 Increase in clay to 40 percent
zero Parts Der million Is
except as indicatect 30 25
2 Mmsell color chart
usea

Prepared for. Figue 27
Program Manager f or
Rocky Mountain Arsenal
Commerce Oty, Colorado Log of Boring BR8136M

Prepared by:
Harding Lawson Associates
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Equipment Mobile CRE-75 HSAS
Elevation 626715 ft

IEý Date 11/18/94a 0 CD
Z a

25
30
6 Color change to 10 YR 51A - yellowish brown

24 becomes very stiff to hard
24 CLAYSTONE, 2 5 Y 5/2 - grayish brown. flaggy,19 closely fractured at high angles low hardness
6 weak, iron-oxide stained, interbedded with

siltstone and sandstone, weathered bedrock

17 Increase in very fine-grained sand color
24 30 change to 10 YR 7/3 - very pale brown to 10 YR
22 7/6 yellow with oxidation zones from 29 5 to 34
6 f eet

24
35
so

- Color change to 10 YR 4/2 - dark grayish brown

35-ý

1 
11

40--1

Cuttings become plastic

45-

Cuttings become slightly moist, medium plastic

50- Total depth = 50 0 feet

Prepared f or Figze 27
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring BRB13e94

Prepared by:
Harding Lawson Associates
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E(Impment MoNe CMg-75 HSAs

S Elevation 5269.04 ft Date 111181943: CL W CD0 f CL 0 Cn

0
SC, clayey sand fine- to medium-grained sand.
25 percent silt and clay 10 YR 51A - yellowish

is brown medium dense, nonplastic, moist, rooted.
24 alluvvim
20 Increase in clay color changes to 10 YR 5/6 -
10 yellowish brown, becomes hard, dry
7 Decrease in clay
7

CL. sandy clay, fine- to medium-sand, 10 YR5 614 - light yellowish brown. nonplastic dry,
cahche-rich alluvium

10
9
10
10
12 Sand content increasing
16
12
13
8 10
to
11 1 SC, clayey sand fine- to medium-grained sand
is 10 YR 614 - light yellowish brown stiff to hard
10 nonplastic, dry alluvium

Is Color change to 10 YR 6/3 - pale brown due to
24 increased caliche

20
10
12
14 15
is
5
16
20
23
11
19
119 Trace coarse-grained sand and gravel color
14 change to 2/5 Y 6/3 light brown becomes
10 20 dense slightly plastic moist

29
30
25
to Coarse gravel and cobbles composed of pink
12 granite with white quartz
20 CLAYSTONE. 2 5 YR 514 - light olive brown
13 closely fractured soft plastic, moist iron-oxide

Notes I An HNU/OVA readings equal to 10 stained weathered bedrock

zero parts per million 20 Grades to 2.5 Y 5/2 grayish brown to 2 5 5/0
except as indicated 30 25 grey
2.Munsen color chart cm
used

Prepared for: Figize 28
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Borbig BRB13794

Prepared by:
Harding Lawson Associates
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Equipment MoWe CME-75 14SAS
>

J-= F- Elevation 528904 ft Date 108194
OL a) CD
OL Q U3

25
32

Cuttings olive brown

30-

35

40-

45-

50 Total depth 50 0 feet CY

Prepared for* Figure 28
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Bormg BRB13T94

Prepared by.
Harding Lawson Associates
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Equipment -16lobile CME-75 HSAS

06 E FJevatjon 5239.31 ft Date 118194
Q6
OL

CL, clay, fine- to medium-grained sand, 10 YR
416 dark yellowish brown low plasticity stiff,
slightly moist, rooted. alluvium

Is
t8
9 Becomes calcareous

6
8
7

to

7 SC. clayey sand 50 percent fine- to meditum-
grained sand 10 YR 6/6 - brownish yellow stiff,

7 nonplastic dry. alluvium
7 Becomes calcareous
10 10
15
11
12
5 Decrease in sand content to 20 percent color
7 change to 10 YR 814 - light yellowish brown
11
13
12
22
22 15
22
7 Slight increase in sand content to 25 percent
12
12
2
13
17
14
12
6 20 White caliche filling fractures
6
10
10
is
32
27
34

Notes LAD HNU/OVA readings equal to is Q, sandy clay. less than 20 percent fine- tozero parts per million 23 medium-grained sand 10 YR 814 - light yellowishexcept as indiCtlted- is 25 brown stiff, high plasticity, slightly moist alluvium cu2)4unseil color chart
used

Prepared for. Ftwe 29
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Baring BMI3894

Prepared by.,
Harding Lawson Associates
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Equipment Mobile CME-75 HSAs

CL Elevation 5239 31 ft Date 118194W 4"

ED
25

12
12
20
18 Scattered pea-sized gravel
38
38
40

a 30
12
t8

Becomes moist

20
22
8
10
14 35
20
9 Slight increase in sand content
17

25
29
5 Increase in sand content
8
14
14

40 A
SC. sandy clay well sorted. poorly graded sand,
fine- to medium-grained sand. 10 YR 713 - very

25 pale brown. dense, nonplastic, moist, alluvium
24
to Interbedded 1-inch thick clay layers
Is
15
16
9
Is
17 45

25
20
Is
is

20
10 Becomes very moist trace coarse sand
is
is

20

50_ Total Depth - 50 0 feet CV

Prepared for: Figure 29
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring BRB13894

Prepared by:.
Harding Lawson Associates
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ID Equipment Mobile CME-750 HSAS

CL E
X Elevation 5276 44 ft Date 12/05194

CL V (D
0 a U)

SC. clayey send, very fine- to fine-grained3 sand, 10 YR 4/8 - dark yellowish brown grading
7 to 10 YR 6/6 - brownish yellow, medium dense
18 noriplastic dry trace silt, rooted fightly
13 cemented alluvium

9 Caliche
10
12
12 - Thin layers of well sorted coarse sand up to 1/2
6 inch thick at I inch intervals, loose
6 5-
T

Some medium- and coarse-grained sand

6
7
7
5
7

6

7

Increase in clay content cemented

6
T Color change to 10 YR 416 - dark yellowish
A brown with white caliche well cemented with

caliche

Is Heavy caliche trace fine glassy quartz with a
10 welded appearance

12 CL. sandy clay very fine- to coarse-grained
sand 10 YR 814 - very pale brown stiff,9 low-plastic, dry trace fine glassy gravel, trace

17 very coarse sand cemented alluvium

Color change to 10 YR 5/3 - brown well
cemented caliche in white nodules trace fine
subrounded gravel

13
10 20 Becomes less well cemented heavy caliche
23

21

is

5

A

Notes I AD HNU/OVA readings equal to A Color change to 10 YR 514 - yellowish brown,
zero parts per million slightly moist white crystals black mineralization,
except as indicated 25 locally very sandy very fine- to fine-grained
2 munsell color Chart trace gravel CV
used

Prepared for: Figure 30
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring SM13994

Prepared by,
Harding Lawson Associates
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Equipment Mobile CME-760 HSAs

Elevation _5278 44 ft Date 12105194

Z a
in- 25
7
A Clay becomes medium plastic
7

4 Sand becomes coarse- to very coarse-grained
8
10
15 30 _1\1 Fine gravel and cobbles, oxidized
4

14 Rounded gravel and cobbles

28 SC, clayey sand, poorly sorted sand,

so Quartz cobbles

so Granite cobbles

A, Well sorted medium sand, minor clay content
V,'V4 < loose black mineralization

V VOLCANOCLASTIC: SANDSTONF_ 10 YR 7/1 - light
gray hard moderately strong, ashy appearance,

lassy sand grains, weathered bedrock12
25 35 SANOSTOW, 2 5 YR 7/6 - yellow very

fine-grained. blocky, thick. moderately
50 fractured low hardness, weak friable. minor 7 5
10 YR 8/8 - reddish yellow. oxidation moderately
20 weathered bedrock

35 Sandstone beds become thinner
37

40

45-

Becomes moist, plastic

501 Total depth - 50 0 feet

Prepared for. Figure 30
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring SA913994

Prepared by-
Harding Lawson Associates
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Equq)ment Mobile CME-750 HSAS

cl.
OL E Elevation 5279.99 ft Date 12/05/94

aD 
CL

11 0 SC, clayey send, fine- to coarse-grained send
10 YR 514 - yellowish brown dense nonplastic,

12 moist rooted alluvium

20

16

11 Becomes calcareous, sand fining downward. color
change to 10 YR 6/3 - pale brown, medium

8 dense, dry
6

6

13

10 5
7

6

A Increase in clay content becomes stiff

A

6

7 Granite and quartz-rich gravel
10

12 Colo, change to 10 YR 8/2 - white well

12 cemented with caliche

14 10

12

12

14

Gravel layer

15

11

12

Color change to 10 YR 6/3 - pale brown to 2 5 Y

21 6/3 - light yellowish brown

28 CLAYSTONE. silty claystone 10 YR 4/2 - dark
grayish brown fractured soft oxidized,

49 weathered bedrock

12

t8

21 -

24

is 20-
29 SANDSTONE. silty sandstone 2 5 Y 5/6 - light

50 - olive brown slightly flaggy locally thin laminated
.... to laminated, soft gypsum crystals weathered

bedrock

CLAYSTONE, silty claystone 2 5 Y 8/3 - light
Notes I All HNU/OVA readings equal to

zero parts pe mt1lion yellowish brown. ttun laminated soft moist

except as exhcated 25- weathered bedrock

2.Munseli; color chart
useoý

Prepared for. FlWe 31
Program Manager for
Rocky Mountain Arsenal

Commerce City, Colorado Log Of BOM9 IBE14094

Prepared by:
Harding Lawson Associates
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Eqwpment Mobile CME-750 VISAS
;D >- = S! I

3: => CL 0 CD Elevation 5279 0-9 ft Date 1219512-4-
0
in

30-

Color change to 10 YR 4/2 - dark grayish brown

35-

Color change to 2 5 Y 4/3 - olive brown

40- Color change to 2 5 Y 513 - light olive brown

Color change to 2 5 Y 4/3 - olive brown

45-

J

50
Total depth 50 0 feet

Prepared for. Figure 31
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring BRB14094

Prepared by-
Harding Lawson Associates
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Emupment Mobile C:14S-750 HSAs

CL
CL E 5284-28 ft Date 12105194Elevation3C Z OL W CD

CL 0 CO

SC, clayey sand, fine- to medium-graned sand,
10 YR 4/4 - dark yellowish brown hard plastic,

16 moist rooted alluvium
is Color change to 10 YR 614 - fight yellowish
14 brown becomes dense
4 Color change to 10 YR 74 - very pale brown,
5 becomes medium dense nonplastic. dry increase
7 in caliche

13 CL. sandy clay fine- to medium-grained sand7 10 YR 7/3 - very pale brown stiff nonplasttc dry
6 calareous, alluvium

12 10

SC, clayey sand fine- to medium-grained sand12 and silt, 10 YR B/4 - light yellowish brown stiff
12 nonplastic dry calareous alluvium

Sandcontentincreases
27
22
24
14 Sand content decreases
14
IB 15
20
10
28
33
41
35
35
33
42
29 20
3
30
30 Heavy caliche zone

27
11
17
12

Notes I An HNU/OVA readings equal to 14
zero parts per million 7 CLAYSTONE, slityclaystone IOYR5/2-except as indicated 11 252.Munsell color criart grayish brown thin laminated fractured soft,
used oxidized. weathered bedrock

Prepared for: Figure 32
Program Manager f or
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring EIRSIM4

Prepared by:
Harding Lawson Associates
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Equipment Mobile DE-750 HSAs.

r r= Elevation 5284.28 ft Date 12105/94
IV CD

M 25
21 Color change to 2 5 Y 8/3 - light yellowish
38 brown, fractured, soft oxidized, slightly
7 calcareous, weathered bedrock
7
10
24

30-

40-

Color change to 2-5 Y 5/4 - light olive brown

45-

50
Total depth 50 0 feet

Prepared for Figure 32
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Boring BRB14194

Prepared by:
Harding Lawson Associates
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Equipment Mobile CME-750 14SAs
>

CL Bevation 5242 76 f t Bate 12/05/94

0 SC. clayey sand. fine- to coarse-grained sand,2 10 YR 614 - dark yellowish brown stiff moist,
7 rooted alluvium
14
12
8
is
12
14
8
6 .5
14
10 CL. clay, 25 percent fine- to coarse-grained
3 sand, 10 YR 6/3 - pale brown stiff nonplastic,
7 dry, calcareous alluvium
12
11 Heavy white caliche color change to 10 YR 812

12 - white
22
26
31 10
12
28
31
16 Increase in gravel to 5 percent
is
42
26
24 increase in fine- to medium-grained sand to 15
11 percent color change to 10 YR 6/3 - pale brown
19

Increase in fine- to medium-grained sand to 20
Percent color change to 10 YR 614 - light
yellowish brown becomes slightly moist some
cafiche

T Increase in sand content
9
12
14
11 20 Oea gravel and calcium carbonate
4
26
19
3 Color change to 10 YR 5/4 - yellowish brown
7
7
6

Notes LAI HNU/OVA readings equal to
zero Darts per migion
except as indicated 252-munsell color criart L'i
used <

Prepared for: Figure 33
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Bortag BRB14294

Prepared by.
Harding Lawson Associates
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Equipment Mobile CME-750 &A3

Elevation 5242 78 ft Date 12105194
3: M CL 0 to

Z M d ch

25

3

11

14

is

23

6 30
9
t2

17

12

20

28

4

7

9 35
t2

4

12 SC. medium-grained sand trace silt. clay 10 YR
6/3 - pale brown dense slightly plastic moist,

16 calcareous alluvium
14

7

7

9

3 40
9
17

is

14

t5

5

is

30 45
18

CLAYSTONE, silty claystone very fine-grained
9 sand, 10 YR 5/2 - to 10 YR 5/3 - grayish dark
3 brown, stiff plastic moist, weathered bedrock
4 Color change to 10 YR 514 - yellowish brown with
4 olive cast, becomes very moist
7

Total depth z 50 0 feet

Prepared for: Figure 33
Program Manager for
Rocky Mountain Arsenal
Commerce City, Colorado Log of Borft BRB14294

Prepared by:
Harding Lawson Associates
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Appendix F

BORING SURVEY LOCATIONS AND ELEVATIONS



Table F.I: Rocky Mountain Arsenal Task 93-03, Geotechnical Boring Progr2M
Boring Coordiinates, Elevations, and Total Depths

EIGV&t3Lon ToW Depth
Borxng Number North* Easting 0643t) (feet)

BRB11094 173279646 3185199.74 526279 175.0
SAB11194 1733519.50, 3184717.12 526 L.09 170.0
ASB11294 173506573 318406777 5239-41 1129
SABI1394 173709025 3185094.11 5199.23 20.0
WEB11494 1736578.29 3183652.39 520b.26 337
ASBI1594 1736523.14 3184082.64 5211.37 30.0
ASB11694 1736517.92 318494296 5215.21 430
SAB11794 173569610 318426872 522339 450
ASIBI1894 1735535-45 3184941.71 5240.78 35.0
ASB11994 1735673.26 3185567.50 5234-48 50.0
ASB12094 1735318-49 318356717 5230.59 500
SAB12194 173474881 3184933.56 5249.27 500
SAB12294 1734602.71 3183908.97 5238.14 500
SAB12394 173455240 3184378.05 524806 40.0
ASB12494 173419845 318494270 5272.46 50.0
ASB12594 173431495 318541676 5257.30 500
SAB12694 1734039.94 318392462 5243.92 450
ASB12794 173375710 3184937.14 5268.37 50.0
SAB12894 1734085.12 318583284 5242.72 500
BRB12994 173326200 318385648 5256.54 500
BRB13094 173321484 318432349 5258.30 45.0
SABI3194 173301863 318490460 526465 50.0
ASB13294 1732998.91 3185633.99 5259.70 50.0
ASB13394 173366316 318584540 525088 500
BRB13494 173321595 3186095.84 524202 50.0
BRB13594 173362782 3184009-06 5251.59 42-0
BRB13694 1732773.51 318438237 526715 50.0
BRB13794 1732639.27 318491428 526904 500
BRB13894 1732718.00 3186237.23 523931 500
WEB13994 173229474 318425785 527644 50.0
BRB14094 1732290.62 318492420 5279.99 500
BRB14194 173231169 318562290 5264-28 50.0
BRB14294 1732309.24 3186349.99 5242-76 50.0

The boreholes were surveyed by a State of Colorado licensed surveyor usmg the 1983 horizontal
datum and the 1988 vertical datum

21907 703030 Harding Lzurson Associates
0103063095 RAF
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(not included in this copy)



Append!xH

COST ESTIMATES
(not included in this copy)



Appendix I

FINAL WORK PLAN FOR MATERIAL AND AREA FEASIBIL17Y STUDIES



Technical Support For Rocky Mountain Arsenal

Final Work Plan for Material
and Area Feasibility Slitudies
Solis Support Program
Roc.-ky Mountain Arsenal
Commerce City., Colorado

Prepared for

Program Manager for Rocky Mountain Anenal
Building ill, Rocky Mountain Arsenal
Commerce City, Colorado 80022-2180

BLA Project No 21907 102010 3
Contract No DAAA05-92-D-0003
Delivery Order No 0007 (Task 93-03)

THIS DOCUNMqT IS ]NrITNDED TO COMPLY WITH TBE NATIONAL
ENVIRONMENTAL POLICY ACT OF 1969

TBE INFORMATION AND CONCLUSIONS PRESENTED IN THIS REPORT REPRE-
SENT THE OFFICIAL POSITION OF TBE DEPART1,1ENT OF TBE ARMY UNLESS
EXPRESSLY IAOD= BY A SUBSEQUENT DOCUMENT TEIIS REPORT CONSTI-
TUTES TBE RE]LEVANT POR11ON OF TBE ADMINISTRATIVE RECORD FOR THIS
CERCLA OPERABIE UNIT

November 9, 1994

Harding Lawson Associates
a z ic Erigneering and Environmental Services

2400 ARCO Tower, 707 Seventeenth Street
Denver, CC) 802M - (303) 292-5365



CONTENTS

1 o DMODUMON ----- .... ....

