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Contaminant maps don’t tell the full story

* Flux distinguishes mass in high permeability
and low permeability zones to better
guantify mass transport

Mass Flux describes the concentration of
contaminant movement (mass/area/time)

Mass Discharge describes the mass of
contaminant movement (mass/time)

e Better understanding of risk
* Better monitoring design
* Ability to focus remedy design
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Demonstrate the Vertebrae system for reliable long-term
monitoring of contaminant mass flux/discharge from source zones.

1.

Adapt and apply mass flux/discharge methods proven for conventional
vertical transect approaches to the Vertebrae system

Compare Vertebrae system mass flux/discharge results to a conventional
vertical transect approach and measure changes over time

Develop guidance regarding the technology, application, limitations,
anticipated performance, design considerations, and cost
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The Vertebrae™ system:

a segmented, nested horizontal well

Each well screen segment isolated by a grout seal
and separately plumbed to the surface

>20 segments can be installed per system
Well components are constructed off-site

Cost breakpoint to vertical monitoring wells is 7-
10 MWs = 1 Vertebrae system

Provides access under active infrastructure

Has also been used for fluid (liquid/gas)
injection/extraction

™

+ Soil samples, lysimeters
+ Vadose zone modeling

~Leaching potential

~Benefits of source
removal/stabilization

Source Area |
Assessment

High Resolution K
Plume Mapping

+ High-resolution geologic

charactenzation tools

* Mobile labs

= Plume geometry and flux/storage
Zone geomelry architeciure
*Potential receptors

| ~Locations for fong-term monitoring |

» Hydraulic/tracer-based
approaches for wells

~Quantitative, repeatability
= True measure of plume
migration pofential and risk

~Assess remedy
performance

Long-Term Flux
Monitoring y
Programs d




Full Scale Demonstration

Grayling Army Airfield
Vertebrae Segmented Wells



Site Description: Grayling Army Airfield

Grayling Army Airfield, Michigan

Site Conditions

* Well characterized PFAS source and
plume with HRSC data

* Total PFAS concentrations are high (>30
ug/L) and several (9) different PFAS
constituents are present

e Aquifer is shallow (approx. 14 ft) and
relatively permeable (approx. 75 ft/d)

* “Simple” unconsolidated geologic setting

o g ESTCP ER19-5203

Remedial Progress 8 e —
* Previous high-resolution mass | !J?’m
flux/discharge completed via ESTCP x| -
ER19-5203 it
* Future mitigation actions likely ' -

Other

* Straightforward drill rig access

* Engaged and supportive regulatory
agency and stakeholders




Demonstration Plan Layout — Vertebrae Segmented Horizontal Wells
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Predesign Vertical Characterization
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Vertebrae™ System Installation




Performance Monitoring

* Quarterly groundwater sampling

* All locations for PFAS (EPA 537M), select locations for TOP Assay, TOC &

Shallow, Deep, and Longsect Vertebrae transects i P it i o
CMT multilevel well e )=

Shallow and deep monitoring wells

* Pressure transducers in shallow wells for continuous water level monitoring

Vertical FO Cables
(Plan View)

* A-DTS Testing ors
* Shallow transect -
* Standalone cable bTS-2
« Vertical FO cables ~Xx

DTS-4

Select events included

hydraulic & tracer testing




Hydraulic Testing

Pneumatic slug testing for vertical
monitoring wells and Vertebrae
wells with Geoprobe PST kit
including small diameter pressure
transducer

Single well tracer tests for |
vertical monitoring wells

In-line tracer

measurement Return line

Tracer mixing
reservoir

g\\‘}\_\\\\\\\\\\\\“

Well screen

Withdrawal line




Results



Vertebrae As-Built Locations

. Difference between Difference between Navigation
[ J
Three sets of coordinates m Navigation & target (ft) & EM Line tracing (ft)
* Target bore profile

o , . S-R7 0.32 0.08
* Method 1: Navigation data during drilling 506 0.19 0.25
* Method 2: RF line tracing after installation S-M5 0.20 1.42
5-G4 0.10 1.00
* Target tolerance limit of +/- 1.5 vertical feet 5-Y3 0.58 0.75
e 0.5 ft (accuracy during drilling) + 1.0 ft (goal) = 1.5 % A Srizment 0.13 1.42
vertical feet ? (<gl 5 1) 100% (6 of 6) 100% (6 of 6)
* Screens installed on the slopes omitted due to 6 of 6 screens along horizontal section were within 1.5 vertical feet

lower accuracy

* Future recommendation — avoid placing screens on

These 2 screens omitted due to reduced
slope (sonde may be less accurate)

locating accuracy on curved portion of bore
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1143.60 ground surface
Shallow target

