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OUTLINE

* What is borehole geophysical logging?

 Which important environmental site remediation
problems can it help us solve?

e How is it used to do so?



Definition

Borehole Geophysics

*  “methods for making continuous or point

measurements down a drill hole... lowering e s
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where recorded... as a function of depth.
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chemical properties of the rocks surrounding
the borehole and the fluid in the borehole, to
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combination of these factors.”

(Keys, 1997)



History

* First well log: 1927 by
Schlumberger brothers
(electrical resistivity) in France

el ¢ Additional electrical, nuclear,
sonic, imaging and physical

technigues developed for oil
and gas, mineral exploration

* Adopted for use in water
supply, geotechnical and
environmental industries



History

Well Log - 1937 Modern Well Log
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General Applicability

Methods Available to Assess

— Bedrock and Unconsolidated Formations
— Open Boreholes or Completed Wells
— Through Steel or PVC Casing

Conceptual Site Model (CSM) Development and
Refinement

Investigative or Corrective Action
Qualitatively or Quantitatively
Support Design or Verify Performance



Pros and Cons

Benefits

Continuous record
Objective, numerical data
Repeatable

New info from existing wells

Low cost, relative to other
methods (e.g., coring)

Limitations / Qualifications

* Best applied with background
information to aid in analysis,
(e.g., soil or rock core data)

* Single logging parameter
rarely diagnostic; synergistic
analysis necessary

* Log interpretation requires
experience, knowledge of
regional hydrogeology



Sedimentary Bedrock — Examples at Outcro
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Questions

* Based on the photos shown, does it look like
groundwater in sedimentary rock can be
transmitted with equal ease in all directions?

* If not, which are the most obvious features which

might give rise to extensive preferential conduits
for flow?

 How many NJ/NY/PA industrial sites have
beautiful rock exposures like these?



Conceptual Site Models — Dipping
Sedimentary Bedrock
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Conceptual Site Models — Dipping
Sedimentary Bedrock (cont’d)

Discrete Fracture Network Effective Monitoring?

CORE LOCATION ROCK CORE TCE mg/L
‘! 1-0 190

-detect

non

Fractures with
Diffusion halos

Fractures 2 and 5
have contaminant
transport

(Parker et al., 2012) 16



Monitoring Challenges — Dipping
Sedimentary Bedrock

e Structure and Extent of Units - How
Accurate?

* Flow and Plume Configuration within
Units

* Representative and Efficient
Monitoring



Monitoring Challenges — Dipping
Sedimentary Bedrock
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Planar Feature Orientation — Implications
for Monitoring Accuracy

Dip Error Leads to Vertical Displacement —

Planned Well at
Down-dip Location

D

Existing
Source Area
Well

Former
Release
Area

20 o

A

Missing the Intended Monitoring Zone

Source
Planned Area
Down-dip Well

Former
Release

Area
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Planar Feature Orientation — Implications
for Monitoring Accuracy

Map Distance Parallel to Dip (ft) /
. Errorin | Corresponding Vertical Error (ft) in
Dip Angle| _. .
Dip Angle Expected Elevation of Planar
(degrees)
(degrees) Feature
100 300 500 1000
0.2 0.4 1.1 1.9 3.7
0.4 0.7 2.2 3.7 7.5
0.6 1.1 3.4 5.6 11.3
15 0.8 1.5 4.5 7.5 15.0
1.0 1.9 5.6 9.4 18.8
3.0 5.7 17.1 28.5 57.0
5.0 9.6 28.8 48.0 96.0




Planar Feature Orientation — Implications
for Monitoring Accuracy

P e D Strike Error Leads to Vertical Displacement -

Well Missing the Intended Monitoring Zone
(Along Strike)

Ah Ah A

A

Ah = Horizontal offset due to strike error

Source Area
Monitoring Well

AV = Vertical offset due to strike error




Planar Feature Orientation — Implications
for Monitoring Accuracy

Map Distance Along Assumed Strike (ft) / Corresponding Horizontal Error Perpendicular to Strike (ft) and Vertical Error in

Errorin Expected Elevation of Planar Feature (ft) at Dip Angles of 10, 15, 20 and 25 Degrees

Strike

Angle 100 300 500 1000

(degrees) Hz Dip, Resulting Vertical Hz Dip, Resulting Vertical Hz Dip, Resulting Vertical Hz Dip, Resulting Vertical

Error Error Error Error Error Error Error Error
10 | 15 | 20 | 25 10 | 15 | 20 | 25 10 | 15 | 20 | 25 10 | 15 | 20 | 25