I I Document Purpose, Scope, and Organmtion

1.2 Task Background and 0b)ectives . ..... 1-2
121 Task Background .. .... 1-2
1.22 Task Objectives . . .. .... ......... ... 1-3

2.0 ITST FILL CONSTRUMON AND TESMNG ..... .. ........ 2-1

2-1 Test Fill Location and Proposed Borrow Material 2-1

22 Test Fill Constructon Procedures . .. . ........ ... .... ........... 2-1
2.21 Excavation ... . . . . 2-2
2.22 Processing Area Preparation 2-3
2.2.3 Test Fill Area Preparation 2-3
2.2.4 Soil Processing ........ . .. ... .. .... .. ..... . . 2-3
2.25 Subgrade Preparation and Working Layer Placement 2-3
2.2.6 Test Fill Placement ..... 2-4
2.27 Test Fill Completion and Permeability Test Preparation . . 2-4
2.28 Field Permeability Tests . ..... 2-5
2.29 Test Fill Closure 2-5
2.210 Test Fill Documentation ..... . . . 2-5

23 Sealed Double-Ring Infiltrometers: .. .... 2-6
231 Sealed Double-Ring Infiltrometer Installation Procedures 2-7
2.32 Sealed Double-Ring Infiltrometer Monitoring Procedures 2-7
233 Sealed Double-Ring Infiltrometer Data Reduction and Evaluation 2-7

24 Two-Stage Borehole Permeameters 2-9
241 Two-Stage Borehole Permeameter Installation Procedures 2-9
242 Two-Stage Borehole Permeameter Monitoring Procedures . 2-10
243 Two-Stage Borehole Permeameter Data Reduction and Evaluation

Procedures ..... 2-10

3 0 GEOLOGICAL AND GEOTEC13MCAL DRILLING, SAMTUNG, AND TESMNG 3-1

31 Borehole Coring Program . .. ...... 3-1
3.11 Borehole Locations 3-1
3-12 Drilling, Coring, and Geophysical Logging EqLupment and Personnel 3-1
3 13 Borehole Cormg Procedures . 3-2

3-2 Soil Boring Program ... ... 3-4
321 Soil Boring Locations 3-4
3.2.2 Drilling and Sampling Personnel, Equipment, and Procedures ... 3-5

3.3 Chain of Custody 3-7

3.4 Geotechmcal Testing 3-8

35 Data Evaluation and Reportaig ... ... . 3-9

21907 102010.3 Harding Lawson Associ i
1010110494 WP



4.0 ACRONYMS AND ABBREVIATIONS .... .. ..... 4-1

5.0 REFERENCES 5_1

TABLES

21 Test Fill Testing Program (Per Test Fill) 2-4A
3 1 Projected Borehole DnE Depths 3-4A

RGURES

21 Site Vicinity Map ... .. ..... . .......... ...... ........ 2-2A
22 Typical Test Fill Section . . . .......... ..... 2-2B
23 Test Fill Layout .. ............. 2-2C
24 Proposed Sealed Double-Ring Infiltrometer Constructon. Schematic ... 2-6A
25 Proposed Two-stage Borehole Permeameter Installation . ... ........ . 2-10A
3 1 Proposed Boring Location Map 3-2A

APPENDLXES

A INSTALLATION AND OPERATING INSTRUCTIONS FOR TBE SEALED DOUBLE-RING
INFMTROME'M

B TIHE STEI TWO-STAGE BOREHOLE FMLD PERMEABILITY TEST

Harding Lawson Associates 21907 102010,3
1010110994 VVP



1.0 INTRODUCTION

This Work Plan was prepared for the Material and Area Feasibilrly Studies portion of the Feasibility

Study (FS) Soils Support Program as Data Requirement A002, a contract deliverable under Delivery

Order 0007 (Modification to Task 93-03 Feasibility Study Soils Support Program) of Contract

DAAA05-92-D-0003 between Harding Lawson Associates (BLA) and the U.S. Department of the Army

(Army) This report was prepared by BLA at the direction of the Army for the sole use of the Army

and the signatories of the Federal Facilities Agreement (FFA) of Rocky Mountain Arsenal (RMA), the

only intended berieficianes. of this work-

1.1 Document Purpose, Scope, and Organization

The purpose of this Work Plan is i o outline the procedures and logic used to conduct the Material

and Area Feasibility Subtasks, for the FS Soils Support Program. Me purpose of these additional

subtasks is to (1) evaluate whethei onsite materials are suitable for constructing landfill liners and

caps, (2) identifv a potential landfill site at RMA, and (3) evaluate the suitability of the proposed site

for ham dous waste disposal-

The scope of thLis Work Plan includes a desciaption of the Materud and Area Feasibility field

subtasks. The Matenal Feasibility subtask includes borrow area selection, test fill construction, and

infiltration testing (sealed double-ring infiltrometer [SDR1] testing and two-stage borehole [TSB]

permeabLht-% testing) The Area Feasibility subtask consists of 3 deep boreholes (continuously cored

for geologic data) and up to 30 boreholes (continuously sampled for geotechnical and geological

data)

This Work Plan is organized to present the requisite task background and ob)ectives; describe each

subtask's design; provide construclaon, drilling, and sampling procedures for the field programs;

present proposed geotechnicaltesiang methods, and discuss data evaluation and reporting procedures

and protocols Seaton 12 of this document presents task background and ob3ecbLves, Section 2.0

21907 10201OZ Harding Lawson Associates
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Introduction

presents test fLU construction, testing procedures, and data evaluation, and Section 3 0 presents

geologic and geotechmcal subtask design, procedures, geotechnical testing, and data evaluation.

1.2 Task Background and Objectives

The primary ob3ective of this task is to collect soil data to support the Detailed Analysis of Altema-

tLves (DAA) portion of the Onpost Operable Unit at RMA and the Record of Decision (ROD) RMA

task background and specific task objectives are d2scussed in the following subsections

1.2.1 Task Background

RMA was established in 1942 by the Army as a manufacturing facility for the production of chemical

and incendiary mum-ttions Niffitary, mdustud, and agricultaral chemicals, primarily pesticides and

herbicades, were also manufactured at RMA by several lessees from 1947 to 1982 Theindustrial

waste liquid produced from operations performed by the Anny and its lessees was initially

discharged to Basin A, an unlined basm in Section 36. Subsequently, liquid wastes were discharged

to other unlined basins and, after 1956, to Basin F, which was asphalt-lined. Although solid wastes

were disposed of primarily in Section 36, other onpost. disposal sites were also used. Some of the

basins, pits, bum sites, sewers, and structures (buildings, pipes, and tanks) became sources of soil

and groundwater contammaton as a result of spills, leaks, or other releases

Based on the Natonal Contingency Plan (NCP) and Comprehensive Environniental Response,

Compensaton, and Liability Act (CERCIA) guidance, and consistent with the FFA, the Development

and Screening of Alternatives (DSA) portion of the FS was performed to establish remedial alter-

natives capable of acJuevmg the remedial action objectives (RAOs) for RMA. Alternatives retained

after the screening process are currently being further evaluated as part of the DAA portion of the FS

The soils DSA focused on several remedial alternatives for the soils medium including onpost

landfilling of materials and capping- The soils mechum that is addressed in the soils DSA consists of

unsaturated soils, bedrock, fill material, process water lines, chemical and sanitary sewer lines, lake

1.2 Harding Lawson Associatas 21907 102020.3
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sediment, and soil/debns mixtures in disposal trenches or landfills, the term 'soils" is used for

convenience in this document to refer to any of these materials Recogm2ang that interactions will

occur between soils and other coniaminated media such as structures and groundwater during the

implementation of remedial alternatves, the impacts and interactions of other media on remedial

approaches developed foi. RMA are being addressed in the DAA portion of the FS Since landfilling

and capping remedial alternatives were retained as remedial alternatives in the DAA, the Program

Manager for Rocky Mountain Arsei3al (PbIRMA) identified additional data needs that are required to

support completion of the DAA- The data needs addressed under this task are discussed below.

1.2.2 Task Objectives

The ob3ective of the test fills and infiltration testing of the test fills (material feasibility) is to evaluate

whether onsite materials are siutable for constructinglandfill liners and caps Theob)ectiveofthe

geologic/geoteclinical borings (area feasibility) is to obtain adequate data regarding the geology and

geotechnical characteristics of the site to evaluate the feasibility o, F constructing a landfill in the

existing foundation materials The work will include constructing two clay soil test fills and

conducting permeability tests on the test fills to evaluate the suitability of onpost materials for use as

liner and cap material. The work also includes coring, geophysical logging, soil samphng, and

physical property testing to evaluate the geologic and geotechnical characteruilcs of the preferred

landfill area.

This program will support the evaluation of remedial alternatives in the DAA involving onpost

landfilling of materials and capping The program is scoped as an FS-level investigation to validate

and refine feasibility and cost information in the DAA-FS Investigatons will be conducted in a

manner consistent with the NCP and CERCLA as amended by the Superfund Amendments and

ReauthorizationAct. of 1986 (SARA)

21907 102010.3 HardingLawson Associates 1.3
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2.0 TEST FILL CONSTRUMON AND TESTING

This section presents the test 0 construction and testing program to be performed under the FS

Soils Support Program, Subtask i entitled, Material Feasibility The test fill construction and testing

program includes the construction of two test fills using two soil types native to RMA and the

subsequent field testing of the test fills for in sita permeability The Material Feasibility portion of

the FS Soils Support Program has two Tnain objectives (1) to verilýy that onpost soils are capable of

meeting the required liner permeability of less than or equal to 1 x 10-7 centimeters per second (cm/s)

and (2) to evaluate the optimum lift thiclmess, moisture content density, and the compactive effort

necessary to achieve this permeability Permeabihty of the constructed test fills will be measured

both in the field and in the laboratory to evaluate the suitability of the materials and methodology

used to construct the test hIls Adjustments to the material type, deasity, and moisture content of

the recompaated soil liner may be necessary pursuant to the results of the test fLU program.

2-1 Test Fill Location and Proposed Borrow Material

To simulate future landfill clay liner construction conditions as clowly as possible, the test fills will

be constructed at the site currently considered to be the preferred landfill location, the western half

of Section 25 (Figure 2.1) (Ebasco, 1988) The site was approved by the U.S. Fish and Wildlife

Service (USFWS) prior to construction of the test fills

Figure 2 1 also illustrates the two proposed borrow areas where soil for the test fill construction will

be excavated The borrow areas weie identified in the Draft Final Feasibihty Study Soils Support

Program Report CHLA, 1994a) to contain suitable borrow material. The borrow sites were also

approved by USFWS for excavation provided the areas were reseeded following excavation. The

revegetation plan for the borrow areas is presented in Section 2.2-

Test Fill Constriaction Procedures

Each of the proposed test fills will be approximately 100 feet long by 40 feet wide at the top of the

test fLU (Figure 2 2) The 100-foot length and 40-foot width will allow the SDRI and TSB

21907 102010 3 Harding Lamrson Associates 2-1
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Test Fill Oonstruction and TesUng

Permeabilitytesting equipment to be placed at the recommended 12 to 15 feet from the sides and

slopes of each test fill to avoid encountering edge effects (as shown in Figure 2 3) The recom-

mended spacing is designed to avoid contact with the sides and slopes of the test fill where the lift

construction may not meet minimum specifications and therefore may not be representative of most

of the clay liner test fill

As described below in the construction procedures, the test fills will be constructed by hrst stripping

approximately 4 inches of topsoil, then placing the various test fill layers on the prepared subgrade

Test fill soil will be processed for clod size and moisture content prior to compaction. This will be
I

accomplished in the large processing areas adjacent to the test fills

Each test fill surface will slope uniformly to one side at a 2 percent slope. This design will provide

positive drainage and will simulate actual Imer construction conditions Surface-waterrun-on

control will not be necessary because of the above-grade configuration of the test blIs

Upon completion of the test fills, the area will be regraded to smooth out the contours of the test fills

and the immediate surroundings The stockpiled topsoil Will be spread over the test fills and other

disturbed areas This topsoil will prevent desiccation cracking of the test fill surface and also serve

as the final "closure" laver of the test M No further closure activites, other than seedmg and

mulching, will be performed-

=1 Excavation

Topsoil will be stnpped from the affected area of the borrow sites prior to excavation of actual test

fillmatenal This topsoil will be stored adjacent to each respective borrow site Necessary volumes

of soil from each borrow area will be excavated under the supervision of the Engineer (BLA) The

Engineer will visually inspect all borrowed material prior to transport- Scrapers and trucks will be

used to excavate and transport borrow soils to the prepared stockpile areas. Once the excavation is

2-2 Harding Lawsorl Associ P s 21907 102010L
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Test Fill Construction and Tesfing

completed, the borrow pits will be graded smooth, covered with the adjacent stored topsoil, and

seeded.

2= Processing Area Preparation

The processing areas adjacent to each proposed test fill will be stripped of topsoil. The surface will

be smoothed (proof-rolled) with the pneumatic tires on the front-end loader This topsoil will be'

stored adjacent to the processing areas

2.2-3 Test Fill Area Preparation

The test fill area will be stripped of topsoil. The topsoil will be stored adjacent to the test fills along

with topsoil from the processing areas Once stripping of the surface soilis completed, the test fM

areas will be proof-rolled, scanfied, and smooth-druin. compacted.

2-2A Soil Processing

This portion of the work will be completed prior to actual test fill placement to allow adequate time

for clod size reduction, moisture addition, blending, curing, and testing to verify the optimal moisture

content range has been achieved. These activities will be performed using a dozer to spread and

move soil, a disc harrow or other appropriate equipment to reduce clod size and blend moisture into

so3l, and a water truck with a sprayer to adjust moisture content Tests to be performed on processed.

material are included in Table 2.1

2.2-5 Subgrade Preparation and Working Layer Placement

To ensure that there is no head build-up in the test fi-Us (which could adversely affect the

permeabilitv test results), the test fills will be constructed on a foundation of m situ sandy soll. The

sandy soil will be thoroughly wetted to a depth of at least 1 foot prior to placement of the next layer

to avoid surface tension and capillary effects on downward mfiltration. Directly above the wetted

sandy soil will be a 6-inch (compacted lift thicImess) layer of clay borrow material that will be

designated a 'worknig layer " This layer is important to ensure proper placement, bonding, and

compaction of the first lift within the test fills

21907 102010.3 Harding Lawson Assoclafts 2-3
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Test Fill Construction and Testing

2.LS Test Fill Placement

Once the subgrade and working layer are completed for each test fill, and the specified moisture

content of the processed soil has been achieved, placement of the test fills will be initated Using a

front-end loader, dozer, or a backhoe, processed soil will be moved to the test fills The soil win be

spread by a dozer into 8- to 9-mch loose lifts A heavy tamping foot or sheepsfoot compactor

(Caterpillar Model 825 or equal) will be used to compact the clay into 6-inch compacted lifts.

Six lifts will be constructed to form the 3-foot-thick test fill. Each hft surface will be scanfied andJor

rewetted as necessary to ensure adequate bonding between lifts.

Based on the results of the earlier soils testing program, failure to meet a specification of 95 percent

of the Standard Proctor maximum dry density (American Society for Testing and Materials [ASTM]

D 698-78) will require removal and replacement of that lift.

Moisture content shall be in the range of I to 4 percent wet of optimum moisture Each compacted

-- hft will be tested using a nuclear gauge to verify that the compaction and moisture content specifica-

tions have been met Additionally, to determine the appropriate number of equipment passes to

meet the compaction requirement, the density will be measured after every two passes for each of the

h.rstthreehfts This methodology will (1) enable the last three lifts to be constructed with the

appropriate number of lifts and rninim al testing and (2) enable development of a "compaction vs

equipment passes" curve to use in preparing method spe0ficatons for the actual clay liner It is

anticipated that three density test locations will be used for each lift at each test fill These and

other tests that will be performed during construction are listed m Table 2.1.

2.2-7 Test Frill Completion and Permeability Test Preparation

To complete the test fills and provide a smooth, uniform surface, the top of the uppermost completed

lift will be compacted and sealed with a smooth-drum roller The completed test fill surface must be

protected from excessive desiccation cracking prior to and during the field permeability tests

Therefore, a topsoil layer or plastic sheeting will be placed over both test fills, except for the

2-4 Harding Lawson Associates 21907 10201WS
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Table 2.11 Test Fill Testing Program (Per Test Fill)

Frequency

Test Methad Stockpile During Construction Post-ConstrucHon

Moisture Content Oven drying ASTM D2216-90 3 Initial; as needed during 3 per lift (18 total) ---

processing (approx 12); 3
final; estimate 16 total

Moisture Content Nuclear gauge ASTM D3017 ... 3 per each 2 passes per lift ---
for first three lifts; 3 per lift
for lifts 4, 5, 6,
estimate 45 total

Atterberg Limits Grab sample ASTM D4318-84 3 --- ---

Grain Size (Incl Sieve and hydrometer analysis 3 ... ...

clay content) ASTM D422-63
3 --- ---

Optimum Moisture Staiidard Proctor lost (grab 3
Content and Max samples) ASTM D098-78
Dry Density

In-place Density Nuclear gauge AsTM D2922 ... 3 per each 2 passes per lift ---

(96 compaction) for first three lifts; 3 per lift
for lifts 4, 5, 6; estimate 45
total

Lift Thickness Manual 25-foot intervals down can-
(loose) terline of test fill

Lift Thickness Manual ... 25-foot Intervals down can-
(compacted) terline of test fill

21907 2102010 3 1 of 2
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Table 2.1 (continued)

Frequency
Test Mathod Stockpile During Construction Post-Construction

Final Test Fill Survey ... ... 3
Thicknoss

Lift Bonding Visual Test Pits --- 2 per lift (manual) 3 (backhoe)

Laboratory Shelby tubes, floxiblo wall --- --- 3
Permeability pormeameter (falling-hood test)

ASTM D5004-90

Field Permeability Sealed double-ring Infiltro- ... ... 1
(largo-scale) motor (SDRI)

Field Permeability Two-stage borehole (Boutwell) --- ... 5
(small-scale)

Shear Strength Consolidated undralned 2
ASTM D4767-88

Shear Strength Unconsolidated undrained 2
ASTM D2850-87

Not performed
ASTM American Society for Testing and Materials

21907 2102010 3 2 of 2
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Test FiN Construction and Testing

immediate areas designated for the sDRI tests Each SDRI area, apprOX3.1nately 12 feet by 12feet, Will

be blocked off and sealed with a tarp until the SDRI test set-upLs untiated.

2.Z8 ReM Permeability Tests

One SDRI and five TSB permeability tests Will be performed at each test fill. The SDRI test Will be

located in the center of each test fill to avoid edge effects The TSB tests will be placed at least

15 feet from test fill edges. Figure 2.3 illustrates the proposed test locations Performance of the

tests will include strict adherence to the published testing procedures and thorough documentation

of all observations and results as described in Sections 2.3 and 2 4.

Protection of the SDRI areas from temperature changes and damage by anun-al will be accomplished

by building a plywood cover built for each SDRI test site The SDRI area willbe staked and marked

wiffi tape to prevent access by unauthorized personnel.

2.2-9 Test Fill Closure

Once the field permeability tests are completed and the testng apparatus disassembled, the SDRI

areas and the center strip between the test fills will be seeded with native grasses and wildflower

seed and mulched with native grass hay as specified by the USFWS

2.7-10 Test Fill Documentation

In addition to the test results from the formal testing program outlined in Table 2.1, the following

information on test fill construafton will be documented.

Field description of the borrow material used in each test fill

Soil processing procedures

Soil transport traffic routes

Dozer spreading and grading patterns

laft thicknesses Goose and compacted)

Compaction patterns and number of passes

21907 102010.3 Harding Lawson Associates 2-5
1006110494 WP



Test Fill Construction and Testing

Test locations

laft bonding check results and observations

Any failed results and corrective action taken

2.3 Sealed Double-Ring Infill3rometers;

This section describes the test method, the installation, monitoring, and data reduction and

evaluation procedures to be used for the SDRI tests. The SDRI test measures the vertical infLItration

rate of water through the constructed test fills. The SDRIs are specifically designed to measure low

mfiltratLonratesmtherangeofIxIO-stoIxIO"cm/s Based on previous laboratory results (BLA,

1994a), the permeability of the soil at the proposed barrow areas ranges from 3.02 x 10-9 to 8.24 x

10' cm/s. This range of soil permeability coincides with the optimal range for the SDRI test method

A summary of the SDRI test methodis provided in Appendix A along with the manufacturer's

install ation and operating instructions A synopsis of the test method from the installation instruc-

tions (Appendix A) is as follows The SDRI consists of a 12-foot by 12-foot outer ring and a 5-foot by

5-foot inner ring, as Mustrated in Figue 2 4. The rings are grouted within trenches excavated into

the top ofthe test fill The outer ring is installed at a depth of 14 to 18 inches below ground surface

(bgs), and the inner ring is installed to a depth of`4 to 6 inchesbgs After grouting is complete, the

area between both rings is filled with water The outerring area is filled to a depth of approximately

12 inches, which completely submerges the mrier ring. The inner ring area is sealed by placing a

cover over the top of the inner ring This seals the water within the inner ring from the atmosphere

Monitoring the flow of water in the SDRI is accomplished by filling a flexible bag with a known

weight of water and connecting the bag to a port on the inner ring. As the water infiltrates the

ground and leaves the sealed inner ring, A is replaced with an equal amount of water drawn in from

the flexible bag After a specified time interval, the flemble bag is removed and weighed. The

weight loss is then converted into milliliters of water that has infiltrated into the test fill h3h1tration

rate is calculated using an equation with the follownig param eteis: the volume of water loss, the
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area of the inner nng, and the interval of time that the bag was connected onto the inner ring The

tests will be monitoreduntil the infiltration rate reaches a steady state Upon completion, a plot of

the mf3ltration rate over time is prepared For the purposes of flus test, the specified permeability

value to be achieved is I x 10' cnils It is anticapated that the tests vaU require monitoring for

approxLmately two to three months.