1138.60 S-R7 S-06 S-M5 S-G4 S-Y3 S-S2 S-B1 —8— Shallow Walkover

k —0— —@— Shallow EM
— ——
1133.60 =
1128.60
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Performance Objective: Accurate and reliable placement of screens in subsurface ? Tanaq




A-DTS & Vertebrae Seal Placement
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Performance Objective: Demonstrate integrity of grout seals to isolate individual screen segments
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Hydraulic Profiling Tool vs. Pneumatic Slug Tests

Geoprobe HPT Geoprobe PST Estimated K Comparison

HPT Continuous Logging — Pneumatic Slug Test Intervals

b Data Logger VRTB-03
/_ | Transducer o F—
Cable Depth (ft) HPT Upper
f !

Laptop i
Computer 12.0 Limit

HPT A

s @) . - Pneumatic Manifold
. creen 0 o E Assembly Water Table
b i
17.0
HPT
Pressure Probe Rods 19.6 - 23 ft bgs L=
Sensor vl 28.4 ft/day 'E
Module -
i 22.0 g
s HPT Data Comparison
gﬁrei'm - Pressure Transducer 23.6 - 27 ft bgs 23.6 ft bgs — 80 ft/day
k| 1. 76.5 ft/day ® 24.9 ft bgs — 85 ft/day
g 0sl ] 26.9 ft bgs — 74 ft/day
g sl ° ] 27.0
= el ;
= s L - ] 28.1-31.5 ft bgs
= Screen 3 *T ; 90.7 ft/day
= Interval 3 or
HPT estimated K mostly at or above Exp‘“—“‘é‘;‘;’:: - g oz . 32.0
. . . z [
upper test limit for all locations 04 y 32.6—36 ft bgs
107.7 ft/d
(75 ft/day ~0.0265 cm/s) o8 p ; ki
o8l ]
e o 37.0
0 1 2 3 4. 5 36.6 — 40 ft bgs
Time (sec) 93.5 ft/day
42.0
0.0 50.0 100.0 150.0
Estimated K (ft/day) 17
. . . . Butler, J.J., Zhan, X., 2004. Hydraulic tests in highly permeable aquifers. WRR (40). ? ’T
Performance Objective: Validate methods for groundwater flux measurement with Vertebrae systems httos://doi.ore/10.1029/2003WR002998 -, 1dnaq



https://doi.org/10.1029/2003WR002998

Hydraulic Testing

&— Tracer .« o %

lution” ‘w
solutio =~ Y

“Science requires buckets”

Vertebrae Single Well Tracer Tests

Results within expected ranges

Repeated tests agreed within 12%

Data generally consistent with model

Further optimization (volumes, duration) would likely
improve test
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q,, is the flux through the well

A is the cross-sectional area of the well segment exposed to groundwater flow

r is the effective well radius

b is the length of the well screen

V., 1s the total volume of tracer-tagged water
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Vertebrae Pneumatic Slug Testing

 Performance Objective: Validate methods for groundwater flux measurement with Vertebrae systems

Performance Objective: Validate methods for groundwater flux measurement with Vertebrae systems

K results lower than expected (~10x)

Not consistent (e.g., RH tests 3-6x higher)
Implausibly low Specific Storage

Early- and late-time deviations from model

Implies well skin effect i

1
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Empirical Estimates of K from Grain Size