1.0 1.7 [03|05|06|08| 52 |09(14|19|24| 87 |15(23|3.2(41)| 175 |3.1(47|64|8.1
2.0 35 (06(09|13|16)| 105 |18 (28 |3.8(49]| 175 |3.1(47|64|81]| 349 | 6.2|9.4|12.7|16.3
3.0 52 (0914|1924 157 |28 (42|57 (73| 262 |46| 7.0 9.5 |12.2| 524 | 9.2 |14.0(19.1|24.4
4.0 70 (1.219|25(33)] 21.0 |3.7(56| 76|98 350 | 6.2|9.4|12.7|16.3| 69.9 |12.3|18.7(25.5|32.6
5.0 87 |15|23|3.2|41]| 262 |46 | 7.0|9.6|12.2| 43.7 | 7.7 |11.7(15.9|20.4| 87.5 |15.4|23.4|31.8|40.8
6.0 105 [ 19|28 |38 |49| 315 | 5.6 | 84 |11.5(14.7| 52.6 | 9.3 [14.1|19.1|24.5| 105.1 | 18.5(28.2|38.3(49.0
7.0 123 [ 2.2 |33 |45|57| 368 | 6.5|9.9|13.4(17.2| 61.4 |10.8(16.5|22.3(28.6| 122.8 | 21.7(32.9|44.7|57.3
8.0 141 [ 25| 3.8 |51 |6.6| 42.2 | 7.4 (11.3|15.3(19.7| 70.3 |12.4(18.8|25.6(32.8| 140.5 | 24.8(37.7|51.2|65.5
9.0 158 | 28| 42|58 | 74| 475 | 8.4 (12.7|17.3(22.2| 79.2 |14.0(21.2|28.8(36.9| 158.4 | 27.9(42.4|57.6|73.9
10.0 176 | 3.1 |47 | 6.4 |82 529 | 9.3 (14.2|19.3(24.7| 88.2 |15.5(23.6(|32.1(41.1] 176.3 |31.1(47.2|64.2|82.2




Bedding Attitude from Quad Maps?

\.;al.

Local measurements of
strike and dip vary widely /,
relative to area-wide value

needed for monitoring (e kp A
Strike ridge and Member '
plots meant to suggest £ 7 4
larger scale — but mostly Wi AC
inferred ¥7 4

Downhole Optical Televiewer interpretation. Shl:mls marker beds |der1t|f'ed in b:lrehclle projected to Lanl:l surface using
bed onentation identified in well. In igneous rocks, shows orientation of flow structures. Red dot shows well location.
Data from Herman and Curran (2010a, 2010b).

—————————— Strike ridge - ridge or scarp parallel to strike of bedrock. Mapped from stereo airphotos.

(Monteverde et al., 2014) 23



Cross-Flow Hydraulics of Multi-aquifer Wells

FLOWS HEADS Simple Case: 1 inflow, 1 outflow
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Complex, but Systematic Flow in Bedrock

PROJECTED STATIC-WATER LEVELS IN
DEEF WATER-BEARING UNITS

300 FT DEEP WELL
WITH ARTESIAN PENTRATED BY THE WELL
WEATHERED FLOW STATIC-WATER LEVEL I~
BEDROCK TO (RECHARGE POTENTIAL WBU1) N

= ~ 60 ft BELOW : ﬁ %
- SURFACE _ LAND g men  1Tweuz
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Unconsolidated Formations — Potential CSM
Complexity

* Hydrostratigraphy
— Confining Unit Lateral Extent
— Hydrostratigraphic Unit Definition and Delineation
— Anomalous Water Levels, Chemistry

* Previously Unidentified Low-K Lenses may
Function as:
— Contaminant Sinks (Diffusion)
— Contaminant Sources (Back-Diffusion)



Relative Concentration
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Unconsolidated Formations — Potential

CSM Complexity (cont’d)

Manitonngl Remediaton

Persistence of a Groundwater Contaminant
Plume after Hydraulic Source Containment
at a Chlorinated=-5olvent Contaminated Site

byl E idattbiey W, M L Bresseos, 2 Goe, M Moschiee, )G Comol, ond F Erinker

A Gravel Unit

u ] m Clay Unit

= Gravel- simulated

10 20 30 40 50 60
Elapsed Time (month)

(Matthieu, Brusseau et al. 2014)
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Contaminant Back Diffusion from Clays causing

Persistent, Low-Level Impact in Former Plume
Area after Source Remedy

Hydraulic

Source /
GW Impac

~
~
__________

Former Area of
Continuous Plume

Contaminant
Charged Clay Units

27




Geophysical Logging Methods / Applications

LOG TYPES

PRIMARY USES

OTHER USE(S)

Natural Gamma

Hydrostratigraphy, lithologic correlation, area-wide
structure

Natural radioactivity

Electrical Logs;

Hydrostratigraphy, lithologic correlation, area-wide

Water quality; conductive mineral

EM Induction structure content; estimate porosity
Caliper Assess hole or well condition, ID fractures Infer lithology, contacts
Fluid Logs ID ambient vertical cross-flows and the fractures or zones | Assess water quality at inflow zones
between which such exchange takes place (estimate TDS)
. ) ATV: Acoustic caliper; PVC casin
ID and determine structural attitude of planar features ) j P ) g/
. — . cement inspection; steel casing
Image Logs (bedding, foliation, fractures); lithology and structure near _
. . . corrosion loss; annular volume log to
borehole; visual inspection )
plan well construction/abandonment
Quantify direction and magnitude of ambient cross-flows; | Multi-well testing to assess and
Flow Logs determine hydraulic heads and Transmissivities for each | quantify hydraulic connections

hydraulically active fracture or zone while pumping

between wells

Water Quality

Depth-discrete grab sampling at inflow zones; vertical
profiling of water quality / redox indicator parameters

Cross-contamination assessment and
mitigation planning




Records Gamma Rays
Emitted by Materials
Adjacent to Hole

Used in:

— Open Holes or Completed

Wells

— Through Steel or PVC Casing

Gamma from U, K-40 and Th,
Abundant in and Adsorbed

to Clays

Sometimes Called “Shale

Logll

Misnomer: K-feldspar Rich
Sands also Have High

Gamma

SHALE

SANDSTONE

porous AR

LIMESTONE

ARKOSE

MICACEQUS
SANDSTONE

SILT/FINE SAND

KAOLINITE
MONT -

cla
MORILLONITE ] |
mi

ILLITE

ORGANIC RICH/
BLACK SHALE

COAL

FINING-up  Shaly

SANDSTONE

compact

Natural Gamma

{natural radioactivity)

Clean

SHALE

(Rider and Kennedy 2011)

aaaaaa

fe =

SHALE BASE
LINE
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Correlating Gamma Logs to Define
Stratigraphic Markers

e Used for: ﬁ’i
§

— Interpreting Lithology

— Gamma Markers Common
to 3 or More Locations
Support Determination of
Bedding Strike and Dip

IE%

£

1-:"

.r_»‘E;_

£l

N 2

— Natural Radioactivity i;‘ e

e

3

:

E.
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Verifying that Stratigraphic Markers are
Laterally Continuous and Parallel

WELL ID Well 1 Well 2 Well 3 Well 4 Well 5 House 1 House 2 Site-Wide
. . - - - Separation of
WELLLOGGED BY Geoseience | Geoseience | Geosience | Geoscionce | Geossiance | COMPSMY#2 | Company#3 |Stratigraphic Markers
DATE OF LOGGING 06/23/13 06/23/13 06/23/13 06/24/13 06/24/13 03/25/97 12/10/05
REFERENCE o100 pons | assas | asrss | astes | 205t | 35555 | wen | sumdon
ELEVATIONS GROUND | 3024 295.6 263.2 284.7 261.7 267.0 292.6 Vaﬁiz Dea\‘,?at?crm
LOGGING REFERENCE PVC PVC PVC PVC PVC RISER RISER
MARKERS INTERSECTED | a-f c-f a-f d-f c-e b-f a-f
f Depth 181.0 190.0 23.0 89.0 112.5 192.5
Elevation| 123.5 109.6 242.7 198.3 158.1 101.2
Separation 22.5 23.5 23.0 24.0 22.5 22.0 22.9 0.7
o Depth 203.5 213.5 46.0 113.0 35.0 135.0 214.5
Elevation| 101.0 86.1 219.7 174.3 229.5 135.6 79.2
Separation 11.5 12.0 13.0 12.5 13.0 13.0 11.5 12.4 0.7
q Depth 215.0 225.5 59.0 125.5 48.0 148.0 226.0
Elevation| 89.5 74.1 206.7 161.8 216.5 122.6 67.7
Separation 20.0 19.5 21.0 20.0 20.0 20.0 20.1 0.5
c Depth 235.0 245.0 80.0 68.0 168.0 246.0
Elevation| 69.5 54.6 185.7 196.5 102.6 47.7
Separation 18.0 17.5 19.0 19.0 18.4 0.8
b Depth 253.0 97.5 187.0 265.0
Elevation| 51.5 168.2 83.6 28.7
Separation 11.0 11.5 9.5 10.7 1.0
3 Depth 264.0 109.0 274.5
Elevation| 40.5 156.7 19.2




Strike and Dip using Gamma Markers

Structural Contours —
Compass Orientation on

Map defines Strike Well 1 Dip Angle (o) = ARCTAN (Az / h),
Well 3 Direction = =)
=9 £] e where:
L £ B Ag=---"---mmm - bl il Ah = Horizontal distance L Strike
- \ \ .
350 - ¢ _ Az = Elevation change along Ah
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Multi-Point Solution to Confirm Planarity
or Resolve Structure

Well 5

33



Gamma Correlation with Regional Units

[ ] N eWa r k Ba Si n CO ri n g P roj e Ct AGE FORMATIONS MEMBERS mfr:;? I LITHOLOGY " sr}[e‘

o — e RS Rl
(NBCP) lizer= L= E o
— Extensive geologic framework — -
— Electronic data available for =
gamma logs, lithology, color - i E

— Many units correlate readily
over large distances (miles)

* NJGS maps (e.g., Plainfield
Quad) reflect NBCP sub-units

* Elements of CSM per USGS at

Ty

wll‘rli"lh_ﬂl ] w'rﬁf-ﬂ%"mmmﬂ—il'fﬁ'lm"‘fr.-u- l Lllil‘ll'lJ'H'ih' 'I .I'|

=
NAWC research site in West oo i
Trenton (Lacombe and Burton 2010) — = ;&%

* Understanding gained may s [ = = % ;%1
support focused approach | |i - =l _;f;g =

(Olsen, Kent et al. 1996) 34



= em

Mapping of Passaic Fm. Members

Passaic Fm Lithology Grain size
members

CT.=270

L
—sitsiona
fine 55
medum 55

(78.7)

Metlars Mbr
{Z74.0)
Livingston Mbr
{483.5)
Kilmer Mbr
(602.0)

member T-LI
{1128.5)

member 5
(1301.9)

member R
(1482.5)

member &
(1884.0)

Meshanic Mbr
(2015.2)
Lithology

Perkasie Mbr
(2207.3)

diabase

(2532.4)

black bed

(2791.5)
purple bed

membser |

(3074.0) red bed

HIII ’||||H||I| |||”|M ‘I| | MI |||||H| ||| ‘III Il |||||

small diabase
sill

(Volkert et al., 2013) 35




Assigning Accurate Depths for Clays in Disturbed
Cores — Gamma Log Enables CMT Placement