2.3.1 Sealed Double-fling Infiltrometer Installation Procedures

The SDRIs will be installed immediatelyfollowing completionof the test fills, TheSDRIswillbe

installed according to manufacturer's installation instructions under the direction of the installation

subcontractor, ý& Steve Trautwein of Trautwein. Soil Testing Eqmpment (manufacturer of the

SDR1s). Further informatLonregard2ng the installation of the SDR[s is presented in Appendix A.

2.3.2 Sealed Double-FIling Infiltrometer Monitoring Procedures

SDRI monitoring procedures will include flow measurements, water temperature readings, water level

measurements, swell meas-urements, and tensiometer readings In general, the readings will be taken

cn a daily basis until the infiltration rate slows sufficiently to allo vv measurements to be collected

every several days The readings will betaken by field personnel train ed and experienced in taking

SDRI measurements The readings will be recorded in field logbooks; and then t-dnsfezred onto the

SDRI data forms (Appendix A)

2.3.3 Sealed Double-Ring Infiltrometer Data Reduction and Evaluation

Data reducýtion and evaluation will be accomplished by transferring the field measurements recorded

on the data forms onto computer spreadsheets for ease of computation. The infiltration rate can be

determined by using the following equation-
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I - QI(At)

where.

I - MhltratioýL in cm/s

Q = volume of flow in cubic cm

A - area of flow in square am

t = fame interval m seconds

There are two factors that can have a significant effect on the Mfiltrat:,on rate of the SDRI tempera-

tuxe changes and soil swelling The field measurements of temperature and swell will be reviewed to

evaluate whether they could have affected the infiltration, rates of the sDRIs. If either factor is found

to be significant such thatit could account for as much as 10 percent of the total infiltration of the

SDRI, corrections for these effects will be made

The hydraulic conductivity within the SDRI is calculated by using the following equation-

k - QI(iAt)

where.

k = hydraulic conductivity in cm/s

Q = volume of flow in cubic cm

t - time interval in which Q was determined in seconds

1 = Ah/As (gradient) dimensionless

Ah =head loss

As = length of flow path for which Ah is measured

A - area of flow in square cm

Plots of the infiltration, rate and hydraulic conductavity will be evaluated concurrently to evaluate

when the tests mn be terminated as discussed above (i e., when steady state conditions or the

desired hydraulic conductivity has been achieved).

2.8 Harding Lawson Associafts 21907 102010.3
ID06110494 Report



Test Fill Construction and Testing

2A Two-Stage Borehole Permearneters

This section presents the installation, monitoring, and data reduction and evaluation procedures for

the TSB permeameter tests The TSB procedure is a falling-head mfiltration test conductedin a

cased borehole The first stage of the TSB procedure is performed with a cased borehole thatis open

at the bottom The first stage of the test is used to calculate vertical permeability (kj The second

stage of the test is conducted aftez advancing the borehole another 6 to 8 inches below the bottom of

the casing and measuring the flaw rates to calculate horizontal p(nMeabihty (kh).

2A.1 Two-Stage Borehole Permearneter InstallIation Procedures

Five TSB permeameters. will be installed at each test fill immediately following installation of the

SDRIs The TSBs will be installed following the installation procedures described in Appendix B

The boreholes will be excavated using a hand auger and reamed I o the desired depth. Polyvinyl

chloride (PVC) casing will be grouted in place, and the surface of the borehole Will be completed

with the measurement stand pipe and fill tube, as illustrated in Figure 2.5.

Along with five TSBs at each test fill, one temperature effect gauge CMG) will be installed at each

test hIL The purpose of the TEG is to measure any changes in flow rates that could be the result of

temperature changes during the monitoring penod. Field measurements on previous TSBs have

indicated that rising temperature causes the water column in the standpipe to expand, thereby

causing a lower apparent flow rate (see Appendix B) The net effect is a lower apparent permeability

If the temperature decreases during the monitoring period, then the converse is true For this reason,

TEGs will be installed and monitored throughout the testing program

TEGs are set up and installed similarly to the typical TSB with one exception; the bottom of the

casing is sealed with a cap Because there is no flow of water from the TEG, any changes in the

readings must be the result of changes in the ambient air temperature and/or barometric pressure As

described in Appendix B, any changes noted in the TEGs can then be corrected for in the TSB

21907 102010.3 Harding Lamrson Associates 2-0
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measurements The construction. of the SDRI and the TSB Will be supervised by the SDRI

manufacturef s representative

2A.2 Two-Stage Borehole Permearneter Monitoring Procedures

Monitoring of the TSBs will niclude, flow measurements, water temperature readings, and TEG

readings The monitoring equipment manufacturez's operating procedures are presented in.

Appendix B The readings will be taken by field personnel tr-,.uned and experienced m TSB

monitoring. The readings will be recorded in field logbooks and then transferred onto the TSB data

forms (Appendix B)

2A.3 Two-Stage Borehole Permearneter Data Reduction and Evaluation
Procedures

Data reduction and evaluation will be accomplished by transferring the field measurements recorded

on the data forms onto computer spreadsheets for ease of computatiom Apparent permeability for

both Stage 1 and Stage 2 of the TSB tests will be calculated using the following falling-head test

equations as specffied in. the test method calculations (Appendix B)

k RTGWI-ýMA-tj

where

k - permeability in. cm/s

H, - initial head at t-t,

H2 = initial head at t=t,

t, - initial time

t2 = final time

ln - natural logarithm

G = geometric constant, depends on the individual test dimensions and is calculated
separately for each test

RT = kinematic viscosity correction to water at 68 degrees Fahrenheit as defined in.
ASTM D5084
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Irest Fill Construction and Testing

Throughout each stage of the tests, variations in apparent permeability will be evaluated, and the test

will be terminated when steady-state conditions are achievecL It is antimpated that each stage of the

two-stage test w311 require monitoring for approximately three weeks
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3.0 GEOLOGICAL AND GEOTECHNICAL DRILLING, SAMPLING, AND TESTING

This section describes the geological and geotechnical. drilling, sampling, and testing activities to be

conducted under Task 93-03 Section 3.1 describes the selection process for locating the three deep

boreholes within the proposed landfill. site as well as the procedures for drilling, coring, sampling,

and geological and geophysical loggmg Section 3.2 desanbes the rationale for shallow soil boring

locations within the proposed landfill site Drilling, coring, and sampling proceduxes: are also

described. Section 3.3 describes the cham-of-custody (COC) procedures. Section 3.4 desanbes the

geotechnical testing, and Section 3.5 describes data evaluation and reportmg.

3.1 Borehole Coring Program

This subsecton. describes the rationale for the selection of the proposed landfill siting deep borehole

locations, drilling equipment and procedures, and geological and geophysical logging proceduxes.

3.1.1 Borehole Locatioins

Three i5o- to 1754oot boreholes will be located in the western half of Section 25 et RMA to fin-ther

characterize the geology of this area as a potential landfill site The borehole locations were selected

by reviewing existing geologic logs and cross sections prepared from those logs The boring locations

were placed between existing well dusters and known borings to gather new data. These boring

locations may be subject to minor changes in the field (with approv-al of PMRMA). Figure 3.1 shows

the proposed borehole coring locations in Section 25

3.1.2 Drilling, Coring, and Geophysical Logging Equipment and Personnel

A drilling ng and crew will be furnished by the US Army Corps of Engineers Waterways Expen-

ment Station (WES) The drilling ng is capable of both auger and rotary drffimg. The WES drilling

crew wiU also provide a supply truck and water tuck. DnEing in the alluv-ium WM be accomplished

using an 8-mch-outside-chameter (01)) solid auger Continuous core samples of the alluvium Will be

collected by hammering a 24-mch-long, spht-barrel sampler in the open borehole Contnuouscores

21907 102010.3 Harcring Lmmson Assoctalas 3.1
1007110494 WP



Geological and Geotechnical Program

of bedrock will be collected in a 5-foot-long, 4 5-mch-OD spht-spoon sampler using a rotary core

drilling technique

Drilling actvities will be directed by an HLA field geologist The geologist will be responsible for

cbrectmg the drilling crew, logging the core samples recovered, and directing the geophysical logging

subcontractor (Colog, Inc.)

3.1.3 Borehole Coring Procedures

Before field work is started, the geologist will he responsible for assuring that personnel (1) read and

sign the accident prevention safety plan, (2) are trained to operate the field eqLupment, and (3) under-

stand the field procedures described in this Work Plan. A31 work will be performed in accordance

with the Final Accident Prevention Plan CHLAL 1994b).

The boreholes are specifically located outside areas of known contamination; therefore, rigorous

decontammation procedures normally followed when soil samples are collected for chemical analysis

are not necessary for this program However, before starting and following completion of drilling

opexations, the drilling ng and associated downhole ecfLnpment will be decontammated. at the

CERCIA Wastewater Treatment System (CWTS) Decontamination of downhole eqmpment between

each borehole will only be necessary to maintain proper workmg order of the eqqpment.

A lithologic log will be prepared for spht-spoon and core samples recovered at each borehole The

samples will be logged immediately in the field and in more detail later using geophysical logs for

comparison. These logs will include alluvium and bedrock descriptions, stratigrapbic features,

details of observed structural featires, and other pertinent information. Sample recoverywill be

noted on the field logs, and the samples scanned with a photoionization detector (PID).

Colog, Inc (Colog), Golden, Colorado, will provide geophysical logging services during the conng

program- Colog will geophysically log each completed borehole after coring has been completed.

3.2 Harding Lawson Associaft 21907 102010.3
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Geololical and Geotechnical Program

Colog will use the following borehole geophysical techniques normal resistivity, spontaneous

potential, single-point resistivity, gararna, full waveform. sonic, neutron, and caliper. The geophysical

logging tools will be calibrated for the methods specified above before logging operations are mitated

and after logging operations are completecL The calibrations will be recorded and submitted to HLA

for review. The depth indicators for the geophysical logging tools will be set so that zero corresponds

with the ground surface before each run. The geophysical logging tc*ls will be n-rn twice over an

interval in each borehole The results of both runs will be compared as a means of verifying the

repeatability of results. The geophysical logging equipment win be decontuninat d before and after

workaig on this project. Field plots of the geophysical logs will be prepared with an expanded scale

of io feet per inch. The final logs will be plotted on vellum

Upon arrival at individual boring sites, the fOllowmg procedures will be implemented.

1 Water to be used in drilling and grouting will be obtained from a Contracting Officer's
Representative (COR)-approved water source

2 The HLA geologist shall check the boring location stake against the site location map to verify
the borehole location and perform borehole clearance for buried utilities and 3netalhc objects

3 PID background readings will be taken before intrusive activities begin. Field documentation
of all boring activities will begin at this fame and include the following information. boring
number-, date, and pertinent observations such as weather, s13.rface conditions, and field
equipment identificat2on numbers It is anticipated that the borings, will be drilled in
modified Level D personal protective equipment (PPE)

4 Once drilling starts, PID readings will be taken in the breathing zone and at the top of boring
The PID readings are taken for health and safety momtonng and boring location evaluation-
If the PID -readings are above background levels, the ng geologist -Will notify the task manager
immediately The level of PPE will be upgraded according to specific guidelines, and the
boring will be backfilled and a new boring location identffied.

5 The alluvium will be drilled wrth a sohd-stem (8-mch-OD) auger and sampled with 2-foot
spht-spoon samplers Blow counts and sample recovery data will be recorded on preprinted
boring logs and in bound field logbooks

6 After the alluvium has been spht-spoon sampled and drilled, it will be cased with 5-inch-
inside-diameter (ID) pvC casing, and pressure grouted in place

7 The pvc casing and gout will be left to set up for a mmm-LLM of 24 hours

8 The bedrock will be continuously cored at each borehole location to a consistent reference
datum elevation of approximately 5085 feet Therefore, one borehole Will be less than
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Geological and Geotechnical Prograrn

150-foot total depth and two boreholes will be greater than 150-foot total depth (ree
Table 3.1)

9 As the soil and rock core are recovered from the bormg, they will be logged by the geologist
on the lithologic log-

10 The core will be placedin core boxes with the top and bottom of depth labeled for each
section of core The quantity recovered will also be marked on the core box. The outside of
the core box shall be labeled with the boring number and core interval The core Will be
stored in Building 785 West until the core is no longer needed, at which time the core vrM be
retLuned to the site and spread on the ground.

11 A metal mud tank will be used to recirculate the drilling mud during coring. Soil cuttings
produced during drilling will be spread evenly around the drill site

12 Upon completion of the drilling and sampling, the boreholes will be geophysically logged by
Colog using the following logging tools.

- Normal resistimty

- Spontaneous potential

- Single-point resistivity

- Gamma

It
- Full waveform sonic

- Neutron

13 After the boreholes have been geophysically logged, they will be grouted to the surface using
a trem m i e pipe and pumped with cemerd/bentonite grout.

14 A stake will be placed at the borehole location with the appropriate boring identification
clearly marked The location and ground surface elevation of the borings will be surveyed by
a licensed surveyor and the coordinates will be forwarded to RMA!s data management
subcontractor, D.P. Associates.

Soil Boring Program

Up to 30 shallow boreholes will be drilled and sampled in Section 25 of RMA to gather detailed

geologic and geotechnical data for site characterization.

3.2.1 Soil Boring Locations

Geologic boring logs and cross sections from borings in Section 25 and northern Section 36 VVM be

reviewed. The data review and cross sections will help locate the boreholes for the drilling program.

Z4 Hardmig Lawson Associates 21907 102010.3
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Table 3.1: Projected Borehole Drill Depths

--- Mý

Projected Projected
Thicknew Projected Surface

Boring of Alluvinm Total Depth Elevation
Number (feet) (feet) (fed)

BRB11094 225 175 5260
SAB11194 158 170 5254
A.SBI1294 27.2 145 5232

Bonngs wiR be termmated at apprommately 5085 feet elevat:Lon above mean sea leveL

21907 102010-3 Harding Lawson Associates
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Geological and Geotachnical Program

The borehole locations will be cleared for utilities and other subsurface ob3ects using utility maps

and a metal detector before any drilling begins

Boring locations will be selected to optimize the density coverage within the proposed landfill siting

area. The most desirable geologic areas for siting a landfill in Section 25 (based on the suitability

anteria) will be targeted for study Figm-e 3.1 shows the proposed soil boring and coring locations

3.= Drifling and Sampling PersonneI6 Equipment., and Procedures

This subsection presents soil boring and geotechnical soil sampling procedures Procedures for

completing COC forms and slupping forms are also discussed.

Field Personnei

Soil boring activities will be accomplished by a two-person field team. The field team will consist of

an HIA geologist and an engineering technician OM. The ng geologist will log each boring in the

field as it is drilled, and continuously collect soil. samples The taslr, manager (TM) will review the

final field hthologLc logs The ET will assist the ng geologist wrth sample collection and be

responsible for sample handling, paclQiging, and shipment

Field Equipment

Borehole drilling will be accomplished using 3-1/4-inch-ID hollow-stem augers and a Mobile drilling

ng Spht-spoon samplers and shelby tubes (when necessary) will be used to collect soil samples

during drilling 1,ayne Environmental Services, Inc., will provide a ckilling ng, drill crew, water

truck, and a vessel to mix grout in for borehole abandonment HIA will have a truck to transport

sample coolers, sample bottles, and sample eqinpment.

Soff Sampling Procedures

The ng geologist will be responsible for assuring that personnel (1) have read and signed the Site

Safety and Health Plan, (2) are trained to operate the field equipment, and (3) understand the field

procedures described in this Work Plan.

21907 102010.3 Harding Lawson Associates 3.5
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Geological and Geotechnical Program

Each boring location must be cleared for utilities and metallic ob)ects before drilling can begin, The

TM will make sure that COC forms and labels are prepared for each borehole Information from

previous boreholes in the areas being dnEed will be provided to the ng geologist Data from the

boreholes; will be -recorded on preprinted boring logs and in bound field logbooks;

Up to 30 borings will be drilled and sampled as part of the area feasibffit3r subtask- The borýngs will

be continuously sampled to a depth of approximately 50 feet or into bedrock. The alluvium Will be

logged for hthology and blow counts will be recorded to collect geotechnical information. Samples

will be collected for geotechnical testing fiom every 5-foot mterval. Undisturbed soil samples vall be

collected using spht-spoon samplers and shelby tubes when necessary. It is anticipated that the

borings will be drilled in Level D PPF- The borings have been located outside areas of known soil

contamination, and if any sustained readings above background are detected in the field using a PID,

drilling will be stopped and the level of PPE will be upgraded at necessary

Before starting and after completion of drilling operations, the dn1ling rig and associated downhole

equipment will be decontaminated at the CWrS However, decontamination of downhole equipment

between each borehole will not be necessary

Upon arrival at individual boring sites, the followmg procedures v;ffi be unplemented.

I Water to be used in drilling and grouting will be obtained from a COR-approved water
source

2 The H1A geologist or technician shall check the boring location stake against site location
maps and pertment borehole clearance information to verify the boring location.

3 An HNu PIOD will be used to obtain background readings before mtrasive activities begin.
Field documentation of all boring activites: wM begin at this time and include the following
information boring number-, date, and pertinent observations such as weather, surface condi-
tons, and field equipment identfication numbers

4 Once drilling commences, PID readings will be taken in the breathing zone and at the top of
boring The PID readings are taken for two purposes health and safety monitoring and
boring location evaluation. If the PED readings are above background, the rig geologist will
notify the TM immediately, and two actions will be taken. The level of PPE will be upgraded
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Geological and Geotechnical Program

according to specific guidelines, and the boring will be backralled and a new boring location
identLfied

5 Soil cuttings produced during drilling will be spread evenlv around the drill site

6 As the soil core is recovered from the boring, it will be logged by the site geologist on the

hthologic log Soil cuttings from the auger Will also be monitored for hthologic changes and

noted on the boring log

7 The samples will be contnuously collected and those samples to be analyzed will be selected

following completion of the borings and a review of the boring logs

8 Most samples will be colleciedm wide-mouth)ars for geotechnical analysis Additional

material will be collected in shelby tubes and 5-gallon buckets The 5-gallon bucket samples

will be collected from the auger flights. Sampling technique, sample depth, and fractions

collected will be recorded on the hthologic logs, COC forms, and sample tags.

9 The residual soil core will be packaged for storage at Builchag 785 West until no longer

needed, at which time the residual soil cores will be returned to the site and spread on the

ground.

10 The bonngs will be terminated at bedrock or at 50 feet, whichever is encountered first If

groundwater is encountered, the boring will be terminated at the groundwater level

11 Upon completion of the soil sampling, the bormg will be backfilled with portland type Vff

cement with 5 percent bentonite. Residual soil Will be removed from the auger bits and soil

samphng equipment-

12 A stake will be placed at the borehole location with the appropriate boring identification

clearI5 marked The location of the boring will be surveyed by a licensed surveyor and the

coordinates will be forwarded to D.P Associates

13 Samples A-iD be labeled and stored onsite pending selection of samples for subsequent

geotechnical analyses At the conclusionof the program, unused samples Will be spread

eveal-, over ground surf-ace at a location approved by PNEM4-

3.3 Chain of Custody

The L7 -.%-M place the correct COC forms within the designated sample cooler beforerelinquishing

the cooler to the ng geologist These forms include an inventory of the samples and a listing of those

persons -.%-ith access to the samples The forms will be transported vath the samples at all times.