ARCADIS Updated Version fptippstesiaomparison
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e _ — -
-, . = '_?' 0 . ] T e e e . — T = 5o SAMPLE¥BI§603
- . o9 ::m] a -~ '\;':?:::)i SANY; EOME COATST SAND: TTATE FINFE
— Fazen K (oms) =4, (mm) 40E03 | 2.16E02 No
FETH Slichter Ta0EL0n Giram finetors % in Sample
5 - = =0 2 Q Boulder (>64 mm) NA
,UEQ {ogemm) | A
Medium Gravel (8-18 mm) L NiA
- Fing Gravel (2-8 mm) 77
. . 2.75E+02 —
Grain Size Re mate Report 10 e i
S6E03 | 341E02 -
= : - — Fine Sand (0083025 m'n)l e
' g irm Simm A yate en Daln | A byss Bapon Dubs 1 0dat-2 - = a - 4 - 'A:}E:% T?TE:E e Ceozrse o (0.016-0.083 nr'v‘ S- NI
A= — . = dium Sit (0.008-0.018 nr'u % 134
it ¥ samgie pane S8R 12 SBARATE- 11 513 VETA-(00S 15 e e S St (0.002-0.008 mem) | A
e THe e, = Ghmouis T4ED1 LMEDE  AMBEM2 s = i
Maderataly will sortad gravilly sanid ki 2 Knumbeinar  onk 496E02  IB3ED3  141Es02 Yes
o ol sacted gravelly wand lowin fins -
20 .
An T
) B
Haa) [=]
O i 2"
== E o0
L E 0
i ] §
an wir 13 E
1 B
ol g
it £ )
& 10
- ¥ ; £,
i b 5+
; daf a . ¥
i 3,
-3 e 8 T A H
s £
B
F
[ T -
a0 L i it ! I | l EEJ.*:?D‘GFH.&LE
0.12 0186 o'z 0.24 028 0.32 0.00 Q 02 e SouR e e
' 18
. A e (0.0 0.02 0.04 0.06
| b Sigve opening (ps) (mm) §
| & 8 )
i Estimdrd/ARRAAIDS | 9
i ‘ N
|
: T . . . .
| q 0
: ! : Selectt! RTdHRRA M thethbigResloSPIdhRetinates site sediments
i i ol ool a0
Diamater [mm]
HydroGeoSieve (Devlin, 2015) http://www.people.ku.edu/~jfdevlin/Software.html
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http://www.people.ku.edu/~jfdevlin/Software.html

Comparison of K Methods

Depth versus Hydraulic Conductivity

Pare Pressure Dissipation Tests (HPT Borings)
Slug Tests (Vertical Wells)

Slug Tests (Horizontal Wells)
Grain Size Analysis (soil samples)
SWTTs (Vertical Wells)

SWTTs (Horizontal Wells

4l+6>O

10 —

Shallow Vertebrae SWTTs

* Estimated K data varies across 2
orders of magnitude

* Similar to shallow MW SWTTs

Vertebrae PST

 Kvalues lower than
expected

*  Well skin effects

* Not consistent with VAP
and MW PST

Mid-Screen Depth (ft bgs)

Esti m%ﬁ@aﬁktégé@mmmg gh>
orde MR ESSD [Bmailn size is ~2-3X
+ o Overifigdtrdimpriaasiianésg from HPT

* tr3nsBigh resolution ttatemsene boring
¢ ConsREEPTSHRR dtp MW SWTTs

36 —

38

40

T T T — T
1E-03 1E-02 1E-01 1E+00 20

Hydraulic Conductivity (K) (cm/sec)
>
Performance Objective: Validate methods for groundwater flux measurement with Vertebrae systems # Tanaq



Comparison of Vertebrae to Vertical Analytical Data

100,000

PFOA  PFOS
[}
= Maximum concentration from PM events
10,000 :|: I
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X [ ; .\ @ @ Average concentration from PM events
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Comparing PFOS analytical data from
5 3 Vertebrae performance monitoring events
to closest adjacent vertical analytical data

-
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Spatial and temporal variability is apparent,
but generally good agreement

s-B1
5-52
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Performance Objective: Assess comparability of samples from Vertebrae system screens to grab samples e g Tanaq




In Progress: Mass Discharge Analysis

Elev (ft)
1,150 1
1,140 1
1,130 1 I
1,120 I
1,110 I
1,100 I
| Cross sectional area | | | I i
1,090 7,124 ft2
0 100 200 Distance (ft) 300 400 500
Mass Flux Est. Hydraulic
PFOS Analytical (ng/L) (ng/day/ft2) Conductivity (ft/day)
M D — M M I — C I A l >100,000 5100,000 >125 — 150
i Area >10,000 - 100,000 >10,000 - 100,000 >100-125
. >1,000 - 10,000 >1,000 - 10,000 >75-100
. Concentration
Mass Discharge Darcy flux >100 - 1,000 >100 - 1,000 >50-75
(hydraulic conductivity x gradient) >40 - 100 >40-100 >25-50
- Non-Detect — 40 - Non-Detect — 40 >2.5-25
>0.1-2.5 22