Ligolag
Matral Gumma Litbologry s
i Logged s

- ® ER | =es | %=1« When coring long intervals (20 ft with sonic), strata
# = S can be vertically displaced up to several feet in
resulting core

* Gamma log to TD through sonic rods can establish bed
boundaries of clays to w/in ~1 foot

Enables assignment of soil sample depths and CMT®




Electrical Logs

Based on Ohm’s Law:

Resistance (Ohms) =

Potential (V) / Current

(Amps) |
Single Point Resistance
(SPR), Spontaneous

Potential (SP): Bulk
measures between

surface electrode and
probe in borehole

SP interpretation complex ‘
in fresh ground water

Induetor
— B Capacitor -
- | — |
. { Amernasng
...... e —
' 1
d 4 P | Canstant
) I., / | altermnating-currant
J Milivolt meter Miilivalt b, J perarator
or recorde meter of " —_—
rrrrr der ‘ |
]
ik |
— ilﬂ,— L —]
Calb Current and
ial @

A F o
! Fi
y [ W,
\ i y
.
; | | i-'l x W«
1 \! '|' Vd L
- | |/
,rl rd _-J‘_/
i AL L
Currant and : he .I-r'"-ll\ |
potential electrode \ ~
\ | s |
Y
|

(Keys 1989)
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Electrical Logs (cont’d)

SINGLE-POINT LONG-NORMAL

RESISTANCE LITHOLOGY - CALIPER RESISTIVITY

SPR: Resistance to constant
applied A/C current

Indicated by voltage,
calculated in Ohms

Mostly affected by porosity

Froshwater

and salinity of porewater

Surface conduction on clays
and conductive minerals play
lesser role

Support lithology and fracture |—< | ...
ID S

(Keys 1989)
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Electrical Logs (cont’d)

Normal Resistivity: Intrinsic
measure of rock or soil and
pore fluids around borehole
(in Ohm-Meters)

Different electrode spacings
vary depth of investigation

Related mostly to porewater
guality, moisture content, and
porosity

SPR and Normal Resistivity
Complement Gamma for
lithology

Remote current
glectrode ——

Remote potentia
electrode

Land sqrfaca

Cable

Insulated probe §

Long-and short- -

normal potentig
electrodes ™4

Spontaneoti
potential
electrode

Current electrod8

Source of
constant current

Voltage for
long-normal log

Voltage for
short-normal log

R

+ 64 inches

16 inches

(Keys 1989)



SMALE
SANDY
SHALE-SILY

CALCARLOUS
SHALE

TIGMT

LIMES TONE

POROUS

LIMESTONE
(SALT WATER)

COAL

SALT

ANMYDRITE

GYPSUM

SHALE

Electrical Logs (cont’d)

RESISTIVITY
Scale: ohmm (L))

' 19 100 Y000 10 000

L {1 SHALE
veory varable

{1 80-6000

{10 000 ~ =

Q1000

(Rider and Kennedy 2011)

Gamma log relatively featureless;
resistivity needed to ID sand units

/

GRAIN SIZE
&
STRUCTURES
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So PoeF o
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2 o O a7,

PP

LITHOLOGY

------

lllll

GAMMARAY RESKISTIVITY
o APl 4502 AL 2000
lo CALIPER ~ 7?{ RILD_2000,
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20-

E

C

o

@

O

(Modified from Rider 1990)
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EM Induction

Current from transmitter induces
magnetic field in formation

Eddy currents create secondary
electrical field proportional to
conductivity of formation, measured
at receiver coil

Can derive

— Resistivity (conductivity)
— Magnetic susceptibility

Open-hole or PVC

Water- or air-filled

/ induced
A ground
loop

WA
tool
movement {r .

(Rider and Kennedy, 2011)



EM Induction (cont’d)

* Applications EM
Gamma Conductivity

Zone with
Electrically
Conductive
Contamination

— Supplement to natural
gamma, when NR or SPR
not available (esp. to
measure through PVC)

— Saltwater intrusion

— Other conductive GW
contaminants (leachate,
metals)

(Williams et al., 1993)
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Logs Reveal Lithologic Changes, Identify

Middle Stockton

Formation

GAMMA RESISTANCE

LOG

LOG

(Sloto 2007)

Confining Uni
Passaic Fm. — Cyclic mudstone/siltstone;
varying clay, organic carbon content

Depth

1in:7 Oft

100

200

300

Matural Gamma

MNormal Resistivity

16" Spacing

Single Point
Resistance

Ohm

100

ts

New Jersey Coastal Plain —

Gamma Log

1

50 100
1 | 1 L

Formation/

150  Member

Units of the Magothy Formation

Depositional
E nvironment

[ T
50 cps 200

:

s

10360
Cheeseq_uake bnet skl
Formation
1065.5
delta front
Cliffwood |
Beds proximal upper
|__shomfece
bay/agoon ‘
11200 %/mAm[W
Morgan lower delta plain/
Beds delta front
11480 .
c soils
o *
= | proximal levee
Amboy g distal levee
Stoneware w T
Clay Member 'FT overbank swamp
S| lower delta plain/
”n
= delta front
12127
Old Bridge e
SM’:‘; distributary
Member mouth bar
1237.0
South
Amboy paleosols
Fire Clay
12623
Sayrevilie i
Sind estuarine
12890

(Sugarman, Miller et al. 2005) 43



Used Extensively for Coastal Plain Units

New Jersey Coastal Plain — Delineation of clay/sand facies within the Cohansey Formation;