Possession of the samples will begin with the sample collectors All subsequent sample transfers will

require the relinquisher and the receiver to sign, date, and record the time of transfer on the COC

forms
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0

Data on final COC forms will be checked by the ET and will include the sample number, samplees

signature, collection date and time, fractions collected, and sample depth. The ET will check these

data against the boring logs and field logbooks transnutted by the ng geologist

At the end of each day, all samples vall be brought back to the trailer for packaging The IýT wiU

complete the COC forms and review field logbooks and field data sheets for errors and omissions

Sample fractons, will berepackaged with a layer of plastic bubble wrap below and above the

samples, in heavy-duty coolers to ensure that the samples win not break during shipment COC

forms will be placed in waterproof bags in their corresponding coolers. All coolers will be sealed and

-wrapped in accordance with PMRMA slupping requirements Evidence tape will be placed across

each cooler to ensure that the contents are not violated during shipping The last person to sign the

COC form for each cooler will sign and date the evidence tape. The COC forms will be signed over

to Pl%,ýs transport courier PMRMA will ship the samples by air freight (Federal Express) to

InA!s geotechnical laboratory

3.4 Geotechnical Testing

A series of laboratory geotechnical tests will be performed on soil samples collected during the soil

boring program to evaluate the geotechmcal characteristics of the soil in the preferred landfill area.

The geotechmcal testing will be performed by HLA7s geotechnical laboratory in Houston. Texas

Samples for geotechnical testing will be selected at 5-focrt intervals from the boreholes The

following geotechnical tests will be performed-

Geotechnical testing to include approximately 350 samples for the following tests-

Grain-size analysis (ASTM D422)

Atterberg limits (ASTM D4318-84)

Natural water content (ASTM 2216)
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Remolded compaction (ASTM D698)

Remolded permeability (IEM1110-2-19096) at 90 and 95 percent relative compaction

Shrink swell (ASTM D427)

Organic content (ASTM D2976)

Flexible wall permeameter (ASTM D5084-90)

Shear strength consolidatedundramed (ASTM D4767-88)

Shear strength unconsolidated undrained (ASTM D2850-87)

Approximately 100 percent of the samples will be analyzed for grain size, Atterberg Innit , and

natural -water content The remaining tests will be performed on approximately 10 percent of the

samples

3-S Data Evaluation and Reporting

The data from the borehole coring and geophysical logging, soil boring and sampling, and geotech-

mcal laboratory testing subtasks will be included in the Site Feasibility ReporL These data will be

integrated into the area feasibility subtask and used to evaluate the feasibility of constructing a

landfill using the existing foundation materials

The borehole coring and geophysical logging data will be used with existing geologic data to generate

additional detailed geologic cross sections within Section 25 Drafted lithologic logs of each borehole

will be produced. The geophysical logging data will be used to correlate between the boreholes and

to compare with the geologic core. A map will be generated that includes the new and existing

boreholes, and also shows the location of newly constructed cross sections

The soil boring geologic logs and geotechnical testing data will be used to generate shallower geologic

cross sections and characterize the geotechnical properties of the soil in the we-stem half of

Section25 The geotechnical test results will be submitted to PMRMA through the data management

subcontractor, D.P Associates.
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4.0 ACRONYMS AND ABBREVIA11ONS

Army US Department of the Army

ASTM American Society for Testing and Materials

bgs Below ground surface

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act

cm/s Centimeters per second

COC Chain of custody

Colog Colog, Inc

COR Contracting Officer's Representative

CWTS CERCIA Wastewater Treatment System

DAA Detailed Analysis of Alternatives

DSA Development and Screening of Alternatives

ET Fn$Uneenng technician

FFA Federal Facilities Agreement

FS Feasibility study

BLA Harding Lawson Associates

ED Inside diameter

Y, Vertical permeabilrty

r-b Horizontal permeability

NCP National Contingency Plan

CID Outside diameter

PID Photoionization. detector

PMRMA Program Manager for Rocky Mountain Arsenal

PPE personal protective equipment

RAOs Remedial action objectives

RMA Rocky Mountain ArsP-nal

ROD Record of Decision
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Acronyms and AbbreviaGons

SARA Superfund Amendments and ReauthorizationAct of 1986

SDRI Sealed double-ring infiltrometer

TEG Temperature effect gauge

TM Task manager

TSB Two-stage borehole

USFWS U S Fish and Wildlife Service

WES Waterways Experiment Station
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Appendix A

INSTALLATION AND OPERATING INSTRUCYrIONS FOR
THE SEALED DOUBLE-RING INFILTROMETER
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INSTALLATION AND OPERATING INSTRUCTIONS FOR THE
SEALED-DOUBLE RING INFILTROMETER.
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1.0 SUINLNIARY OF TEST 1%1E,THOD

The Sealed-Double Ring Infiltrometer (SDRI) can be used to measure the
vertical, one-dimensional infiltration rate of water through soil This device provides a
means to measure low infiltration rates, those associated with fine-grained, clayey
soils, and are in the range of Ixl0-5 cm/sec to 1xl0-8 cm/sec The SDRI is
particularly useful for measuring liquid flow through soil moisture barriers such as
compacted clay liner or covers used at waste disposal facilities, and amended soil liners
such as those used forretention ponds or storage tanks.

A schematic of a typical test installation is shown in Fig. I The trifiltrometer
consists of an outer ring (12' x 12') and an inner ring (5' x T). The rings are grouted
in trenches excavated in the test area The outer ring is placed at a depth of 14 in. to 18
in, the inner ring to a depth of 4 in. to 6 m. Both rings are filled with water. The outer
ring is filled to a depth of approximately 12 in., submerging the inner ring The top on
the inner ring seals the water within it from the atmosphere.

Installation requires a level, obstruction free work zone approximately 24' x
24' A primary concern before and during installation of the infiltrometer is
desiccation. Before installation, desiccation can be minu-nized by covering the test area
with plastic. Plastic sheets for this purpose, 20' x 100', are readily available at most
building supply stores. Spreading a thin layer of soil over the plastic will prevent it
from blowing away During installation, desiccation can be romirni ed by removing
plastic only in areas being worked, and recovering areas once work has been completed.
Water should be sprayed on any soil that is exposed for long periods of time.

Measurement of flow is made by connecting a flexible bag, filled with a known
weight of water, to a port on the inner ring. As water infiltrates the ground and leaves
the sealed inn ring, it is replaced with an equal amount of water drawn in from the
flm-ble bag- After a known interval of time, the flexible bag is removed and weighed.
The weight loss, converted to a volume, is equal to the amount of water that has
infiltrated the ground. An infiltrauon rate, usually expressed in cmisec, is then
determined using this volume of water, the area of the inn ring, and the interval of
=e that the bag was connected to the inner ring ThiLs piocess is repeated and a plot of
infiftrauon versus =e is constructed. The test is continued until the infiltration rate
becomes steady or until it becomes equals to or less than a specified value

The advantage of the SDRI over other mfiltrometers is the capability to measure
lou mf'Lltrauon rates- This is accomplished by measurag the actual quantity of flow
rather than a drop of elevation in the water level and by elimmating evaporation from

the ring utiere measurements are made.

2.0 PARTS LIST

First check to see that the following parts were included with the Sealed Double

Ring Infiltrometer .

a 4 - aluminum panels approximately 12' x 36'

b I- fiberglass inner ring approximately 5' x 5'
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c. 36 - of each of the following 3/8" round head bolts and nuts
d. 2 - flexible bags with pinch valves and barbed connectors
e. I - 112" NPT plug fitting
f. I - 112" NPT fitting with straight-barbed connector
g. 1 - 112" NPT fitting with elbow -barbed connector
h. I - 15' length of 318"od x 114'id clear plastic tubing
L I - 1/4" brass plug fitting for sealing end of plastic tubing
J. I - tee fitting
k 4 - rubber gasket strips
1. 1 - tensiometer set (optional -. see Appendix A)
m. l.- swell pge (opuonal - see Appendix B)

In addition to the list above, the following items will be needed to assemble and
install Ihe SDRI

a. I - flat bladed screw driver for assembling the outer ring
b. 1 - 9116" wrench for assembling the outer ring
c. I - brick or masoifs hammer for excavating trench for the inner ring
d. I - adjustable wrench for installing fittings on inner ring
e 1 - knife or scissors for cutting tubing
L I - trenching machine for excavating outer ring trench
& 5 - 5 gal. buckets to mix grout and place on inner ring
h. water supply - approximately 1200 gallons is needed to fill rings
1 bentomte grout to place in trenches
j cover for rings (see Appendix C)
k I - thermometer to monitor temperature in outer ring
I surveyor's level and rod
m. I - scale to measure the depth of the water in the outer ring
n grout mixer, shovels, and wheelbarrows for preparing grout.
o cinder blocks to stand on when connecting fitungs to inner ring and also to

hold down platform for flexible bag
p trowel
q scale - 40OOg capacity sensitive to Ig
r . I - 14' 2x4 to use as guide when excavating trench
S plywood (2'x3'xl/2") to use as splashboard and platform for flexible

bags

3.0 ASSEMBLY OF OUIER RING

Installauon starts with the assembly of the outer ring as follows

I . Carefully uncrate the aluminum panels. Save the crate for future
shipping.

2. Carefully tilt up two panels and align edges and bolts holes (Fig
2) Support panels on both ends as they bend easily, particularly
in wmdy eDnchlions.
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3. Wipe panel edges clean around bolts holes Also wipe rubber
gasket strips clean-

4 Place a rubber gasket between the panel edges and insert bolts
through the holes Turn nuts on bolts antil finger tight.

5 Tilt up remaining panels, one at a time, and bolt edges together as
described above

6 Position outer ring so that it is square Tum nuts on bolts until
snug. Do not overtighten as this will cause panel edges to bow
apart between bolts.

4.0 EXCAVATION OF TRENCH

Ihe area to be tested should be level with a slope no greater thaii 4" over 12'
Slopes of this magnitude are dffficult to detect by eye, so a surveyor's level should be
used tc) check elevations. ffigh and low areas should be noted so that trench depthin, these
zones can be adjusted to keep rings level.

Procedures for excavating, trenches are described below.

4.1 -OUTER RLNG

I. Set the outer ring on the area to be tested so that it is square

2. Scribe a mark on the ground along the lower edge of ibe ring.

3. Lift ring and place it aside while trench is being excavated.

4. Place the edge of a 2x4 along scribe marks and paint, a line on the
ground. Extend line approximately 5' beyond each corner. This
will help in alignin trenching machine. .

5. Use a trenching machine to excavate the trench (Ditch Witch
Model No 1010 or equivalent). Select a machine that makes as
narrow a trench as powible, no more than 4" - 60 m width- The
naxrower the trench, the less grout needed to fffl it. Align the
trenching machine with the boom over the pamt line. The side of
the trencher whach removes the excavated dirt should be pointed
away from the test area. Offset a 2x4 so that it is parallel to the
paint line and aga= the wheel of the trenching machine inside
the test area- Paint a line along edge of 2x4 to mark its position.
Use the 2x4 as a guide by keeping the wheel of the trencher
against it while excavating the trench- Excavate so that the
deepest point is 18". Limit the amotuit of over excavation at
comers as ihis will only increase the volume of grout needed-

In some soils, several passes may be needed to reach the required
depth. Typically, the higher the plasticity index, the greater the
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number of passes Loose soil in bottom of trench and packed in
comers should be removed by hand.

6. Once trench has been excavated and loose material removed,
carefully place outer ring in trench to check fit Make
adjustments as needed The ring should be level (±I") After
adjustments are made, lift ring out of trench and set aside Cover
trench to keep soil from drying while grout is prepared.

4.2 rQN-ER RriG

I. Center fiberglass inner ring within outer ring- Scribe a mark on
ground along lower edge of inner ring.

2. Note the onentauon of inn ring and set it aside. Also lift outer
ring and place it aside. Cover outer ring trench to keep from
drying.

3. Use a brick hammer (mason!s harnmer) to excavate a narrow
trench. Trench should be approximately 2" wide and 6" deep
When using brick hammer, it is best to start by digging down
several inches in one spot and advancing trench forward by
chopping down on soll- Try not to pry soil up as this tends to lift
up large wedges, open cracks, and causes the trench to be
oversized . 1

4 Place the inner ring in the trench to check the fit. Excavate any
areas where the ring does not fit. Use a surveyor's level to check
elevation of the corners of the ring The inner ring should be
level or tilted so that lower end is slightly below horizontal. If
lower end of ring is above horizontal, air may be mapped in
when ring is filled with water.

5 Set the ring aside and cover the trenches.

5.0 INSTALLATION OF THE RINGS

5-1 PREPARAnON OF GROL71

A product sold by American Colloid called "Volclay Grout" works well for sealing
the rings. Between 15 to 20 bags of Volclay Grout are needed for 4" wide by 18" deep
trench. lf this product is used, add between 15-20 gallons of water per 50 pound bag
The most convenient way of mixin the grout is to use a 4 bag grout mixer. Two bags of
grout can be prepared at a tune. Frrst add 15 gallons of water to the mixer and then
slowly add the grout . Adding the grout too quickly will result in a mixture with large
chimps. Add 15 more gallons of water and then add the second bag. Add additional water
as needed until the grout flows easily

5.2 01-37M RING

1 . Prepare enough grout to fill the outer ring
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2 Remove the cover trom the outer ring trenches and clean all loose
dirt out of the trench.

3 Use a wheelbarrow to place grout in the outer ring trench Use a
sheet of plywood from the outer rmg cnate as a splash board to
guide grout into trench and from getuag on ground inside the
trenches

4. With one person at each comer of the outer ringr,, lift it and
center it over the trench Slowly push the rmg in place while
keeping it level- Once in place, use a trowel to push the grout
aga= both the inside and the outside of the ring , particularly at
the comers, to obtain a good seal.

5. Pile loose soil (12" high) all around the outside edge of the outer
ring (Fig. 3) This berm will prevent the nng from bowing and
will keep grout from being pushed out of the trench when the ring
is fffled with water. The berm also serves to insulme the outer
ring which trunanizes temperature chang,,,e s in the water.

5.3 LNNER RING

I Prepare a tbicker mix of grout for the inner ring trench-

2. Remove the cover from the inner ring trench and clean all the
loose dirt oui of the trench. Also clean off the surface of the area
sumunded by the inner rirg, trench.

3. Fill the trench to within 314" of the top. Rod the grout to remove
any ak pockets

4 Lift the inn r ring and center it over the trench. Lower it into
1he trench and push it down into place Use a surveyors level to
check the elevation of the corners of the ibV, Make sure that the
lower end of the ring is not tilted or raised above horizontal as
discussed before.

5 Use a trowel to press the grout against the outside wall of the ring
in order to obtain a good seal.

6 Cover the grout to prevent desiccation.

6.0 TENSIOMETFYS

If it is desired to know the position of the wetting front during
infiltration, it is recommended that tensiameters be used. A description of
tensiometers and installation procedures are given in Appendix A-
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7.0 SýNTLL GAGES

If the soil has a high potential for swelhncr it is recommended that swell be
measured during the test. Swell can be measured by monitoring the vertical movement
of the inner ring during the test. As the soil beneath the inner ring sweUs, it will lift
the inne ring A procedure for momtormg swell is described in Appendix B

&0 FULLNG THE RINGS

It is best to fill the rings slowly so that the seal can be checked for leaks It is
much easier to repair a leak when the water level is low than when it is high.

When filling the inner ring, it is important to realize that water causes an uplift
force to act on the ring. If the ring is flUed to too high a level, the uphft forces can lift
the ring out of the ground- For this reason buckets of water are placed on the inner ring
before water is is added to it.

The general procedure for filling, the rings is as f6flows First, the inner ring is
partially filled and let to sit to check its seal. Next, the outer ring filled. The ports on
the inn ring are left open so it will fill as the water level in the outer ring rises

The fittings are attached to the inner ring after the outer ring is filled- The
cmder blocks are used to provide a place to stand when attaching the fittmags Place
several cinder blocks on the ground in the vicinity of ports on the inner ring Also place
several cinder blocks on the ground just inside the outer ring to provide a place to lay
the flexR)le bag during the tm

Detafled instructions for filling the rings are given below

8.1 IINNTER RING

1 Fill two buckets with water and place one on each corners of the
low edge of the mner ring Make sure that the buckets are placed
on the edge of the ring and not in the cente as this may cause the
fiberglass to crack Try not to spill any water around the inner
ring as this will make it difficult to check for leaks around the
seal later on-

2. Invert one bucket on the ground near the ports on the inner ring,
Fill a second bucket with water and place it on the inverted
bucket.

3. Cut a length of the flexible tubing long enough to reach from the
bucket to the top port. Use this uibe to siphon the water from the
bucket to the inner ring. Siphon a total of three buckets (15
gallons) of water into the inner ring.

4 Let the water in the inner ring stand for at least 30 Min. Check
for leaks in the min ring seal and repair any that are found-
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8.2 OU"MR RLNG

I Place a piece of plywood from the outer rmg crate on the ground
between the inn and outer ring Place a b;cket on the plywood-
Put the end of the hose that is to used to fill the rings into the
bucket.

2. Slowly fill ihe rings at a rate that will riot scour the soil

3. Should a leak occur, repair it by pushing down on the grout on the
inside edge of the outer ring first, then pressing down on the
grout along the outer edge.

5. When the water level is at the top port on the inner ring, stop
filling and allow the water level in the inner ring equilibrate
with the watex in the outer ring.

6. Continue to fLU the outer ring until the water level is
approximately four inches above the top port on the mr ring (a
depth of approximately 12*). Use a board or shovel handle to
gently tap the inner ring to chslodge air bubbles that are trapped
inside. Continue tapping on the inner ring until bubbles cease to
emerge from the top port.

7. Remove the buckets from the top of the itmer

9.0 a"STALLATION OF FMTqGS

Before installing any fittings into the ports of the inner ring, check that all the
threads are wrapped with teflon tape. Screw fittitigs in slowly at first and check that
they are not cross-d=ded. The threads in the fiberglass can be swipped easily. Also,
do not overtighten the fittings as this may crack the fiberglass-

Detailed instructions for installing the fittings are given below.

1 . Find the plug fitting and install it in one of the lower ports.

2. Find the two fittings with the barbed hose connectors. The
straight fitrmg goes in the lower port and the elbow fitting, goes
into the top port. Saturate the fittings before connecting them to
the inner ring.

3. Cut two lengths of tubing, one 3' long and the other -P lonor,

4. Place the two pieces of tubing under water to Saturate them. Be
sure that all the air is removed from the tubing before connecting
it to the inn ring Any air remaining in the tube will be drawn
into the inner ring.

5. Push one end of the long piece of tubing onto the top port fitting
Find the smaJI brass plug fitting and insert it into the other end of
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the rubmg This tube is the flush tube and is used to purge air
that has become trapped in the inner ring

6. Connect the short piece of tubing to the lower port fitting This is
the inlet tube through which flow measurements are made Fix
the open end of the tube to one of the cinder blocks near the wall
of the outer ring. Be sure the end of the tube does not float to the
surface and suck in air or fall to the bottom and suck in mud.

10.0 COVERLNG THE RINGS

The rings should be covered throughout the test. Its best to construct a cover of
plywood, 2x4's, and insulation. The primary purpose of the cover is to minimize
temperature change of the water in the rings, block sunlight, and prevent from wind
blowing over the water surface. Supplies and material for buildinýg, a cover are given in
Appendix C.

11.0 DATA COLLECTION

The data collected during the test includes flow measurements, water
temperature, water level measurements, swell measurements, and tensiometer
readings Sample data sheets are attached to these instructions. The procedures used to
collect these measurements are discussed below.

11.1 FLOW

Measurement of flow dirring, an SDRI test is made using a flexible bag The bag is
filled water, weighed, connected to a port on the inne ring, and submerged in the water
of the outer ring. Any water that flows out of the inner ring into the ground win be
replaced by an equal amotint of water from the bag. Period=Hy, the bag is removed and
weighed to detmm:me the amount of water that was lost.