HPT Est. K and [PFOS] Kriged to the same grid <0.1 p;
Performance Objective: Validate Vertebrae application for quantifying mass flux/discharge = Tanaq



In Progress: Mass Discharge Analysis

Estimated K Estimated K Estimated K Estimated K
from HPT from Grain Size from SWTT from DTS
PFOS Mass Discharge
& GW Discharge thal Miass GW Discharge To.tal Miass GW Discharge thal Miass GW Discharge To.tal Mass
Discharge Discharge Discharge Discharge

gpm mg/day gpm mg/day gpm mg/day gpm mg/day

2019/2021 Investigations 0.0025 In Progress In Progress In Progress In Progress NA NA NA NA
Vertebrae Transect PM#1 0.0023 6 56,000 17 151,000 12 226,200 In Progress In Progress
Vertebrae Transect PM#2 0.0018 5 45,700 13 123,100 10 176,400 In Progress In Progress
Vertebrae Transect PM#3 0.0028 8 69,000 20 185,300 15 254,700 In Progress In Progress
Vertebrae Transect PM#4 0.0021 6 68,600 15 183,500 11 275,000 In Progress In Progress
Vertebrae Average 0.0023 6 59,825 16 160,725 12 233,075 In Progress In Progress

o0

@

Most variability in SWTT

=

B 500 . L . . . . )

:3 N Limited grain size data associated with Vertebrae intervals Groundwater Discharge PFOS Mass Discharge

.

S a00 ; - 300,000

S 250,000

S 300 c 15 200000

£ 210 < 150,000

L e 0 B e R e i T TR TR R T = 100,000

- 200 5

- 1l 1 l 1 oo gfl ot 'R 1

100 " 0 0

o - L LB L ) PM #1 PM #2 PM #3 PM #4 PM #1 PM #2 PM #3 PM #4
| I | | | | | | | | | I | | | | M HPT Grain Size I SWTT M HPT Grain Size [ SWTT

Wall Screen 3

| 2
Performance Objective: Validate Vertebrae application for quantifying mass flux/discharge k Ta naq




* Vertebrae wells were easily installed, and as-built boring is within +/- 1.5 ft of target elevations
for most locations

* A-DTS was able to determine the position and extend of grout seals between monitoring

intervals. Seals appear to function; however, there is evidence of grout penetration in some
screens

* Multiple groundwater flux estimation methods have been adapted to the Vertebrae system
and appear to yield reasonable and consistent darcy flux values; however, pneumatic slug test
results are biased low, likely due to well skin effects.

* PFAS concentrations from Vertebrae wells are consistent with previous data and some data
show significant spatial variability

* Groundwater dynamics at this site are significant and are associated with large concentration
variations near the capillary fringe

* PFAS mass flux analyses are underway and preliminary results indicate good comparability
between Vertebrae and HRSC-type methods

24
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Next Steps

SERDP Proposal
Groundwater Dynamics and PFAS at the Capillary Fringe

Craig Divine, PhD, PG - Arcadis & Kristen Hasbrouck, PG - Tanaq Environmental

P SERDP

AARCADIS & Tanaq BN
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Groundwater Dynamics and PFAS at the Capillary Fringe

Sampling Scales:

Soil Concentrations
Porewater PFOS / PFOA (ug /L)
1 i o] 50 100 150 200 Fall 2021
— e e 10 ! 4 L 10
- E :‘.' 3
: 2 [
: RS :
: N e 15 . 4950 ng/L
: . =" . " 19,700 ng/L
H = 1]
1 ] 55 0= S gp 7 2.850ng/L
Ll ] -c_ II
[i5] |
: & - o .f 578 ng/L
25 z g 25 |
. n . = 102 ng/L Mass Discharge for
" [ —_ Xsection Area:
= 226.2 g/day
' . . 30 m & 30§ soangit
- ‘-‘fﬂ"
: as 72 W PFOS a5
8 e +PFOS_U 731 ngfL
" APFOA ’
o ki X% PFOA_U
i 40 40
[ [7%] i
=] = o
Note: soil concentrations converted to 3 3 8
porewater values using assumed d), Py and
assuming no sorption.