Identification of the top of the Kirkwood

Formation confining unit
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(Stanford, 2012)

44



Coastal Plain Framework based on Logs

New Jersey Coastal Plain — Delineation of Aquifer Units
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(Sugarman et al., 2013)
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Caliper Logs

Mechanical Three-Arm
Tool

Records Hole Diameter

Used to Interpret
— Depth of Casing

— Fractures

— Washout zones
— Lithology Changes

Used in Open Holes




Caliper Logs (cont’d
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Fluid Logs

* Temperature and Resistivity Tempenaiies -
H H aliper by ATy
of fluid column in the well o g i | Ame |
or borehole < in 12 E Fluid Resistivity ]
* Main use is for initial e —

location of hydraulically
active fractures or zones

— Inflections indicate inflow or
outflow

— Constant values over an
interval may indicate cross-
flow between hydraulically
active fractures

e Can be used quantitatively
e.g., via brine tracing
(Michalski and Klepp 1990)




lmage Logs

Centralized ATV and OTV

Circular traces vertically

combined

Cylindrical record “cut” at

North, laid flat ———

Log analyst selects and |

------------ i M~ R Fracture e

classifies planar features, | TRy

Dip Angle ¢ ‘\ Fracture

which plot as sinusoids \

3D positioning sensors | \
and software allow | ‘
reporting of structural —D NE S W N
measurements to North (Wightman et al., 2003)
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Image Logs (cont’d)

Borehole-Wall Image Fracture
Analysis

3-D wrapped image Projected image

.amplitude

diam@eter
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Image Logs (cont’d)

Greater amplitude in washout interval overestimates dip;
correction for increased borehole diameter required

* Image Log Analysis Workflow
— Normalize image for

centralization, colors B
.. =7 - T~

_ COFFECt for magHEtIC Interference . YOO [ S

just below steel casing  [Fractures

equal

— Evaluate and correct for borehole | aws e

diameter effects Bt o]
— Select and classify planar features | (Structural Log)
— Correct for borehole deviation O™V Image O™V image

o B2 180" 270" O

Q" 80" 180" 270" O°

SDepth (teet)

— Adjust for magnetic declination

(to Tru e N ) Apparent vs. True Dip; Need to correct for deviated borehole
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Image Logs (cont’d)
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Acoustic Televiewer
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borehole wall

(ALT, 2014)



Acoustic Televiewer

Imaging in mud- or water-filled
holes

Structural evaluation
Acoustic caliper

Multi-echo mode for
measurements through PVC

pipe

Pipe-inspection mode for inner
and outer corrosion, wall
thickness

Can use quantitative data,
including cross-plotting with
other data (e.g. mean
amplitude with gamma for
lithology)

e A A A e 7NN e A e Gt e

B AN e e N

(ALT, 2015)
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Optical Televiewer

Orientation System

CCD Camera

(ALT, 2015)

1eM 3joyaIog

55



Optical Televiewer

¢ Imaging in air- or clear Compositional layering, fracture in basalt
water-filled holes

 Planar features

— Bedding, foliation,
layering
— Fractures

* Open or mineralized
* Apparent aperture

* Visual inspection
— Staining, NAPL
— Flow indicators
— Well condition
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Optical Televiewer

Bedding Plane Fracture @
177.5’

Large Bedding Plane

Fracture at 270 Steeply-Dipping Mineralized
Fractures @ 65’ to 67’
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Optical Televiewer
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Correlated Logs Show that Bedding
Fractures are Laterally Continuous
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Logs Vertically Shifted to show Correlation;
Individual Rock Units and Bedding Fractures can be
Traced Hundreds of Feet across a Site in Mudstones

Boring Located Down-Dip Borings Positioned Nearly Along Strike from One Another
| Calpor - 5
»\wmi-mo? : L-T g |= Mtral Ganma mn;m Fiud S isinaty ATV Ampite

9 i 0 cps
‘g._ c 1 0‘%!9}271’:“
)

Ground surface elevations at borings are similar, so depths of markers shown on
logs give a good general indication of bedrock structure o0




Flow Meters

e Measure Vertical Flow in Well as
Indicator of Conditions in
Adjacent Aquifer

— Standard HPFM range 0.03-1.0
GPM; NJGS modified unit up to 7
GPM in 6-inch holes

— Spinner Flow Meter ~2-10+ GPM;
lower rates require trolling

e Ambient or Pumping
 Multiple Wells

‘n

A
1

HPFM

Spinner
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Vertical flow
in borehole
diverted
through
instrument

UPPER

HIGH
VOLTAGE

POWS
PULS

N
ety
POWER

STORAGE

~ LOWER—]
o THERMISTOR

THERMISTOR_|

SOOI SRR SO OO0 AN

S OUNERRRRRRRN SUUEEEEER RN RN, SRR L

(Hess 1986)

RELATIVE TEMPERATURE

HPFM Operation and Response

-
TRIGGER UPFLOW RESPONSE PEAK
PULSE !

| ] L !
10s

TRIGGER

PULSE
DOWNFLOW RESPONSE PEAK
— e

PULSE TRAVEL TIME Ny

(Hess and Paillet 1990)
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HPFM Quantifies Cross-Flows