Besides convenience and simplicity, a key feature of using a flexible bag to
measure flow is that a constant pressure difference is mnintained across the wall of the
in= ring. Consequently, the inner ring does not expand or contract when the water
level changges in the outer ring.

The flow measurement data is used to construct a plot of inflitrawn versus time.
For unsaturated soils such as compacted clay liners and covers, infiltration decreases
with time at first, changing rapidly at the beginning of the test, and then eventually
becommg constant with time as the soil becomes saturated. Consequently, more frequent
readings are needed at the beginning of the test and less frequent readmgs are need as the
flow rate becomes steady

Typically, flow rates at the beginning of the test (< three weeks) range from
1000 ml to 3000 ml per day. One reading per day has been found to be sufficient during
this time. When infiltration stam to level out (three to four weeks) one reading in
several days is all that is necessary.
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Temperature changes of the water in the inner ring can introduce si 'gmficant
error in the flow measurements A I change in water temperature can result in a flow
of 50 ml due to volume change of the water in the inner ring as well as in the inner ring
itself. To avoid ihis problean, the bag should be disconaected from the inner ring when
the water temperature is within :tl OC of the water temperature when the bag was
connected. This is particularly imporiant if the flow rate is less than 500 ml/day

Experience has shown that if the rtngs: are covered and a layer a polystyrene is
used for insulation under the cover, the temperature of the water from one morning to
the next does not vary by more than 10C. More consistent readings are obtained if they
are taken on a 24 hour basis and the bag is connected and disconnected between 7ain and
9am. It should be noted that the water temperature may change by several degrees
during the day but that these cyclic variations are only a problem if readings are made at
different temperatures Allowing the bag to remain comected until at least 1500 ml of
flow has occurred also helps to Tninimi e the effect of temperature changes on the
measurement of infiltration rate

The bag should never be allowed to empty when connected to the inner rmg When
the bag empties, a suction wifl develop in the inner ring and it may jepoardize the seal.
The most likely time that tie bag will empty is at the beginning of the test when flow
rates are not known. For this reason, the bag should be checked often when first
connected. An initial reading should be made after several hours so that a flow rate can
be calculated and an estimate of when the bag will empty can be made

It should be noted that it is not necessary to have the bag connected to the inner
ring continuously. If the flow rates are high, (>3000 ml/day) it may be more
convenient to connect the bag up to the inner ring for several hours a day and let the
inlet tube open in the outer ring for the remainder of the time. Whether the inlet tube is
connected to the bag or open to the outer ring does not affi:ct the infiltration rate. Just be
sure if the tube is left open that it is propped in such a way that it does no suck in air or
soil. If it is desired to measure. flows greater than 3000 ml/day, a tee fitting has been
provided so that two bags can be connected to the inlet tube at once.

Detailed instructions for using the bag given below

11.1.1 Filline the- bag.

1 Fill a bucket or a 5 gallon water jug with water and allow to stand
for 24 hours to degas.

2. Cut a piece of flexible tubing long enough to reach from the
bottom of the jag, or bucket to a fleod-ble bag laying next to it

3. Connect the tube to the valve on the bag and siphon water from the
jag into the bag until it is filled.

4. Lift the bag above the water mn-face in the jug. Hold the bag with
the inlet port at the top and squeeze it to remove all the air.
Squeeze the bag long enough to force the air out of the tube and
then lower the bag so that water will flow back into it. Repeat
this process until all the air is removed.
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5 Once all the air is removed, fill the bag slightly less than full and
shut the valve. Avoid completely filling the bag so that the water
in it is under pressure.

6. Dry the bag and valve -thoroughly If small amounts of flow are
expected (20 ml or less) then be sure that the tube connector
remains fall of water-

7 Weigh and record the initial weight of the bag to the nearest gram

11-1.2 Connecting the bga to the inige . -

1. Connect the bag to the inlet tube as follows. Lower the bag into
the water of the outer ring Onent the valve so that the tube
connector is pointed up Flick the tube connector so that any
entrapped air bubbles will be removed from it. It is important
that no air bubbles are present m the tube connector or bag as
they will be drawn into the inner ring or may even block the flow
of water from the bag to the inner ring With the bag completely
submerged push the tube connector into the mlet tube Lay the
bag flat on the cinder blocks Be sure to position the valve so that
it is not folded back onto the bag and possibly pinching off the
flow path-

2. Start flow measurements immediately as follows. Use the
attached data sheet and record the date and time next to the mitial
weight of the bag Carefully open the valve and allow flow to
occur.

3. Periodically determine the arn tint of flow that has occurred as
follows. Carefiffly close the valve and disconnect it fmm the inlet
tube. Be sure to close the valve before handing the bag. Also, be
sure to prop up the open end of the inlet tube for the reasons
mentioned previously. Record the date and time that the valve
was closed . Remove the bag from 'the inner ring, dry it
thoroughly, and record its weight. As before, make sure that the
tube connector is filled with water to be consistenL Sub=ct the
final weight from tne imnal weight to obtain the amount of flow
that has occture4.

4 Refill and reweigh the bag if necessary and connect it to the inner
ring. Always check to see that the valve on the bag or the inlet
tubing has not become cloged. With time, algae may grow in the
tube. If tbas is the case then the tube should be cleaned or
replaced.

Two bags have been supplied. If flow rates are greater than 3000 ml/day, both
bags can be connected to the inner ring at the same time by using the tee fitting(Fig 4)
that has been supplied. If the flow rate is less than 30DO n3l/day, the extra bag can be
filled and weighed in advance so that it can be connected to the mlet tube when the other
is removed. By doing this, only one trip to the ring is needed to take a readi a
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When connecting a bag to the inner nng, be sure that the valve is closed. If the
barg., is accidentally lifted out of the water with the valve open, it is possible to lift the
inner ring out of the ground or rupture the seal. Each inch of head of water produces an
uplift force of about 125 pounds on the inner ring, so holding the bag several inches
above the water level with the valve opened can easily lift the inner ring out of the
ground.

11.2 WATER LEVEL

The infiltration rate vanes with the depth of the water level in the outer ring.
For this reason, the water level should be recorded each time a flow measurement is
made. Water should be added to the outer ring occasionally in order to keep the water
level to within ±112 inch of the initial level. A scale taped to the inside wall of the outer
ring Tn:;I- s it convenient to monitor the water level.

11-3 TEMPERATURE

The temperature of the water in the rings should be monitored closely for
reasons disewsed previously. If temperature is monitored with a thermometer, then
measurements need to be made as close to the inn nnýg, as possible The recommended
procedure is to put the thermometer in a soda can and then place the can on the ground
next to the inner ring. Remove both the can and the thermometer to take a reading. The
water in the can should remain at the same temperature as the water near the inner ring
long enough to take a readmg.

11.4 PURGING AIR FROM Eleý RING

During the test, it is possible that air may rise out of the soil and become trapped
in the inner rmg This arr should be purged from the umer ring and an estimatc of its
volume made. If the volume is significant (>20% of flow since the last time the ring was
purged) the infiltration rate should be corrected to accotuit for it.

The procedure for purging the irm ring of air is described below-

1 Disconne t bag inlet tube. Use a board or shovel handle and gently
tap on the inner ring to get the air bubbles to rise to the flush
port.

2. Lift the flus]i tube out of outer ring and lay end of tube on the
ground. The end of the tube needs to be below the water level so
that water can be siphoned out of mn rn3g.

3 Remove plug from end of flush tube. Water and air if present
will start w flow out of inn ring. If air completely fills the
tube, the syphon will be IOSL If this happens, submerge end of
tube in water of outer ring and work air out of tube. Once the
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tube is saturated, place plug in end of tube, lift tube out of nng
and place on ground. Remove the plug and allow water to flow
from end of tube (if tensiometers are being used, the hand pump
can be used instead to restart the siphon by pulling a vacuum on
the end of the tube)

4. Allow water to flow from end of tube until air ceases to emerge
from inner ring. Replace plug in end of flush tube and place tube
back into outer ring.

5. Wait at least 30 mTn before taking any flow measurements.

Purge the in= ring on a -weekly basis until no significant amount of air is found-

12.0 DATA REDUCTION'

12.1 rqFILTRATION

hfiltration (1) can be determined as follows-

I - Q/(At)

where-

I = infiltration (cm/sec)
Q = volume of flow (cm3)
A = area of flow (cm2)
I = time interval m which Q was determined (sec)

Two factors that can have a significant effect on the infiltration rate are
temperature changes and sweffing of the soil- If either are significant, the infiltration
rate should be corrected to account for it The total flow (Q) that is measured is the mrm
of the following.

Q - Q, + Qs +Qt

where

Qi = flow due to infiltration

Qs = flow due to swell

Qt = flow due to temperature changes

The infiltration rate corrected for swell and temperature changes is.

I - Qi I At

where:
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Q, = Q - Qs -Qt

Temperature changes can be raman, ed as discussed previously and consequently,
Qt is seldom significant.

The remaining portion of flow to consider is Qs, the flow due to soil swell. The
process of water infiltratmg an unsaturated swelling soil is complex and difficult to
analyze Presently, there is not an accepted procedure to account for the effect ot soil
swell on the infiltration rate. The author is of the opmLon however, that a close estimate
of Qs can be obtained as foflows Fnst, it is assumed that any volume change that occurs
is vertical- Second, it is assumed that all of the additional volume generated by the
swelling soil is filled with water that infiltrated the soil. Based on these two
assumptions:

Qs = Ah x A

where

Ah = vertical swell of soil beneath mner ring

A = area of inner ring

12.2 HYDRAUMC CONDUCTIVITY

Hydraulic conductivrLy (k) m the saturated zone can be determined as follows:

k = Q/(iAt)

where-
Q = volume of flow (cm3)
A = area of flow (cm2)

t = time interval in wb-Lch Q was determined (sec)

1 = gradient
= Ahl As

Ah = head loss

As = length of flow path for which Dh is measured

since.

I = Q/(At)

then

k = Ili

The determination of k depends on calculating a value for the gradient (i). Unue

the calculations for I and 1c, the determ3nation of i is not straight forward. The

pnrameters; used to calculate i for a typical infiltration test are shown in Fig. 5. These

parameters are used to calculate the gradient as follows-

(H + D + Hs) / D
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where

H = depth of water ponded in nnre,.,s
D = depth to the wetting front
Hs = suction at the wetting front

There are differing opinions on what value should be used for Hs One view is
that Hs should be equal to the ambient suction in the soil below the wetting front. The
ambient suction can be measured with tensiometers can be quite high, yielding values of
Rs as lugh as 700 cm. of water. Another view is that Hs should be equal to zero, ie the
suction in the soil at the wetting front. has no influence on the infiltration rate, Hence, if
the position to the wetting front is known, the gradient is simply (H + D) / D.

The author fetls that the second view (Hs = 0) yields a close approximation to the
actual gradient Measurements made at several sites have shown that the drop in
infiltranon rate versus time can be accounted for by the increase in D as the wetting
front moves through the soil. If suction had an influence, a much larger decrease in the
infiltration rate would have occurred.
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APPENDIX A

TENSIOMETER DESCRUMON AND LNSTALLAnO-N LNSTRLCTIONS

A schemntic of a tensiometer is shown in Fig. 6. It consists of a sealed plastic
tube with a porous tip on one end and a vacuuin gage on the other 'Ihe tube is filled with
water and then sealed. Operating instructions have been included with the tensiometers
A preferred method of installation however is described on Fig 6. Disregard the
installation procedure desc:ribed in the trianufacturer's instructions. Driving a pipe may
crack the soil and open up flow channels.

Tensiometers work as follows If the soil is unsaturated and there is good contact
between the up and the surrounding soil, watcr will be drawn out of the tube and the gage
will register a suction. As the wetting front passes the the tip, the suction will decrease
and water will reenter the tensiometer until the suction goes to zero Good performance
of tensiometers depends on saturating the tensiometer and achieving good contact between
the tensiometer and the surrounding soiL

It is recommended that nine tensiometers be used, three at each depth of 6", 12",
and 18". A s;uggested layout for the tensiometers is shown in Fig. 7. Auguring a hole and
pushing the tensiometer in place is preferred to formtrig a hole by driving a pipe into the
ground-
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APPENDIX B

STATMI, NffASUREMEN"IS

An arrangement that can be used to measure swell is shown in Fig. S. Tlus
arrangement consists of stretching thin wire between two fence stakes that have been
driven into the ground close to the outer ring. The stakes are aligned so that the wire is
positioned directly above two handles on the in= ring. The wire serves a a reference
elevation to monitor upward movement of the inner nng. A swell gage is used to
establish a reference distance between a reference mark on a hantile and the wire. The
swell gage consists of a dial gage mounted to a rod. The position of the dial gage on the rod
is fixed.

It is recommended that two wires be used so that the elevation of all four handles
on the in= ring can be monitored. A olt can be attached to the handle by driffing a 3/8"
hole through the handle The bolt head can serve a reference point for the end of the
swell gage rod. Ininsil readings are. taken before the rings are filled to serve as a
reference It is also recommended that the elevation of the wires be surveyed and
referenced to a benchmark located away from the rings. If a discrepancy occurs in the
readings, the wre can be surveyed to check that its position has not changed.
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APPENDIX C

COVER DESCRIPIION

It is highly recommended that a cover which insulates the nngs and blocks
saiffight is be used durmg the tesL A cover consistmg of plywood, 2 x 4's, and msulanon
is shown in Fig. 9.
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Fig. 9a. SDRI Cover
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TENSIOMETER READING - CENTIBARS
DEPTH - 6" DEPTH - 12" DEPTH - I B"

DATE TINE GROUP i GROUP 2 moup 3 AVG GROUP I GROUP 2 GROUP 3 AVG GROUP i GROUP 2 GROUP 3 AVG

memo"

PROJECT:. NOTES:

P"OMETER TYPE:
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DATA FQFIM FOR SQR1 JEST I -= QUAU
Project: I Infiltration (cm/sec)

Inner ring Into: 0 quantity of flow (MI)

outer ring Info: I Interval of time (see)

Liner thickness (cm) A area of Inner rina (orn 2)

Initial Final interval of Initial Final Wit ouan of Infiltra- Water
time Time Time W1 of flog of Bag Flow lion Temp, Depth

DaIL- MAM (gar.) Infamal- i(Ilauls, (MI) (C'MIARr (C) -110

NOTES:
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THE STEI TWO-STAGE BOREHOLE FIELD PERMEABILITY TEST



THE STEI TWO-STAGE BOREHOLE
FIELD PERMEABIUrY TEST

by: Gordon P. Boutwell, PhD, PM
Presp-nted to

'CONTAINM= LINER TECHNOLOGY AND SUBTr= Dw
Semin Sponsored by

Geotechnical Commfttee
TAML BrAnCh,,A.SCE

Houston, Tecas - March n, LM

SYNOPSIS

In 1991, the T=as Department of Health began reqnhing field verification ofthe bydrau]ic
conductivity for the waste-retention barriers under its jurisdiction. 7he TDH has approved
two procedures: the Two-Stage Borehole (M) method and the Sealr4 Double-Ring
Infiltrometer (SDRI) method. Ike TSB mettiod is dixassed, here=

It is a f0ing-head infiltration test conducted in a aLsed borehole, typically 4 inches in
diameter. The first stage is performed with the bottom of the hole flush with the bottom
of the casing for T=drax= effect of vertical Permeability (1Q. After steady-state is
achieved, the hole is advanced same 6 to 8 inches below the bottom of the =sing so that
horizontal penneability (kt) has a greater effect. The two stages yield the following:

Stage I - The Tan aum possible value for (k,).
Stage 2 - The mmimam possible value for (kb).
Stage 1 + Stage 2 - Constants for two equatioms which can then be solved for the
real (k., k,).

Procedures are available for redaction of the data in the cases of both above and below
water table testiag, and for the bo 11 - boundwy conditioxis of a material far more
permeable, equally perraeable, or far less permeable tl= the medium being tested. 7be
test has been successful in evaluating both compacted and nataral materials with
permeabilities as low as WO(-9) =/sec.

Ile major test precantions include proper sealing of the casing along the outside, accounting
for temperature effects, and correctiixg for sidewall sumear during the second stage, The test
is quick, simple, and relatively hiaxpensive. It allows rt=lts in days, rather than mondis.
Multiple installations are feasible so that statistical confidence can be achieved. It is
recognized in the literature, mcluding U.S. EPA public==% and accepted by many State
regulatory authorities.
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I. INTRODU ON

Clay barriers are an important. component of waste retention stru, Their priniary
geot-Mchnical characteristic for this use is bydrauHc conductivity, -whichTmist be verified
during the Construction Quality A:ssurance program Until recently, practice relied on
laboratory testing of -mrall (7 to 10 cm. dianieter) undisturbed samples taken from the
barrier or a similarly constructed tea pad. Day and Daniel (190) reported conductivities
measured in the field which were,3 to 4 orders of magnitudehigher than they obtained with
laboraWrY tem While that study was justly criticize4 the horsc was out of the barn and
regulators all over the country galloped urto field testing for bydranlic conductivity
evaluation at waste facilities.

From the regulatory standpoi3t, a test procedure should be accurate and avoid false
positives, Le., not indicate comphance with the specified conductrvity Whenthe liner or pad
truly has a higher value. Tbis normally means testing a large soil volume searcbing for the
ehisive ffmacroPoree which are thought to evade, somehow, even numerous laboratory tests.
Ile regulated community wants the ac=acy and avoidance of false positives for their own
protection, but also wants to mmimize testing tunes (and costs), and to avoid false nega=es,
both for economy. - --- C

In about the last two years, two methods have become accepted as meeting these criteria
to a satisfactory degree: the Sealed, Double-Ring Thfiltrometer (SDRI) and the Two-Stage
Borehole CM) procedure. Each has its stronger and weaker points (see Daniel, iggg).

IL iASIC CONCEPM

The vertical conductivity (k,) governs flow, even in sidevma Nn if bUilt in the preferred
rn2rner. lifts parallel to the slope. However, the horizontal conductivity (Izý) is greater tlian
the vertical All field tests are aff=ted by this mrsotrojV, unless flow in the horizontal
direction is artificially blocked,- the effect is to increase the test conductivity by factors Of 2
to 5 over the real (IQ value. Eq=ons for flow from various so=ce geometries in a cross-
amsotropic medium are available in Evorslev (1951). However, each equation has two
unknowns: (kj and (mý = ktA).

7he TSB procedure combines four old concepts hito one new idea to find (k,). The field
procedure is taken from long-established US Bureau of Reclamation methods: their flush-
bottom borehole test (E-18) and borehole packer test (E-19). Con4nrtations are based on
the Hvorslev equations adapted for various bottom boundary conditions by the three

Image Potential Technique (Carslaw and Jaeger, 1959). The new idea is
Performing both USBR tests in the sam borehole, yielding two equations which can be
solved for the two unknowns, ocb) and (kv).
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1he TSB is a field inffl=ation test, conducted in a cased borehole so that the geometry of
the inffitrating zone can be controlled. It is normally conducted as a faT7;r ead test The
basic idea is to vary the geometry of the infiltr-aling area so as to vary the relative effects
of (kb) and (k,). In the first stage, the geometry is chosen so that (k,) has its maxim-nm
effect. The second stage geometry is such That (kt) lias its mmimarr effect. Mie results Of
the two stages yield two equations in two unknowns (Jrt, 1Q, which can then be solved. Mjjs
concept is Mus=ated on, Figure 1, below:.