nonoL

Winter 2022 Spring 2022 Summer 2022
GWE Time Series Data
190 ng/L
* -
— ] -«______g_fi_E ng/L 54,200 ng/L
= 22,500ng/L % 33,000 ng/lL R
- e L —T
1,830 ng/fL — —
| | 2,300 ng/L [ 2,730ng/L
| | |
% 528 ng/L + 730 na/L # 620 ng/L
84.6 ng/L Mass Discharge for l 99,0 ng/L Mass Discharge for 32.0 ng/L Mass Discharge for
Xsection Area: Xsection Area: Xsection Area:
176.4 g/day 254.7 g/day 275.0 g/day
46.9 ng/L 120 ng/L v 140 ng/L
GWE Trend ‘ GWE Trend GWE Trend
9.01 ng/L ﬁ b 660 ng/L 16.0 ng/L
= Ly (%3] =4 = A w | = Lkt (¥ =y
o o o o o 1<) =] (=] =3 o =] o
2 2 2 2 2 2 2 s 5] = =] 2
[=) (=] [=] [=] (=] o [} Lo ] o ] (=] o o
PFOS Concentration (ng/L)

* Site is homogeneous and high K (“Borden of the South”)
* Notable groundwater dynamics
* Fastrecharge
* Gradient magnitude varies >50%
* Flow direction ranges ~30 degrees
* CMT data shows high variability in concentrations at capillary fringe
* Large variability in mass flux/discharge

SERDP preproposal submitted (ER24-C5-4228) to collect
additional high-resolution data in capillary fringe (core sampling
and ongoing monthly monitoring including additional CMT wells,
lysimeters, and Vertebrae system sampling)

2
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In Progress: Design Data Requirements

1.25

1.00

0.75

0.50

0.25

Calculated Relative Mass Discharge

0.00
100% 90% 80% 70% 60% 50% 40% 30%
Amount of Available Data Used in Vertebrae Design

Performance Objective: Demonstrate method to identify appropriate mass flux zones to target Vertebrae placement

Success will be achieved if a relationship between pre-design data availability and the predicted mass discharge
measured from the resulting Vertebrae system designs can be developed, and if this relationship indicated the
Vertebrae design will yield a mass discharge estimate within +25% of the estimated derived from other data.

Related guidance for design of Vertebrae system from site data will be developed

20%

3
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Assessment of Accuracy of Mass Discharge Estimates

Focus on:
e K derived from Geoprobe HPT™

* PFOS concentration variability

Paired locations with...

K/ GW flux comparisons:
* Geoprobe HPT™
* Pneumatic slug testing in Geoprobe screen point sampler
e Continuous cores — K from grain size estimates
* A-DTS in drivepoint fiber optic point installations

* PFOS concentration variability
* Geoprobe screen point groundwater sampling
* CMT multilevel well — 7 discrete ports
* High-resolution core subsampling

1. Geoprobe Hydraulic Profiling Tool (HPT™)
2a. Geoprobe Vertical Aquifer Profile (VAP)

2b. Geoprobe Pneumatic Slug Testing (PST)

______ 3a. Golden spike cored hole

3b. CMT multilevel well
: 4. Drivepoint FO cabel for A-DTS




Lessons Learned & Technology Robustness

* Avoid installing screens at an angle

* Limit entry/exit angles to prevent tight bends in Vertebrae system

* Irresolvable uncertainty in confirming as-built vertical borehole location results in a minimum target

thickness of 1.5 feet
* Well materials/construction significantly affect some hydraulic test results
* Grout delivery methods and options
* Challenges on feeding sampling tubed; dedicated tubing is recommended
* Well materials are non-detect for PFAS
* Large box vaults are rugged and recommended

e Total Vertebrae wells installed to-date: >200

Performance Objective: Identify challenges and limitations of the Vertebrae wells \
Challenges and limitations are understood and can be readily mitigated

Performance Objective: Assess robustness of the technology

No fundamental design flaws/limitations and no systemic problems experienced

Performance Objective: Verify materials compatibility with PFAS

Rinsate blank samples are free of PFAS