TEST 3

TEST 2

TEST 1

Test Setup

<0.03
GPM

+0.45
GPM

R B

<0.03 |
GPM

HPFM
Log

No Flow

Outflow, .§
Zone

Cross-Flow
Interval

Infl
- 4

No Flow

ety

Results
Analysis

Upward Flow implies
Higher Head in Deep
Zone

Water Level in Well is
Composite Head

Vertical Cross-Flow
Causes Mixing,
Possible Spread of
Contamination

0.45 GPM ~ 650 GPD
— Could be Significant
Issue

Easily Remedied
(Install Screen and
Gravel Pack Well)



HPFM — Transmissive Bedding Fracture
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Assessing Inflow Zone Water Quality from
Grab Sampling Results

FLOWS CONCENTRATIONS
N\

Groundwater chemistry of water

entering at inflow zone (Cf) can be

N
Qa l Ca
INFLOW L _ Qm gﬂ&
FRACTURE = Q& - Qa
&
Q& Cé
N N

estimated based on:

e \Vertical flow rates in well
upstream (Qa) and downstream
(Qb) of inflow zone (e.g., by
HPFM), and

* Water quality in well upstream
(Ca) and downstream (Cb) of
inflow zone inflow zone (e.g.,
depth-discrete grab sampling)

(Michalski 2010; NJDEP-SRP 2012)




Logging Project Workflow

Needs Assessment

(Identify Objectives
with Client)

(Princeton
Geoscience can
Assist with
Correlation, CSM
Development)

Background Data
EVIENY

(Work Scope, Cost
Estimate Issued)

Client Incorporates
Findings into Project
Reports

Field Work
(Draft Logs Issued)

Data Analysis

(Letter Report / Logs
Issued)
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Additional Key Resources

 |TRC Guidance on Implementing Advanced Site Characterization Tools

— Section 4: https://asct-1.itrcweb.org/4-borehole-geophysics/

e NJGWS Bulletin 77

— Herman, G. (2010). Hydrogeology and Borehole Geophysics of Fractured-Bedrock Aquifers,
Newark Basin, New Jersey. Contributions to the geology and hydrogeology of the Newark
basin. G. C. H. a. M. E. Serfes, NJ Geological Survey. Bulletin 77: F1-F45.

e USGS Hydrogeophysics Branch

— https://water.usgs.gov/ogw/bgas/



https://asct-1.itrcweb.org/4-borehole-geophysics/
https://water.usgs.gov/ogw/bgas/

END
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SUPPLEMENTAL INFO



Case #3: Central NJ Newark Basin

Mudstone bedrock (Passaic Formation)

Extensive prior investigations, including some geophysical
logging, packer testing

Conflicting views regarding structure, applicability of LMAS
concepts at the site

Geophysical logging scope:

— Extensive gamma logging, outcrop mapping to clarify structure

— OTV, ATV and HPFM to better understand pathways, flow

— Integration of GP logging and packer results

Confirmed “textbook” LMAS conditions — systematic nature

of flow system allows LSRP to be confident of Rl completion
and planned monitoring



Markers Identified on Gamma Logs and
Correlated from Well to Well

Al
ol |



>20 Laterally Continuous, Parallel Gamma
Markers Identified

WELL ID Well 1 Well 2 Well 3 Well 4 Well 5 House 1 House 2 Site-Wide
. . - - - Separation of
WELLLOGGED BY Geoseience | Geoseience | Geosience | Geoscionce | Geossiance | COMPSMY#2 | Company#3 |Stratigraphic Markers
DATE OF LOGGING 06/23/13 06/23/13 06/23/13 06/24/13 06/24/13 03/25/97 12/10/05
REFERENCE o100 pons | assas | asrss | astes | 205t | 35555 | wen | sumdon
ELEVATIONS GROUND | 3024 295.6 263.2 284.7 261.7 267.0 292.6 Vaﬁiz Dea\‘,?at?crm
LOGGING REFERENCE PVC PVC PVC PVC PVC RISER RISER
MARKERS INTERSECTED | a-f c-f a-f d-f c-e b-f a-f
f Depth 181.0 190.0 23.0 89.0 112.5 192.5
Elevation| 123.5 109.6 242.7 198.3 158.1 101.2
Separation 22.5 23.5 23.0 24.0 22.5 22.0 22.9 0.7
o Depth 203.5 213.5 46.0 113.0 35.0 135.0 214.5
Elevation| 101.0 86.1 219.7 174.3 229.5 135.6 79.2
Separation 11.5 12.0 13.0 12.5 13.0 13.0 11.5 12.4 0.7
q Depth 215.0 225.5 59.0 125.5 48.0 148.0 226.0
Elevation| 89.5 74.1 206.7 161.8 216.5 122.6 67.7
Separation 20.0 19.5 21.0 20.0 20.0 20.0 20.1 0.5
c Depth 235.0 245.0 80.0 68.0 168.0 246.0
Elevation| 69.5 54.6 185.7 196.5 102.6 47.7
Separation 18.0 17.5 19.0 19.0 18.4 0.8
b Depth 253.0 97.5 187.0 265.0
Elevation| 51.5 168.2 83.6 28.7
Separation 11.0 11.5 9.5 10.7 1.0
3 Depth 264.0 109.0 274.5
Elevation| 40.5 156.7 19.2




Gamma Correlations Imply Laterally
Continuous, Planar Bedding Units

Structural contours
based on linear
interpolation of gamma
marker unit elevations
at all wells

- -16.2

Resulting contours vary
by < 0.5 degrees over
~600 feet along strike
direction

) /Well defined structure
) allows projection or
) interpolation to
‘ site/design new wells,

assess pathways to
receptors
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But...What about the Fractures?