If

DWINITE FDCM IMAGE SOURCE

SMLGE I STAGE I FIGM 1 WAGE POTENML TECHHIQUE

FLOW PATTERHR- TWO-MGE CONCEPM CCONWM Wbfte Modkm Ca" So Somaded Uodkm A1kj4rvtr0

Stage I is normally corulucted using a flat bottom flusli with the base of the casing.
Infatration proceeds until a steady-state flow conditica is achieved. Then, the borehole is
advanced some 15 to 2 auing diameters (6 to 8 inches) below the bottom of the casing.
Thý apparatus is ref Med, and infiltration in this Stage. 2 continues until, it achieves steady-
state-flow.

D=mg the test, the soil is assumed isotropic k.). Stage I then yields an apparent
permeability (K-1), and Stage 2 a different value (KZ). 7he unknown ratio OV]c,) is -a
unique function of the known test geometry and the Inown test ratio (rz/xi). When the
former is determined, the real (k,, ki) can be computed from (KI) or (M).

IIL MELD PROCEDURES

As is the case with virmaHy all field tests, and especially field pexm2eability tests, the field
procedures are of paramount importance. 7be most diligent office analyses carm t
overcome all of the problems resulting from improper mstal-ition, inadequate monitoriTig,
premature test terminatioa, a-ad the Hk&

3 1 Test Prog[am D=m. The test program should be designed to meet the conditions
assumed in denving the data reduction equations so that meaningful results can be obtained.
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3.1.1 Vertic-al BoundaTies Certain clearances are required between the inffitating
surfa= and any boundaries, pervious or impervious. 7hese can be summar=ed as:

a. Mninican casing embedment below ground surface 2-5D
(Prevents uplift, Tn k1draulic ftcturing)

b. Minizaran thiclaiess of tested miateri2l. below bottom of Stage Z= 2DD
(Avoids violatin boundary conditions of equations)

C. hEmimum. recommended Stage 2 extension
(Avoids theoretical problems at finite but smnll L/D)

D Casin inside diameter
L Length of Stage 2 extension

3.12 Horizon-tgl -Sl2acin It is intoidvely obvious that the tests must be spaced K&r
enough" apart so that their flows do not interfere with each other causing a falsely
low permeabffity. Also, the presence of a drainage boundary (such as the edge of a
test pad) which is 'too close" to the test will increase the flow, yielding a falsely high
permeability.

7bis can be avoided byTanintainin at least the following clearances:

a. Afinimum, ho=ontal distanm between tesu = 30D
b. Minimum horizontal distance to kee, surface = 30D

3.1-3 Number =d Size of The Tmm er of tests required for evaltiatLon
depends on. the project, the acceptance criteriaý and the vari2bility of the st-atum/fUi
being evaluated. As in vuiuaUy any other geotecbnical testing; mthe bigger the
better'.

llowevq, the general pra efice bw been to use 4-Inch (ID) tests, with 5 tests
for the typical Uner or test pad.

'Me scale effect, if any, of test size has not been fully researched. Viramlly all of the
known tests have been conducted using 4-inch (10 on) IOD casings. These tests
typically permeate a volume of some 0.4 - 1.1 cubic feet each, or 2 to 5 Cubic feet for
a 5-test group. Benson (pers. comni, 1991) indicates that the
representative volume for a permeability determination is on the order of 0-5 - LO
cubic foot. This is about the vohune perm by a typical TSB tesL

3 14 Otber Details. nere are a few other details in test planning which should be
considered. Among these are:
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a. Protect the test area surface from desiccation, usually with Sl-ea-r or
white plastic.
(Avoids heat-inducad problems).

b. Use a Isocle to prevent collapse of the Stage 2 open hole in susceptible
materials. 7he sock is a rigid cylinder of open-mesh plastic, lined with
a filter geofabric. The cylinder is somewhat smaller in diameter than
the casing ED (and thus the Stage 2 hole), and an inch or so longer
than the extension for Stage 2. It is fitted with retrieving lines and not
left in the hole after the tesL

C. Minimize the distan (R). from the ground surface to the bottom of
the measuring scale, especially for shallow tests. This also aids in
having the longest possible reading time between standpipe refills and
avoiding hydraulic fraicturing.

d. Match the standpipe size to the flow rate so that accuracy is achieved
but overnight readings are possible. For a 44nch casing, this usually
means -a OZ - 0.75 inch ED standptpe.

32 PeTmeameter Installation. Proper installation and checIdng the permeameters are viW
to obtarnir, a valid test. Various field techniques have been developed through experience
which problems Ilese techniques are discussed in this section.

3al Permetameter. A rypical permeameter is iUnstrated on Figure 2. The
apparatr is simple; the permeameter can be assembled wfth a visit to a water-well
drMer and ahardwa3e store. Theelernen for a falling-heari system are:

a. -Casin Typically 44nch ED Schedule 40 PVC monitoring wen pipeý
flush-threaded, with 'O%Ring joint. Other casings can be used.

b. jC-!aL- To fit casing, preferably domed, and drilled and/or tapped to
receive Ihe standpipe apparatus.

C. St2ndpine. Ckar Schedule 40 PVC or acrylic tube, 0.5 to LO inch ID,
with scale. Include e5ow with cover (having air-vent) to prevent rain
entry and minimize evaporation.

d. Fittings The small fittings necessary to assemble the apparatus.

All joints which are not glued are assembled with 1= Plumber's Tape and sfficone
grease Unt sealant).
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322 Bombole, Ile casing is set into a borehole. ne holes have been drMed using
rigs, power-operated hand eqwpment, and hand augers. The device depends on
depth and hardness of material. Ile hole xmist have a laxge enough diameter to
allow sealing the 2=1:z space between the borehole vmIl and the casing. Also, it
Trmst not dis=b the sails below the ca-zin bottom. 7he bottom =st also be fi=
Experience has shown the following to be accepuible:

a. Borehole diameter at least 2 inches greater than the casing OD.
(To allow sealant to reach the bottan and for tamping). -

b. Stopp-obLt of auger about I inch above proposed casing bottom.
(To avoid testing in a distuýbed malmial)

C. Ream bottom of borehole to fimLal depth with a flat augep.-

The bottom of the borehole should be flat and flush with the bottom of the casing
in order to correspond with Hvo=Ws (or H-1) Case'W or 'C" for Stage L

32:,,Z -Sealin This Is -the smgle most imp r, step in installation. A poorly sealed
test caTm t be salvaged. The nrTmIa spa,= betwe= the casin and the wall of the
borehole is sealed vath bentonite. Best results have been auained using 1/4! (not
3/8* or larger) b mte pellets or crushed bentonite, (Baroid 'Hole-Plue or
equivalent). Ile procedare, Mustrated on Figm-a 3, is.

2. Crash suMcient pellets, 93m-Seal", or 91ole-Plue to MI about 1/2
inch of the annulus. This should haTe about 1116K size ft-agments with
some powder.

b. Place this material into the annular sl3am

C. Place about 1/2 inch of bentonite peElets or wHole-Plue into hole,

d. Tamp the bentonite pellets or Mole Flue,

e. Add water until it shows above the bentonite,

L Repeat the process (but using only the pellets or 'Hole Plug) in I Inch
in ents to the ground surface or a minimum of 6D above the casing
bottom, whichever occurs ftst. Grouting above the 6D level is
allowable.

9. Allow the Inntonite (and grout) to hydrate at least overnight.



PAGE 8

The casin must be steadied to prevent Lateral motion while scaling. The bentomte
seal is then allowed to hydrate pvernight before any head is applied to the systenL

aa4 -A-dy-anging for S= Upon completion of Stage 1, a borehole is advanced
below the bottom of the casing to forni the cyftuý hiffitrating surface for Stage
2. Ihe important points are:

a. Do not disturb the casin - that can. affect the seal.

b. Borehole dianieter should equal casin ID.

C. Stop point of auger about 1 inch above proposed Stage 2 bottomL
Rem flat and measure depth.

d. Roughen the sidewaM to mbbnize smear.

I'bis portion of the work is na=any hanffied, with hand eqaipment. The first step
after removing the cap is to empty the casing of water (tests above groundwater level
or where no seqnge- was noted druin Stage 1 cinHing and/or sealing). It is
frequ=tly useful to obtain an und:istarbed sample dm-mg this process, using ASTM
D2937 or D1587. However, undistuxbed, sampling should not be pezforined if the
material being tested contams gravel-sized. paracles; they can, disturb the sidewalis
during the push or driving. After or in lica of undisturbed sampHng, the boring is
angered untl the Mj= of the anger is about 1 inch above the desired bottom for
Stage 2. Ihe auger should be at least 1/2 inch in diameter smaller than the casing
ID. The boring is then completed tc) depth and diameter with a flat-bottomed
reamer.

The reamer is designed to mininiize sidewall smear, having hill. casing ID only at the
cutting edge. The sidewalls are then roughened with a wire brash or shnila device,
a procedure also recommended in USBR E-I& This step must not be omitted, since
one of the sipfficant problems enw=tered in Two-Stage testing has been artificially
low values for Stage 2 due to smear, Equations to handle smear are included herein,
but require some idea of the degree of smear.

After the borehole is completed and cleaned of cuttings, the depth is measured so
that the correct length of the Stage 2 cylinder is known. For a typical test, a 1-inch
depth error will. yield the wrong Stage 2 perniedbility value by 7 to 89o'. The cap is
then reseated, and Stage 2 begins.

3 3 Ambient -Conditign Effects. Temperature changes cause the dominant effects of
amment conditions on this test, alffiough there may be some contribution from barometric
Press=e changm Temperature changes affect the test by.
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Volumetric changes in the water and apparatis.
Viscosity changes with twirperaturr-
Fre=ng the test water.

The procedures for overcoming these effects are below.

Z3.1 - Mohmetric Mects -= At slow rates of flow, the field readings are
affected by tempezatureý as has been noted on many such projects. Rising

rature causes the water column, in the pressure/measurement qtandpipe to
expand, so that the drop in water level is less than flow alone would produm Jhe
net e5cct is a lower apparen permeability. Coiro=sely,10ing tempera=e, produces
a higher apparent pernieabffity. A normal days temperature variations can easily
car e a 0.5 to 1 order of magratude change in. the apparent permeability of low-
permeability materials.

7herefore, a complete "dammy" test setap is installed bat with the botto of the
casin scaled with a cap which is normally ghied on and pressure-tested. nis
dm=3y, or temperature efEect gauge CIEG) is of the same construction and
embedded to the sa= depth as the regular test setups. Since there is noflow from
the TEG, any change in its readings must be due to changes in the ambient
conditions (temperai=re and/or barometric pressure). Such changes would affect the
regular test SetMPS to exactly the same depm-

This coiz ction is applied to the regular tests by:

Reading the TEG at the same times as readings are taken on the
regular tesm

Deterin:ining any increase (decrease) in water levels in the T.EG
between. regalar test readings.

Subtracting any increase (adding any decrease) at the TEG from the
rendin at the regular tests for the (=ds of the same time i=enients.

332 Viscosity E&M. of Te= Perme.-Mity is norrnaIly reported as the
value for water at 20*C (68*F). The density and viscosity of liquids, including water,
are affected by temperature. The effect on permeability is in direct ratio to the
kinematic viscosity (U),which is the viscosity divided by the density. 7he kinematLc
viscosity decreases at higher temperature& 7he net effect is that the apparent
permeability is greater than the 68OF value at low temperatures. Jhe reverse a==
with decreasing temperarares. 7he effects for ordinary conditions can be from -50%
to + 159o' on the permeability value. 7he normal correction to the standard condition
is given in ASTM D5084:
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k/]cT = Rr = UT/U.

where: k, = Permeabffity for watnr at 680F
I, = Permeabfifty observed ia test
Rr = Correctiou Factor
Tjr - rmematic viscosity for teg fluid at test temperature
u., = rmematc viscosity for water at 68OF

The factors (RT) are gyLm for water at teruperatcxes betwwa freemng and 120T (0
to 490C) in ASTM D5084. See also Figure, 4 which reproduc= that data.

The temperature of the exEhm:dng water is measured by a thermometer or
therm couple in the TEG. it should extend to roughly the bottom of the casing.
ne thwmometer or the leads for the thermocouple sbould have its imm (sealed)
port into the TEG cap or casing- Rnmaing either tbrough the TEG sduidpipe could
easily affect its fimcdon of vahnnetric correction.

3,31 F-T-eezijiZ -Con-ERP:gm &W testing must sometimes proceed
wh= the air terupehzn-es are below freezing. I andfM operators often complete a
test pad in late fall, so that they will have approml. from the regulators for
constniction in the spfaý Even if the ground temperatures stay above freemng, one
amn t get de== readings from a fimzen standpipe. Three procedures have be=
used:

a. bsulate the exposed test equipmentý, exposing only to make readings.
(Only if mean daffy aw temperature exceeds freezing)

b. Use an andfiveze.
(F-dmnol as Vodka is good, but needs its own Rrm temperature graph.
Does not attack clay at 259o' or less alcohol).

C. Eleat the test units-
(Potentid for Merent temperatures - can invalidate the 7EG).

3- 4 Conducdng the Test. Ile following discuýssion is applicable to both Stageý 1 and
Stage 2. Basically, the proce-dure is:

a. FM and assemble permeameters.
(Use = tape and silicone, grease- Pour slovdy to avoid bottom
erosion).
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b. Read standpipe levels over time at the permeanteter, plus level and
temperature at the TEG.
(Levels: to 1116', temperature to 1T).

C. Convert these readings to apparent p illities.

d. Continue the test until these . Ides remain steady.

3-5 Field Calculations - Ag;m= P Ihe data from each reading is converted
into an apparent permeablMy, termed (Kl) for Stgge 1 and (M) for Stage 2. Keepmg up
with the data in terms Df a permeabMiy has a physical meanin& and also yields a better
'feer for the behavior of theTnedium being tested. If that medmm. were isotropic k = k,),
then (KlK2) would beL 'the . . 'Remember that the Objý-ctive of most field
permeability tests on regulated bacilhies is to determine that the vertical permeability (kj
of the liner is not thau some value, usually WO(-7) cm/sec, or to show that the
horizontal permeability (1;) of a drainage material is not 1= than some value, typicaRy
lxlO(-2) cm/sec. It can be shown that (KI) is the possible value for (k,) and that
(K2) is the possible value for (kb)- Hence, using thew apparent pellue2bilities
(KlXZ) frequently allows 'pass-w-fail! determiiiaton early in the testing process. For
example, (K1 <Spec) within 24 hours in 90,915 of tests where (1c,/Spec< 0.6), and 70% of all
tests.

7he equations for both Stage 1 and Stage 2 follow the generic h0lin Sý-head test format:

k = RTG Lualvqý)/(t2-t.) (3-5-1)

where: k Periýeabilfty
13ý Tnitinl head (at t=t)
Eý Fm'al head (at t=;2)
t, Tniti2l time
t2 Fmial time
G Geometric Constant, depends on test geometry
RT Kinematic viscosity correction to water at 68T

In, both Stages, the head is taken as the distance from the level in the standpýpe to the
groundwater level. The distance from the bottom of the casin to the groundwater level is
hTnit d for calculAtion purposes (only) to no more than 20 times the casm ED. If the depth
to groundwater is less thau 20 times the casing ED, the true depth is used in the calculations.
However, where the depth to groundwater exceeds this criterion, it is considered to be at
this 20-diameter depth in the calmAntions. Ibis hmitation. is derived by 3-dimensional
analogy with the two-dmiensional 'effective radius" of a well- The volunietric effects of
temperature are accounted for usin a corrected final head, replacing (H2) by CH.% where:
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c (3-5-2)

where: C Increase in TEG standpipewater level during time period
froM t, to t2

If the TEG standpipe watei level goes up between readings, (c) is positive and 03ý<H).
Conversely, (q) is negative and OiV>13ý) if the TEOT standpipe level drops between
readings- This step is not theoretically precise, bat is close enough for test purpose& The
theoreýtýical solution 3aelds a complex implicit equation in which the true pennFability is a
function of its o logarWmm However, f5or the geometry of the test setups and the
observed magnitudes of inareases/decreases, the appareat perineabilities calculated in this
manner differ from the true p by no more týan. 2 to 5 percent. The, net result
is to "s3nooth' the app2 pernmabillities. M's sm odfmg-is most apparent (and most
useful) when the soTs apparent periaeablUty is less than about 2 to SxIO(-71 cm/sec aud
especially for - all-diarneter standpipes.

7he kinematic viscosity factor (RT) used in the calcalatian, is that for the m=ge test water
temperature during the period from (tj) to (t.).

3.5-1- 5we I The nomenrJature. for the vadous terms of the Stage 1 calculations,
is illustrated on Figure 5. The proper equation. is given belovr, it -is the solution for
(k,) for an isotropic inedium. Ck.1k,= 1).

C-1-5-3)

where: d IOD of S=dpipe
D, Effective diameter of Stage 1

(Casin ID or OD)
b, Depth of tested Tnedium below bottom of casin
a + 1 for impervious lower boundary
a 0 for imfinite depth of tested inediuni. (bl=co)
a -1 for pervious lower boundaly

And the other terms are as defined 6ave. For field use, the geometric terms are
combined into a single constan

K1 = RT GI ln(H,/IV)/(t7-tl), C3.54)

where.- GI (;r&/11D)[I+a(D,/4b,)]

A complete example is giv= in the Sample Calculations, Appendix A.
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3=12 StaM 2, 7he rLomenclature for the various terms of the Stage 2 calculations
is illustrated on Figure 6. The proper equation is that given below-, it is the solution
for (k,) with the ==ption that

Y-2 = RT (&/16Lf) {Lnju(Iro)) +a Lufu(1,Tý,2VI lngý,ý )/(t2-tj) (35-5)

where: f I-M623 Exp(.1-566 L/D)

L Lemgth of St;4,,,e 2 cylinder below caging

U(I,rý-O) fL/Dý + ;1+-(L/D,)2'12

u(1,;,2b2) L-,Mtj:,,)2
4b2/D27L/1)2-ý' 1 + (4b2/D27L/D2).6

D2 Diameter of Stage 2 extension
(nam=Uy cashig 11))

b2,. Distance; from of Stage 2 extension to
vnderiyingý boundary

And the other terms we as defined previously. The factor (f) vras introdumd to
a ccount for the non-convergence of the Hvmslcv eqnations as (L- 0). For field use,
the geometne term are combined into a single cmnta=

E2 = RT (32 P 3- 0

where: G2 (&/lal) {Izýu(1,T.,o)) +a Ln[u(ir,2b2)J)

A complete example is given in the Sample Cdcalation, AM=d3x A.

3.53 7inie-Weight- Aym= Whether one uses the Laplaci= or the Green-
Ampt model for groundwater flow, there are still tmnsient effects at the begkming
of every type of field or laboratory permeability test. The observed effect is to
india3le. a high permeability, gradually decreasing to some relatively constant value
corresponding to a steuly-state flow condition. Such an effect is usually noted M. the
TSB. Iberefore, the test must be conducted Iong enough7 to achieve virtuaUy the
steady-state condition or the T=ItS will be not ody too high but also erratic. In
addition, a single value each of (Kl) and (M) must be used in the final data
reduction (Section IV).
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There is no reliable method for pre-calcalating the length of time, required to achieve
steý-state-- Rather, the observational method is used. Tho appropriate apparent
permeability (KI or K2) is calculated for each time increment, and/or over longer
periods of time; when these appear to be stable, they are checked usmg arithmetic
time - weighled. averages, e4,

where: K! = Anthmetic Time-Weighted Average (ATWA)
Permeability

711 = Time Duration of Test Increment (i)
Ki = PermeabfliV Measured during Test Increment (1ý

This is theoretica.Uy exact for a shWje ran (between refills). Tune - weighted
zveraging also provides a rational basis for smoothing the (often) aightly en-atic
individual QE1,KZ) valties from the various time increments. An example of time-
weighted averaging is given in the Sample Calculations, Appendix A.