* Bedding orientation only useful for understanding flow
pathways to the extent bedding fractures are also present
and continuous

ATV, OTV and Caliper logs, when vertically aligned based
on previously identified Gamma markers, reveal:

— Numerous bedding fractures that are laterally continuous across
the site — ATV/OTV very similar from well to well

— Some fractures at interface between hard and soft rocks

* Lateral extensiveness of bedding fractures should not be
surprising at this site, because
— Gamma shows the rock units themselves are continuous, and

— Bedding fractures reflect mechanical properties of the of the
rocks



Correlated Logs Show that Bedding
Fractures are Laterally Continuous
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OK, but What's the Effect on Plume Geometry?
How about the High Angle Fractures?

* The plume appears to inhabit the same fractures into which
source area recharge occurs

* Older packer testing data shows some vertical spreading, but
those data may reflect leakage (packers set without use of a
caliper log to ID a smooth seating zone)

* Latest, most distal packer testing shows VOC impact only in
bedding unit fractures that sub-crop below the former source area

* Limited vertical spreading of plume, despite very strong vertical
gradients between individual bedding-parallel flow zones and the
presence of some high-angle fractures connecting zones

e Conditions consistent with LMAS concepts of Michalski and
Britton.



ATV, OTV, Caliper and Packer Test Comparison
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Downgradient Mid-Plume Source gradient Plume Plume
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Case #4: Central NJ Newark Basin

Mudstone bedrock (Passaic Formation)
NJGS mapping suggested potentially complex structure (faults and folds)

Former drycleaner site with several existing bedrock wells; LSRP updating CSM,
completing Rl
Geophysical logging scope:
— Gamma, electrical, OTV, ATV and HPFM of three 100-foot test holes, which will later be
converted to monitoring wells
— Assess structure, presence and lateral continuity of fractured flow zones

Results indicate another site where LMAS principles apply well
— Gamma and SPR markers subtle, but correlated site-wide
— Individual bedding plane fractures traceable across site

— Planar structure, no disturbance by folding or faulting at scale of concern for site
groundwater investigation

— Open interval of existing, VOC-impacted down-dip well shown to be intersected by the
same fractures that occur near ground surface in source area boring — plume appears to
move along bedding plane fractures from point of intersection at source

Assisted LSRP in selection of well completion depths — drilling now in progress



Logs Vertically Shifted to show Correlation

Boring Located Down-Dip
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Ground surface elevations at borings are similar, so depths of markers shown on
logs give a good general indication of bedrock structure
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Optical Televiewer




Optical Televiewer

Bedding Plane Fracture @
177.5’

Large Bedding Plane

Fracture at 270’ Steeply-Dipping Mineralized
Fractures @ 65’ to 67’
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HPFM Testing to Support Estimation of
Transmissivity and Hydraulic Head

Field Procedures

STy

Data Analysis

Interpret variation in
flowmeter data
collected in field

|dentify ambient and
pumped flow rate above
each zone / fracture

Forward model head
difference driving flow
and zone transmissivity
using FWRAP or FLASH
model
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FWRAP iterations provide
hydraulic background

i Ch\Users\boconnor.GEOSCIENCE\Desktophclass disk\FWRAP.exe al
NUMBER ©OF FRACTURES| AS AN INTEGER

BOREHOLE DIAMETER IM IMCHES AS DECIMAL
DRAWDOWN IN FEET AS A DECIMAL

STEP_FACTOR AS A DECIMAL — STAMDARD=1.88
TOTAL WELL TRANSMISS IN FTZ-DAY A% DECIMAL
VELL._DEPTH FOR PLOTTING A% DECIMAL

DEPTH FOR TOF OF PLOT|AS DECIMAL

DEPTH TO STATIC MATER LEVEL IN FT AS DECIMAL

| + i

a. A sample run of F. Paillet’s FWRAP Model

(Paillet, 1998)

A B C D E
DIAMETER = 6.0000
TSCALE = 100.0000
DEAWDOWM = 3.2000

B 2 R R R A R L e s

DEPTH TRAMNS HEAD WATER LEVEL
34,0000 10.0000 2.0000 23.9200
73.0000 90.0000 0000 25.9200
| TSCALE = 100.0000

10 | DRAWDOWRN = 3.2000

11| ERRORFORRUNMNG 115 1.9137

12 MEASURED COMPUTED

13 ANMEB  PUMP AMEB  PUMP

14 2 0000 7700 -.0010 L1.7016

15 1 -.3200 .3800  -.1137 L1.3796

16 | F*rFFrFrxxrrxrFrrrFrrErrrrErrrrrrrrrrrrrrrrris

b. Excel Output of FWRAP Model

1
2
3
a
5 | ITERATIORLOOE MUNMBER 1
i)
7
3
9




Py =t

21
22
23
24

a. FLASH Excel Inputs Sheet

FLASH solver helpful in studying
highly fractured environments

FLASH - Flow Log Analysis of Single Holes

soience for a chaeging v

ﬁuEpuUTI-RED welname: MV/101-BR University of Connecticut Landill
Elevation of measuring point [FT] 556553 Run Solver C Estimate T ransmis sivity
Mumber of flow zones [-] 3 ]
Well diameter [IN] B SOLVE EE S I
Drawdown [FT] 3.60
Depth to ambient water level [FT] 462 ; A
Depth at bottomn of casing [FT] 10 ® Solve without Reqularization
Depth at bottom of well [FT] 140 C Solve with Regularization
Radius of influence (Ry) [FT] 950
Total transmissivity (Tyee) [FT=/day] 26.00
ABS{AR) maximum 5 00E+D0
Regularization weigh 1.00E-04
Tlactor minimum [-] 1.00E-09
Flow above layer bottom depths
Bottom Depth Stressed
FRACTURES IFT] Ambient [GPM] [GPM] Tfactor [FTD] Ah [FT] Farfield head [FT]
é 3 35.00 0.00 0.50 0.04 -3.50 547 41
i 2 45.00 0.0z 0.50 0.54 0.00 550.91
g 1 £5.00 0.0z 0.23 04z 0.33 551.24]
r
r