3.5,4_ - T ý-' agion --Criteria. InEtration, theory indicates that the apparent
perme2bilities (KlK2) should forever decrease at an ever-and-ever decreasing rate.
Observations in over 200 of these tests show that a steady-state condition or a close
appr----!- .on of it is achieved in reasonable testing periods. A log-log plot of
apparent permeability versus time is usefnl in determining when steady-state is
achieved. Eventually, the ff=) plots f lucMate- about stable vahies. An example
of such a plot is given in the Sample Calculation, Appendix A. Ibis plot illustrates
the importance of fairly closely spaced reading at the beginning of each stage, which
allow separating the long-term behavior from the short-term fluctuations, Le,
enhance the 'signal-to-noze ratio.

Ia most tests, time-weighted averages become quite stable, often to within 1 to 5%.
A reasonable set of criteria for terminatmg a stage is as follows:

The time-weigbted averages do not show an. upwards or downwards
trend with time,

and

a Do not fluctual more than 10 to 20% among themselves,

and

a Maintain this behavior over a "sufficiently long" time, 12 - 72 hours
depending on permeability.
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IV. DATA. REDUCTION

4.1 -ýBasic Procedure In some cases, the (Kl!) or (M) values m3ay be adequate for the
purpose of the test. More generally, the test is performed to deternifne, the actual (k,,,k,).
Ibis section outlines haw to convert the (Kl!=) values calculated as outlined in
Paragraphs (3.5.1) and (3.5.2) into the real permeabilities Details for the common
case = covered below.

4.1.1 Simjil=cous FgMat The equations presented earlier for determining
(K=) are special cases of niore, general relationships. 'These, more general
equations define the -degree of anisotropy by the parameter:

In

Mw pammeter affects the geometric terms of the vaxious equattions. Lch stage has
its a equation vzh a different effect of (m). In a general sen e, these can be
written as:

Stage 1: k, G1= La(HyS21(tz-,ti)
KI GI 1n(]Hd13ýZ)(t2.-t)

or k, K1 (G1.1G1) (4-1-2)

whem- G1= = Geometric factor inchLding (m)

Similarly, for Stage 21,

k, (G2=/G2) (4.1-3)

If the soil niedimn being tested is homogeneous (althougýa cross-anisotropic and
possibly bounded), the vertical permeability (k,) must be the same in both ptages.
Hmice, (4.1-2) and (4.1-3) provide two equationsIn the two un]mowns (m lch/k)
and (k,). The resulting equation is:

Kr(Gl=lGl) = k, = KT(G2,./G2)

or M.I/Kl' = (G1../G1)(G`2/G2..) (4-1-4)

The standpipe area (A.) cancels for each individual, stage in (4.1-2 and 4.1-3), even
though different (A-,) values may have been used for Stage 1 and Stage 2, and even
for different portions of either stage. 1he actual equations for the geometric
constants involving (m) are gLven in Paragraph (4-2).
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Me ratio (KT/Kl') is known from the test; the actual values introduced are thelong-term tune-weighted averages, X1' and ý). Me geometric terms are alsoknOwn- Merefore, Equat'on (4.1-4) is sads&d Only for One value of (M). Due tothe complef nature 'of (4-1-4), ftLIl-and-errOr Or graphical solution works best forqm:ffic problems.

4.12 '"' . - N Me value for (M) is Obtained as Outlined above inParagraph (4.Ll). When (m) is knOWn, (Q can be calculated direzdy from Equation(4-1-2), and, by the definition of (m) in Equation (4.1-1).

k = 10? k, (4-1-5)
4.1'+-Staze I 0n1v Method, la some individual tests, the ratio = /Kr) is so lowthat Equation (4-1-4) fails to converge. Others may have so large a.=/Kr) ratiothat theDermeabi'litY values are obviously in error., (k,) is far too low and (k.) is fartoo h*L Mis is usually due to inhomageneny of the tested Material. Advancrig.Stage 2 into a zone of lower permeability will, cause a low = /Kr). Convers ew,advancing into a zone of higher permeability (such as a poor lift joint ju fM or aIs 'I'/sa"d se2m. In natural materials) yields a very high (Kr/Kr).

Tb=e events are handled by umng a conservative (m) from the best-behaved testsand introducing that va1ue=DEqaation (4.1-2).

4.2 Ima , Fz1a_t:1M_With_&=2_r1 The basic Rvorslev equations apply most directly toTna sses of inffiTite depth and below the gromuiwater leveL Neither test pads nor liners oftenmeet these aitelia. 7herefOre, results calculated bY using the Evorslev equations directlyfor such -cases vrM not be correcL For a given permeability, both pro)dný to a drainagezone and the vertical gradient due to 9MVfty cause the:.flow to be greater than the basicHvOrslev eqmlions would predict. The basic Hvorslev equations therefore predict a higherP" eab"Ity than the ruat=al really has. Me vertical gradient effect can be overcome b
usmg the head as from the top of the standpipe to the groundwater level. A method foyraccountmg for the- PrO=M'Y eff= and PrOvIng the PreVIOUs assertion was needed.
Me method of image wells has been used ill ge-OhYdrOlOgY for Y=& Me classic exampleis the solution for a well n= a river, found in many t=books. However, the method is notliunte-d to two-dimensional situations such as this Must-ation. Any solution for an influiteor semi-infimte medium which desadibes the potential field (head distrbution) can beconverted to a solution for a finite mediran bounded by a plane by using the Image Potentialtechmque (Carslaw & Jaeger, 1959).



PAGE 19

The basic idea is that halfway between a source and a sink of equal but oppo=e strength
will be a plane of zero potential. So, if there is a plane of zem potential (head), its effect
can be replaced by an ft=age source/sink located tvnce as far away from the sink/source
as is the midway plane. If the test (source) is set a disum (b) above the drainage blanket,
the f low field wffi be the same as if them vveze no blanket bat there was an image test (sink)
vath negative head at a distance of (2b) below the real test Since the drainage blanket is
at zero head, the head at the test is taken as the total lumd lost: (b) plus the excess pressure
(ht) applied at the faffitratlon. point of the test.

Consider also the case vhere both the real and image sources have equal stren&hs and both
are sources qxLcitive head) or. both are sinks (negative head). By the same logic as given
above, the midway plane will 76e a no-flow boundary, corresponding to an impermeable
bottom boundary located at a depth (b) below the real test.

4-? 1 - ýýe 1 Me HvOrslev-1mage eqaation (Case -Cr) for the flfýh-bottomed
portion of the. test is given by:

k, = (7r&/113mD)[1+2ýDL/4mb)]Lý 'V)/(t2-tl) (42-1)

where: d = ID of Standpipe
D, = Test diameter for Stage I
b, = Thidaiess of test medium below base of casir
H, = ThWil head (t=tl)
R2' - Corrected End head = 1ýý (see Paragraph 3-5)
t2 = FM'-" time

ti TTrig2l time

a -1 for penneable botinni boundary
a 0 for infinito depth to bottom bmtridazy
a + I for impermeable bottom boundary

Equation (4-2-1) can also be vaitum zm

k,, = G1= IzXjA')/(t2-t) (42-2)
Gl= = (2-cf/11mDDj1+a(Dj/4mbj)]

4-Z2 Stage 2, Similarly, for the cylindrical case a1vorsle-v "G"), the Image equation
(with sidewall smear) is that given bT.

k ý&/MUm) g-n[u(inr,+T,6)] + a ln[u(:mr,2b2)1
+ P LU(U(W,.o)/U(Mr,+T'o)D Ln(V'V)/(t2-t1) (4-2-3)
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where: L Length of Stage 2 e=ension

f 1-M623 Fip(-L566 L/D)

u(m,r.,o) [mL/D, + V I+ (mL/D,)f
-1 fAýUAdh M-2 + rr'*, ... ý

4mb2/D:rmL/D,,+V 1+(4mbj/Dý-mL/D2Y

U(M,r.+T,o) ImL/(D.+ZI) + V .1-fmL/(P2+ZI)ff

p kA

k, Permeability of smeared zone

T Thickness of smeared zon (0.6cm-025in)

D2 Diameter of Stage 2 extension

b2 Distmuz from of Stage 2 qlinder to
undeflying boundary

And the other te= are as defined above for Stage L Equation (4-2-3) can be
wnmn, in the generic f6mat 2M

G2S bIPJEV(t2.-tl) (42-4)

vihere: G2S (&/lah3?)U-U[U(MX.,+To)] + a Wu(nir.2b)
+p LU[U(Mr.,o)/U(Mr.+To)l)

ne geneýdc expression for 0ý/Kjý as a fimakm of the test geometry is Equation
(4.1-4). FoIlowing the steps oudimed in Paragraph (4.Ll),

=/Kr (Gl=/Gl) - (G2/G2S) (42Z)

where:

(Gl=/Gl) (I/M) jl+a(Dj/4mb)Y[l+a(P,/4bA

(G2/G2S) Lla(lx.ý
Lu[u(m,r,+T,o)]+aln[u(m,rý,2b2)]+pI-u[u(n3,rc,,O)/U(Mýro+T,O)]
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Equation (4-2-5) is solved by tildng an appropriate (p) and determining (m) by trial-
and-error or by a graphical solution such as 17-2gure 7.

The value of (p) is not determined in the tesL Me normal range of (p) is from 2 to
20; (p = 1) indicates no sm=. The follawingvahws for (p) have yielded satisfactory
results, consistent with apparently non-smeared tests on the same tested units:

p

> I
0.9-1.1 1,2
0.8-0-9 2,5
03 - 0.8 5,10
0.6-0.7 10,20
0.4-0.6 = 0

0.4>

Use Stage I Only Approach - Paragraph (4.L3).

b2/D2

PEFOAFJUME USE

L

fit

-*J"w Zen* ThIckne"
JO.26-

V-VAM

RAMO KrtKr-

FIGURE7
GRAPH FOR (m) - (L/D=IZ)
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43 -Non-Satmated Media, Field permeability tests are frequently performed on matenals
which are not RiUy saturated. Such materials affect the tests in two ways:

The hydraulic head is dissipated over the (changing) dL-tarice from the polut Of
inflow mto the soil to the 'wetting front", where the soil is considered fully
sntu (Green-Ampt Model).

Unsaturated clays exhibit %oil suctioe, which effectively adds to tha hydraulic
head.

In the Two-Stage test, inffi=t1on into the soil is tbxee-dimensionaL 7be =jority of the
head loss occurs close to ibe inflow s=face, even in a fully saturated material. About 50%
of the loss occurs withni-one, V-6st radius of the inflow smface. For a typical Two-Stage test,
disregarding wetting front dLqam= theoretically yields wpermeability 10 to. 509o' too high.

The effect of soil suction is roughly proportional to the ratio -of suction to applied head.
The effect of suction alone on a permeability test can be expressed as:

kA = (1 + S/h,)

where: Observed penaeability
True satiirated penneabffity

S Soil suction
h. Applied head

The Two-Stage test normaUy operates with heads 3 to 6 times those of other test methods,
rulnum7ing the relative effect of suction.

These two effects can be haaffied using the graph presented on Figure 8. That figure is
based on mmencal. solutions for the eq=.Dotential surfaces in an infinite mtdiiim (a-0).
However, for the typical real test, the dimensionless flow volume is such that the
equipotenryal do not vary significantly froin the ellipsoids in either the perineable-base
(a=-I) or unpemeable-base (a=+l) cases. The actual volume, which includes an
aRowance for the iinpeimeable casmg, has been included on Figure 8.

When using Figure 8, the inii=l volume (Vj is taken as:

a Stage I - The volunie of a hemi-e4soid having the diameter (D) and height
(DL/4).

V,j = (7r/24) D, 3 (43-2)

a Stage 2 - 'Me volume of the Stage 2 cylinder.

V,2 - (7r/4) D2 3 (L/I)2) (4-3-3)
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7be term (Vý) is the total volume of water whLch has inffit-ated into the soil through the
end of each stage, allowmg for that removed m the Stage 2 extension. The (n.) tenn is the
soTs = porosity.

Figare. 8 is applied first to 1he individual CU) values from Stage L-

Y-4 = Kl/[R(l+s/H.)] (4-3-4)

where: K-1, = K1 corrected for suction. and wetting front
R = -Perzozability ratio fi-om. Figure 8 -

Then, Figm-e 8 is similuly applied to the individual (K2.) values from Stage 2:

X2ý = K2/[R(I+s/IQI (4.3-5)

Where: K2.t 392 corrected for suction and wetting front

7hereafter, (KIK2) are used in Equation (33-7) for the average values 0KV,,XT). 7hese
are then imtroduced. into Mpmtions (42-5) for (m) then (4.1-2) for (k,), and finaRy (4.1-5)
for (k.).

CALTEST
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V. EMERIENCE WITH TSB 7F.M

As of Jaxniary, 199Z SIM alone has been involved in some 200 tests (40+ projects) on
recompacted Tn rial and 90 tests (6 projects) in natural materials. These have generally
been of relatively low permeabIly [10(-6) to 10(-9) an/sec]. Some conclusions from this
experience arc given below.

5.1 T_ype-s- of Proje= Ile test has been successful in many types of soils:

5.1.1 Test Eamla and Liners It has-be= used in sach conditions for test units from
20 to 60 inches t1nc3L Materials have ranged from CH-OH (Liquid I imit 100+, day
content 70,7o+) to. SCIGC (Liquid Limit 30-, gravel content up to 309;o, day content
12%). Vertical permeabilities have been successfally measured from the mid 10(-7)ls
to the low 10(-9)ls (values in cin/sec).
5.1.2 wNat=ar D zy successfd in clays to depths of 10 to 15

=sits It has been ve
feet. Where the clay does not make water, it has also been saccessffl to about 20
to 25 feet. 7ho test was moderately successfd in sot highly layered Tmn tailin

clay at depths up to 30 feet It has been used up to 7 feet deep in shales. Measured
vertical permeabilities have been in the same ranges mentioned above.

5-2 Qo - -. ith Other Methods 7he acemm-cy and lack of false negatives of the M
canbe evahmted by the comparisons with SDRI data. show;i onFligare 9 and with laboratory
data from undisunbed. samples. grven on Figare 10. Of the 11 known cases where both field
methods were used on the sam test pads/liners the Tnean ratio of their conductivities was
Ll (T.SB higher). In three known cases, the TBB proved failure defects in test pads that
laboratory tests did not show, indicating the TSB avoids false positives. Experience to date
can be sanimarized as:

5.7-1 RegQ=acted CI The vertical pernieabBity (IQ as obtained from laboratory
tests, the TSB, and the SDRI generally agree quite well on test pads/Hners (11 cases)

which have had proper CQA. The laboratory tests tend to underestimate the

horizontal permeability.

522 Natural CIM Comparisons have only been made with sm-Al cal laboratory

tem In general, there is good agreement with the TSB for vertical p=eabfiityý

while laboratory tests again the horizontal permeability.

5-3 Speed. As soon as the test begins, so does the question from the client, 'Does it Pass?"

it is usual that (k,) must, be less than some specifled value (Spec), or that (kt) must be

greater than a different (Spec). Since the Tnmdnm-,Tn possible value for (kJ is (Ki), as soon

as (KI <Spec), one knows the test for (k,) must pass. Likewise, since (K2) is the rainirnurn

possible value for (kb), if the long-term (R2) is greater than (Spec), the test for (k,) Tm7

pass.
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Most of the TSB tests to date in test pads/liners have been for (k,). The better the pad,
Le., the higher the (Spec/k,) ratio, the sooner (K1<Spec). In 90% of the tests where
(Spec/k,> 1.7), passing was indicated in 24 hours or less. Some 7517o of all tests have
indicated passing vathin 72 hours. A marginal test unit, whose (k,) is just below (Spec), wM
require completing Stage I In general, each Stage lasts 4 to 14 days, the longer =es being
required to complete a test in lower permeability materials.

5A Volume Teste A single typical TSB test permeates a voh=e around 0.6 to 1.1 cubic
feet, or 60 to 200 times the volume of a typical plug tested in the Laboratory (3 inch
dia neter, 3 inch height). "Me usual 5-test progr= Ibns tests aborat 10 to 20% the volume
of an SDRI, yet yields about the same values. Ile TSB has a good balance of soil volume
tested and speed.
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STATE CF COLORADO
Roy Romer, Governor
Patti Shwayder, Acting Executive Director

Ded=ted to protecang and improwng the health and emronment of the people of Colorado

HAZARDOUS MATERLALS AND WASTE MANAGEMENT DMISION -k
* 876

43CIO Cherry Creek Dr S 222 5 6th Stieetý Room 232 it
Denver, Colorado 80222-1530 Grand junction, Colorado 81SO1 -2768
Phone (303) 692-3300 Phone (303) 248-7164 Colomdo Depa==
Fax (303) 759-5355 Fax (303) 248-7198 0fPUW1Cf1C2ld1

August 30, 1995 anxiErmninment

Mr. Charlie Scharmann

Office of the Program Manager
AM3MM-PM, Building 111
Rocky Mountain Arsenal

Commerce City, CO 80022-2180

Dear Mr. Scharmann

The state has reviewed the Final Landfill Site Feasibility Report for the Feasibility Study Soils Support

Program. The report was generally well done. Enclosed please find comments on both the technical
aspects of this report and the state's analysis of the regulatory aspects that need to be addressed in the
CAMU Designation process for the hazardous waste landfill.

Now that a Conceptual Remedy emlsts for RMA, the Army can become very specific with respect to
configuration and design of the landfill. The CAMU regulations require compliance with Part 264,
Subparts B, C, D, E, and N as well as the siting requirements contamed in 6 CCR 1007-2, Part 2 The
CAMU must also meet regulatory requirements for applicable design, operation and closure requn-ements
including ground water monitoring. The specific req=ments needed for the CAMU Designation
Document can be discussed at our meetmg tomorrow; some item should be described in detail by the
Army in its proposed designation document, while other items oDuld be outlined with a corresponding

schedule for future subnnnals of the required information.

The state would like to request a copy of the HELP inputs used by the Army for the Feasibility Study in
a digital format If you have any questions, please feel fi-ee to call.

Sincerely,

T Jeff Edsonýf,RMA Project Manager

Hazardous Materials and
Waste Management Division

cc: Connally Mears, EPA Ken Connght, TCHD Eduudo Quintana, EPA

William Adcock, Shell Ronel Finley, USF&W Crug Tessmer, Adams County

Robert Foster, DOJ Edward McGrath, HRO Ronel Finley, USF&W

Jonathan Potter, JAG Vicky Peters, AGO Ira Star, GT



CDPIIE Review of Landfill Siting Criteria

Siting Criteria Adequately Addressed by Site Feasibility Report?

Faults (1,000 year) Yes

Floodplain (100 year) Yes, but provide more info on source of map

Salt Formations Yes

Surface Water/Ground Water Yes

Airport Safety Yes, please provide a map for ease of public review showing
location of landfill with surrounding land uses
including DIA

Wetlands Yes

Seismic Impact Area No, please provide citation for source

Unstable Area (onsite soil No, no discussion provided
conditions)

Topography (protection against No, not discussed
winds and minimize piecip
-atch--nt"

Isolation (isolate wastes) No, but seems like more of a design issue

Hydrogeology/Geology No, have questions
1,000 siting criteria

Location (controlled by Yes
operator)

Buffer Zone (noise) Yes



Proposed RMA Landfill CAMU Designation Time Line
CDPHE -August 30, 1995

Dec 31,1995 Jan. 30, 1996 Jan 31- March 29
March I

A& Alm

Anny submits CDPIIE Reviews Minimum of CDPHE Issues Army continues Construction
CAMU & Revises 30-day Corrective Action detailed design
Designation CDD As Public Order incorporating process and/or site
Document (CDD) Needed Comment revised CDD and public characterization

comment. Could also study submittals
request additional landfill to meet substantive
design, operation, etc requirements of
information from Army with landfill permitting
corresponding submittal process
schedule.

Corrective Action Order needs to be issued in advance of th-. Record of Decision



- - ---------------------

Colorado Department of Public Health and Environment
Comments on Final L2ndfill Site Feasibffity Report and Requirements

for the CAMU Designation
August 30, 1995

Summarv:

CAMU regulations specifically dictate compliance with Subpart B, C, D, E and N of Part 264
of the state's Hazardous Waste Regulations and compliance with the state's regulations for
siting of hazardous waste disposal sites, 6 CCR 1007-2, Part 2. CAMU regulations
(264.552E) also specify requirements that address design, operation, closure, post-closure, and
ground-water monitoring. Prior to the issuance of the CAMU Designation Document (CDD),
the Army should provide mformation necessary to satisfy the state siting criteria (particularly
the 1,000 year protection enterion), dentify and technically support a preliminary liner and
cover design, and submit a Construction Quality Assurance document and specifications that
are consistent with the construction methods used in the test fill Other regulatory
requirements should be addressed directly in the proposed CDD or by schedule and provided
for state approval during development of the landfill design.

The discussion below indicates some of the preliminary technical concerns of the state and
indicate appropriate regulations. Reference is also made to the July 1995 Site Feasibility
Report (Report) Regulatory citations are noted in italics.

Part 264, Subpart B - General Facility Standards

Section 264 13, General waste analysis

Addressed in the Report but not fully developede Chemical and physical analyses of
hazardous waste and hazardous debris must contain all information which must be known to
treat, store, or dispose of wastes properly in accordance with Part 264 A waste analysis plan
is required- Tins plan can take into account the sampling that has occurred at most sites
during the Remedial Investigabon This information should be provided or addressed in a
schedule bN issuance of the CDD

Section 26,r' 14 Securay

Addressed in the Report but not fully developed- This information should be provided or
addressed in a schedule by issuance of the CDD

Section 264 15, General inspection requirements

Addressed if tEe Report but not fully developed. Tlus information should be provided or

I



addressed in a schedule by issuance of the CDD

Section 264 16, Personnel training

Addressed in the Report but not fully developed This information should be provided or
addressed in a schedule by issuance of the CDD

Section 264 17, General requirementsfor zgmtable, reactive, or mcompatible wastes

Not addressed in the Report- TIus information should be provided or addressed in a schedule
by issuance of the CDD. This plan will interface with the waste analysis plan This issue is
important considering LJXO debris and Basin F materials

Section 264 18, Installation standards, were addressed by the Axmy in the Report in Section
4- Area Feasibility Study. Additional information is needed with respect to the flood plain
analysis, which was based on an Axmy Corps reference The groundwater protection
regulation is further developed in the state's siting regulations

Section 264 19, Construction quality a&wance program, is a requirement of the state for
construction of foundations, dikes, liners, leachate collection and detection and cover systems
A formal written CQA plan is required. The plan should be completed in conjunction with
the final designs

Test Fill
The Army has already undertaken a major step in the CQA program by developing
specifications and constructing a test fill. The general concern of the state is that
specifications for the full-scale Imer construction be consistent with the findings of the field
prograrti or with the original specifications- whichever is more conservative

The test fill did not meet several technical specifications (e g., the contractor did not use the
equipment specified) Specific concerns are noted below

Lift Thickness -

The specifications (Appendix A) state that loose lifts of 9" of soil wiH be placed on
the pad in order to achieve 6" of compacted material In the final results, as recorded
in Figure 3.2, both test pads only achieved 3" and 4" of compacted soil This may
suffice for a test pad attempting to prove only low -permeability, but it is not the most
optimum lift thickness for future construction, which was one of the objectives of this
part of the report, as stated in Section 2.1 of the Material Feasibility Study The full-
scale-cSnstruction specification should be revised to reflect that smaller lift thickness

2



was obtained in the field-

Clod size -

A 3 " maximurn size was specified in the contract specifications (Appendix A, page I I
4 of the Report) Tlus is a large clod size and the state reserves the right to review
this potential criterion based current state-of-the-art practice The number of moisture
failures observed during 1he test fill may have resulted from inadequate soil
condition.ing Specifications should be written on equipment and methods to condition
soil moisture and clod size The specifications as written did not specify the
equipment to achieve this end- A pulvamixer was ultimately used on the test fill and
should be so-specified f6i full-scale.

Moisture and Curmg -

In Appendix 1, Section 2.2 4, there is a statement regarding the soil processing
function. It states that there is a need to "allow adequate time for clod reduction,
moisture addition, blendmg, curing and testing to verify the optimal moisture content
range has been achieved ' There is further EPA QA/QC guidance (Sept 93)
recommending at least 24 - 48 hours curing time for uniform absorption and hydration
of soil particles when the moisture variance is increased by more than.3 percentage
pomm It is also recommended m guidance that if this moisture variance is observed
during the test pad construction, test soil should be removed from the test pad and
brought back to the soil processing area for reworkmg The removing and
reprocessing of the soii is also requii-ed in the specifications of Appendix A, page I I -
5. However, as evidenced by the soils test reports in Tables 3.2 and 3.3 of this
document, soils failing moisture tests by much greater variances than those discussed
above, were neither allowed adequate time to absorb added moisture nor were they
removed from the test pad to be re-processed in a separate processing area, or at least
no details were provided to verify such. No such van.-Mon from the specifications
should be allowed in the faU-scale specifications

Depth of compaction and type of compactor -

The depth of compaction is measured by the length of the compactor's foot. EPA
QC/QA guidance makes it clear that the minimurn length of the roller foot should be
the length of the loose lift of soil. The specificatons. however, (Appendix A, pg 11-
4) state that the foot is to be as long as the compacted lift thickness (6"). This is short
of the desired length resullmg in lack of bonding between lifts This is critical for
adequate nuxing and kneading of the soil to insure proper homogeneity and even
moisture control The shorter feet on this test fill may have resulted in problems with
achieving compaction, as evidenced in the test results shown in Tables 3.2 and 3.3
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The type of compactor is also very important, as noted in the Work Plan for tins
project in Section 2 2.6, of Appendix 1. It states a "Caterpillar Model 825 or equal" is
to be used for tins project. The actual model used was an 81513, per Section 3.22 of
the Material Feasibility Study This compactor is nezxly one half the size of the 825
Model and definitely not the most desirable piece of (ý'qtnpment for construction of this
large of a landfill (see Appendix C for details)

Recompaction and Momire Adjustment -

Significant moisture adjustments in the test fills were required, as reported in Tables
3.2 and 3.3 Most results appeared to have been corrected on the same day, without
adequate saturation time, and repaired on the test pad itself, without moving the
failing soil back to the processing area. Both of these conditions violate the
specifications wntten for this project in Appendix A For example, Appendix A,
Section 11, Part 3.02 -H, page 11 -5, states "No more than 2 percent moisture may be
added to the test fill during construction. If the moisture content is greater than 2
percent.. , the test fill soil shall be removed from the test filL." No evidence of the
correct procedure was recorded or so stated in the document when moisture tests failed
on the test pad by this margin

Test fill 42 recorded a moisture test, Test Number 34, of 6 percentage points above
optimum moisture On the same day a second passing test was recorded (Test Number
37), that stated m the comments, "Retest of No. 34, after wettzng of dry areas
pulverizing and compacting"'

This would not be sigmficant if not for the fact that in two test fills containing 55 and
70 tests each, a failure rate of 20% - 30% was experienced. Also, there were soil
moisture variations on the test fills of 5 points below to 6 points above optimum
moisture Both observanoris lead to the acceptability and reliability of the test fill
construction program methods The full-scale specifications should concur with the
original test fill specificanons with regard to reconditioning failed lifts

Part 264, Subpart C - Preparedness and Prevention

Addressed in the Report but not fully developed. This information should be provided or
addressed in a schedule by issuance of the CDD.

Part 264, Subpart D - Contingency Plan and Emergency Procedures

Addressed in the Report but not fully developed. Tins informaton should be provided or
addressed in-a-schedule by issuance of the CDD
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Part 264, Subpart E - Manifest System, Record keeping and Reporting

Addressed in the Report but nol fully developed- This information should be provided or
addressed in a schedule by issuance of the CDD (State agrees that manifest system is not
applicable).

Part 264, Subpart F - Ground Water Protection

Development of a ground water monitoring plan is needed for the CDD and not addressed in
the Report-

Part 264, Subpart G - Closure and Post-Closure
Part 264, Subpart S, (d)(4) addresses in general terms the closure and post-closure
requirements for CAMUs Substantive sections of Subpart G will be applicable.

Part 264, Subpart N - Landfills

Development of landfill design, specifications, construction, response actions, record keeping,
and closure and post closure care, will be consistent with this Subpart.

Rules and Regulations pertainuig to Solid Waste Disposal Sites and Facilities 6 CCR
1007-2

CAMU Regulations specifically address siting of hazardous Výaste disposal sites, 6 CCR 1007-
2, Part 2 The Army also considered the solid waste regulations. The state's regulations
governin solid waste disposal sites were addressed in the Report and adopted as criteria,
specifically Locarzon Restrictions and Site Standards, Section 3 1 The demonstration that
these criteria we met is lacking in some mstances, as noted by the Army (e-g., topographic
protection and h%amgeologic isolation, Page 4-15) The isolation criteria is actually more
fully dn eloped under the Part 2 rules. below

Rules and Regul2nons pertainmg to Solid and Hazardous Wastes 6 CCR 1007-2, Part 2
Requirements for Siting of Hazardous Wane Disposal Sites

These regulations are adopted under the CAMU regulations Section 264 552

6 CCR 100 7-2, Part 2, Section 2 4, Minimum Design Performance Crzterza

These regulations consider: 2 4 1, Protection of human health and the environment, 2 4 2,
Protection of groundwater quality, 2 43 ), Protection of surface water quality, 2 4.4, Protection
of Air Quality-, 2 4.5, Long-term impact to public health and the environment, 2 4.6, Liner

5



integrity, 2 4 7, Leachate and runoff control, 2 4 8, Closure, 2 4 9, Surface and groundwater
water monitoring; and 2.4 10, Post-construction certification, 2.5 Requirements for Siting and
Design. General commen follow

The Army should provide cross-i eference to these regulations for agency reviewers, as many
of these requirements are partially addressed in various sections of the ReporL

A major design consider-ation, the potential for migration through liners (and impact to
groundwater) should be addressed using mas transport modeling, not just by HELP The
Army used RITZ for unsaturated flow estimates. The estimate of travel lame to demonstrate
the 1,000 year protectiveness criterion requires additional evaluation

The Army should consider other liner performance criterion besides cost and constructability,
such as mass transport considerations, before selecting a liner design. The state is particularly-
concerned with the use of GCL in the primary liner The state is also concerned with using
sand in the leachate collection layers (See page 5-10, second paragraph of the Report)
Coarse granular material or geogrid is more effective than sand (coarse granular is preferred
over geognd) The state would like to discuss the use of 80-mil geomembrane versus 60-mil

The prevention of impacts to air and surface-water quality should be addressed at the issuance
of the CDD

6 CCR 1007-2, Part 2, Section 2.5, Requirementsfor Siting amd Design
Sections 2 5 1,2
These sections consider conformance with the minimurn desipm criteria, odor-threshold levels,
safety and contingency issues, malenals for liners and covers, and resources necessary to
guarantee long-term protection of the environment. The Army should address these issues
directly, referencitig the appropriate regulation. Odor, in particular. has not been addressed in
the Report Material avaalability for liners and covers has been addressed in this report and
the Final Feasibility Study Soils Support Program ReporL

Section 2 5 3, addresses the 1,000 year criterion for exposure of waste to the public This
criterion was addressed in previous RMA studies using a time of travel argument to show that
a depth to groundwater greater than 40 feet below the liner system was adequate to prevent
impact to groundwater for close to 1,000 years. The current Report approaches the issue in
Section 4-- Area Feasibility by citing the requirements directly from the regulations (see page
4-16, first complete paragraph) wilhout. evaluating how the criterion is met. The selected
depth criterion (ground surface to groundvrater) ranges from 40 to 70 feet (See Page 4-21,
First Paragraph)

In Section 5- Site Feasibility Study, the Army notes that the effective depth to groundwater
from the bottom of the liner can be as shallow as 10 feet (Page 5-37. First Complete
Paragraph) -This shallow depth is presumed to provide in excess of 1,000 years travel time to
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groundwater. Thus the current report reduces the minimum depth to groundwater
significantly below the 40 foot depth presumed in earlier siting documents

The model runs, including HELP and R= should be further documented to justify not only
the cover and liner designs, but to justify the Army's conclusion that soil water movement
through the vadose zone could require 1,000 to 1,200 years to travel one foot. TI-ds rate is
over 50 times slower thari previous calculations shown in the 1988 Ebasco report- Mass
transport modeling, in lieu of HELP modeling may be more appropriate to account for
diffusion of volatiles

The report figures showing geologic cross-sections and sites should be modified to show
groundwater elevations (Figures 5 6 to 5.8). 7be state infers that an excavated landfill in the
Army's model would have a depth to groundwater much less than the 40 to 70 foot range
discussed in the Report (page 4-21, second complete paragraph)

Sectzons 2_5 4,5 states that designs are to be consistent with mluirements of section 2.4 in
order to be sited.

Sectzon 2 5 6 of the regulations addresses the location of a facility with respect to acceptable
means to prevent adverse effects oa public health in the event of discharges of hazardous
waste (See page 4-16, last paragraph of the Report). The Army should note the appropriate
plans (e g , contingency, operations) winch will address this regulation

it

Part A requirements of 6 CCR 1007-3, Section 100.40 (See Appendix A)

This section of a state permit for siting a hazardous waste disposal facility, Perma
Reawrements and Condazons, covers thirteen items of general information, status of other
environmental permits and approvals, and some specific information on the processes and
wastes to be handled A formal permitting process will not be required for the landfill since
the CAMU process is being use4 However, substantive technical information that should be
provided by the Army, are noted below (appropriate sections are italicized)

Secnon 100 40 (a), (8) requires a "description of the processes to be used for treating,
storing, and disposing of hazardous waste, and the design capacity of these items "

Section (a), (9) requires a specification of the hazardous wastes listed- quantities, and
processes to be used for such wastes

Secrzon (a), (13) covers hazardous debris and the categones

The Final LandfiE Site Feasibility Report (Report) defines only general waste categories, e g.,
contaminated soils, treated soil, structural debris Additional detail on the hazardous waste
sources and-ttraracter, list category, and their respective volumes. based on the conceptual
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remedy, will be needed with the CAMU Designaton Document (CDD) Detail on any
processes and material handling at the landfill are also required- The waste generation rates
and schedule in the Report are broad enough to cover a range of potential remedW
alternatives; however, these should be refined to reflect the current conceptual agreement and
the new version of the DAA.

Part B requirements of 6 CCR 1007-3, Section 100.41 (See Appendix A)

Part B requirements are used to demonstrate compliance with standards promulgated in Part
264. Additional substantive teclinical. information should be provided by the Army, as noted
below-

Section 100-41 (a) (2,3) Chemical and physical analyses of hazardous waste and
'hazardous debris must contain all information which must be known to treat, store, or
dispose of wastes properly in accordance with Part 264. A waste analysis plan is
required-

This information, which was not included in the Report, is needed to support a liner
design compatible with the wastes to be disposed (See 264 301) This information
should be provided or addressed in a schedule by issuance of the CDD. The issue of
waste analysis was briefly discussed in the Report- Further detail is neede(L

Sections (a) (4), (5), (6), (7), (8)

These reports have been briefly addressed in the ReporL These plans should be
developed in detail and submitted or addressed in the schedule at the time of the CDD.

Section (a), (11)

This sec:tion, which relates to facility location informazon has been addressed, in part,
in the Report. The following additional information is required

Section (a) (11) (B) (iii) The Army provides a 100-year flood plain map with
a vague citation to a 1983 Army Corps study Please elaborate on this source
of floodplam information.

Section (a), (18) A detailed topographic map showing a distance of 1,000 feet
around the facility at a scale of one inch equal to not more than 200 feet is
required. Inadequate topographics for the conceptual landfill footprints were
provided in the Report-

Section 100 41 (b) (7) consists of additional detailed information requirements for
landfills to illustrate compliance with Part 264, Subpart N
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Appendix S

COLORADO DEPARTMENT OF HEALTH AND ENVIRONMENT'S
MODIFICATIONS TO DRAFT FINAL CORRECTIVE ACTION

MANAGEMENT UNIT DESIGNATION DOCUMENT



Colorado Department of Health and EnAronment's
Modifications to

Draft Final Corrective Action Mariageinent Unit
Designation Document

Rocky Mountain Arsenal
Commerce City, Colorado

The followmg modifications and/or additions are to be included in the Fiag Corrgetive Acti2jj
Management-Uhut Des-ignation Dog== Rocky Mouritam Ar,=al

Text, Section 2.1. Facilitation of Ilic Remedy

In the fourth paragraph, third bullet, replace "toxicity" with "mobility."

Text, Tab e2l 1. D-escripgon of Llpe-fer=d S11twide Sgil Remedý

Toxic Storage Yards - The cub,.c yardage should be 2,700 BCY instead of 2,600 BCY.

Chemical Sewers - The cubic yarclage should be 64,000 BCY instead of 62,OGO BCY

Hex Pit - The cubic yardage listed under the 'Components of the Prefwred Remedy' should be
in, bold type to indicate that remediation. waste from that unrt may go intto the landfill.

Buned M-1 Pits - The cubic yardage (26,000 BCY) should be M bold type to indicate the volume
of r=ediation waste that will be placed into the landfill

South Plants Balance of Areas - The cubic yardage should be 135,000 BCY instead of 130,000
BCY

Secton 36 Balance of Areas - The cubic yardage should be 142,000 13CY instead of 140,000
BCY

'Principal' is misspelled through the table as 'pnnciple

Text, Table 4 2. Cross-References of Ecgulatory Rgquircmcnts

Include Subpart N in the Table's title

I
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Text, Figae 3. Schcdule of QAINIU Activities

Revise the table to indicate actual dates, 1 e

- 30-Day Public Co=ent period dates should be March 16, 1996 through April 19, 1996;

- Add - 30-D2y EVension to Public Comment Periodstm-ting April 20, 1-9%t fb3bbing
M2y 20, 1996.

CDPHE Issues CDD Desipnng CAN4U - June 11, 1996

Appendix B, Section 3.12. Site InvesugaAwn and LAhgmtory To-xdn&

In the last sentence of the section, replace "should" with "will

Appendix B, Section 4 2.3. Vowtation

Delete "CERCLA" from the first sentence of the f= paragraph

tv
Appendix D, Soction 4 ý- C2m-pxtbifity 5creening-Ang&=3

Add "Observable reactivity with liner components" to the list of extubited waste charactenstics
Much may entml segregation and/or pretreatment based on screerung results-

Appendix D, Section-3-0. Acronyms

Define S' as Sulfide

Appendix K 5c=gn 3.1.3. M=onngy Well Tnstaflato

Add a reference to ASTM D 5092 in item number 3. of this section

Appendix K Section 9 1. Data Evaluation Including StatigIcal. Analysis of ResWts

To be consistent with the text m Section 2.1, modify the first sentence of the second paragraph
of Section 8 1 to read

Groundwater analytical data collected as part of the pre-operational monitoring program
wil.1 be reviewed initially to identify the background water quality conditions widun the
landfill CAMU areal configuration, including the CFS and the UFS.
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Appendix L, Section 3,0. Closwe Procedures

In the last sentence of the second pamgraph, replace "may" with The sentence vnH read
Specific procedures for closure of these facilities will be developed during design and wtU
include confirmation sarripling and venfication. of decontamination-

Appendix P, Section 02721, Qo=Mted Clay Liner

Section 3 02, A. - Revise the third sentence to read "The compacted clay liner shall be a
miriirnum of three (3) feet thick over the bottom and perpendicular to sidestopes of the landfill
CCU II

Figures BI, KI, and L2

The label in the upper left corner should read Facihties withm Corrective Action Management
Unit (CAMLD arcai configuration.
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