(Day-Lewis et al., 2011)

Ambient Flow Profile

Upweard Flow, in GPM

3

o

]

Pumped Flow Profile

Upweard Flow, in GPM

=050 0.00 5] 1.00
4

b. FLASH Excel Output Profiles



Water Quality Logs

* Discrete depth sampler forgrab [—=— = 7w = & W
sampling at inflow zones i ——
* Trolling multi-parameter water . o
quality probe measures: é b
— Pressure L }
— Temperature \ \
— Fluid conductivity 1 7 |
_ oH | | { t ]
— Dissolved oxygen
— Oxidation-reduction o isEmEm s amBma)
— Single ion (e.g., Nitrate, . ErrHe e e
Ammonia, Chloride) = B jIEEEE L, 5s

* Assess geochemistry for:

— Natural metals GW impact

— Changes due to in-situ = AW
treatments B
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Related Data Management

Legacy Data Revival

BOREHOLE:
PROJECT NAME:
PRINCETON GEOSCIENCE, |NC PG| PROJECT NUMBER:
’ ! = CLIENT:
f
- S Log Daptn Refernea: Ground Surtsce Borenoie Diameater
2 Tota Depie &4 Driled Daptn Norih Refarence:
v *" Depth of Casing: 228 Magnetic Dectration:
Statc Water Level: 1261 Structural MEasUrements. Come
‘ Catper Peatural Gamme k] edoriseted Fiuid Temperatrs
= B Spacing
g n o E ] -1 1] £ -y so & gegt 1
. 75" Epacng
; % S B
-3 — 32" Spacing B ——
a 30 ohms  soE [o otmm  Gog| B Ohmw 30
=) PA Site Well 1 -Composite
, - | — o
10 5
:
=] I i ? : I
i 20 i
: 3 ] ] |
= o T T é I |
1 s T T 25 I 1
- '\_ i
= £ L) i i i . — i
1 2 o\ 1 — - i — —1 1
S {‘ { I T =5  — I I i
[ < ) |
i ,! A A S !
1= TR | ‘[}: f \2\: — o
o S 1 = i) — o
'x { 4 1 T 40 % rqj : T T i _JI
| \ oy =
I % - I I = =, [.*—* )
| } | g r g | \ I | e
T 1
T T i T e | o e
T { =1 — \ i e |
I I I L 1 it i
80 e
; E ; ii:_ ! 3 = |
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Appropriate Scaling Assists Correlation

[T e NS

= —en —_— | e | o] 2 Norme: Resistvry Spormanecus

—— “etmon |01 v W | % me |, e ! - N e iz = Poprr— Sore-- s Tenpease
e | e | Suasien -_— | i z == 15 Soscep ecc mv s | 10 cesc =0
\ = L s-'wmqmu,m:‘\m . - 2 o3 250 ik iey Frsc Ressowy

/ |v’ lMJ \ .‘}u i] o oem 200 © Orym-m 23S

' | \ L;!| K; ) PW-1, Former Marisol Faci
CY X el | -

i ) 18 = :

} ‘ I ( ‘ i? Hos

R A =

‘ ‘I g‘ ; 81 18 ——hos

( | i J = 19

| =5 ——h15

} | $2 | S h 20

"\ I"‘ L }

|‘) Ig": 3\, | 2

| |f () '

i t : a

\ |( é i Same well and depth interval

1l | b

/1l ik _

L ,Iu_ % . o |+ Expanded scale good for composite plots,

] H ! but gamma features vague

':‘ , |l a‘.

N\ | - 1™

\ l' ‘; | Need to “crunch” the scale vertically to
\ /"I | ) il 18 bring out contrast for correlating logs

x 14

\‘./ f } a1 1. from hole to hole.
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...Related Data Management
LIDAR-based Topographic Mapping

USGS 20 FT Contours

J_ﬁ
-— ] ™ . ....I I'J
" | . L u
’ e
o
1 I:_I & _.;.'.' B
1 --____.._...-" rl
L | ¥
| o~ g
.I— I|! .-ﬁ.-.. - = .
i &
= | -.::":r - |_|'I . Il.".

Contours generated by LIDAR
point cloud data




.Related Data Management
LIDAR-based Topographic Mapping

. © AP
Topographlc Contours Depth to Targeted Bedding |

generated in LIDAR point Parallel Fracture Zone =
cloud data, used in concert | 83 BSSat Proposed Wel
with bedrock structural L /!
data (contoured bedding or
fracture elevations) —
predict depth to zone of
interest:

Subtract structural
elevation of fracture or bed
from LIDAR based ground
surface elevation (e.g., at
proposed drilling location)
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