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Shaft 19B — Built hy Grow Tunneling in 1993
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4 TBM Ready for Insertion
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Robbins 239-282 HP TBM
A Wild Ride
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TBM Motors
422 HP

Water Cooled,
Three Phase
Electric Motors

10 Motors Total
Usually 8 Online
Rotates Cutterhead
At 8.3 Reu/Min
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Avg. TBM Penetration Rate (ft/hr)
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Early Mesozoic and
younger cover rocks

Hartland Formation
undivided

Manhattan Schist
undivided

5 (S
Fordham Gneiss+Inwood #EN{ Cameron's
Marble+autochthonous ! Line
schist (basement+ |
cover sequence)

Late Proterozoic gnm‘s;3

PR=Poundridge Y=Yonker\3( | (Adapted from

Hudson Highiands

s e o } Mose and Merguerian, 1985,
0 /‘ Figure 1, P. 21.)
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Manhattan Schist
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H
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(middie unit)
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Manhattan Schist
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Inwood Marble
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Queens Tunnel Complex
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e Scale of Mapping: 1 in. =10 ft
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70.0%

Gomparative Lithologic Analysis

O Alignment Borings
H Queens Tunnel Complex

58.9%
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Density Queens Tunnel (Mean = 2.87 g/cm®)
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Density Analysis

Mean
Low Density

Granite 2.516 2.809 2.667
Diorite 2.721 2.960 2.839
Gabbro 2.850 3.120 2.976

QT Mean = 2.87 (Dioritic Rock Mass)
From: Clark (1966, p. 20)
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-The boring logs cite the term , g
garnetiferous throughout. To .
most geologists, “garnetiferous” -~ .. e
rocks contain a few % garnet.

Thirty two Queens Tunnel Garnet
Zones mapped. They underlie
2,663’ or 10.64% of as-huilt tunnel. |

The Queens Tunnel rocks contain
up to 50% yarnet.

The Queens Tunnel Garnet
Concentrations would he called
“ore deposits” in many parts of the
world.

Results in cutter abrasivity and
production of excessive fines.




Granulites have a distinctive color and appearance, which is subtle
but familiar to experienced field geologists who have mapped
granulites in Canada, Africa, Europe, and elsewhere.

According to Hyndman (1972): “Quartzofeldspathic pyroxene-
bearing gneisses are common (in the granulite facies), greasy to
waxy looking, and are medium grayish-green to brown in color
because of the color of the plagioclase”.

Many Queens Tunnel rocks show this characteristic; it reflects the
substantial retention of their granulite-age feldspar.



| Geochemical Investigations hy the Brocks

o Major elements, trace elements, rare earth elements (REE)

Fig. B5 - Contrasting Geochemical Traits:

i. Fordham vs "Hartland I" and Related Mafic to Mesocratic Rocks
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® "Hartland I" & Related Rocks

B Mafic to Mesocratic Gneisses
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0.1347

0.1447
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1.0 Ga U/Ph Geochronologic Analysis

SS-3044

single zircon analyses

o Station 9+45

968 Ma

206py, 123877

Station 68+15

207py 123577

z2

10925 11925 12925 1.3925 14925 15025 16925 17925  1.8925 =
% SS-3049
™
- single zircon analyses x, 1018 Ma
01575} B 985 Ma.
. & 7 ¥,
=t
= 1000 Ma
0.1475
- - L
Age Dating Verified g e
01275
Fordham vs. Hartland
01175
24 g «——1092 Ma 207py 12357

1.01z0 1.1120 1.2120 1.3120 1.4120 1.5120 1.6120 1.7120



« Petrographic Analysis (92 Samples)

Number
Q109
Q109
Q110
Q111
Q112
Q114
Q115
Q117a
Q119
Q123
Q127
Q129
Q130
Q133
Q134
068+10
070+60
Q141

Texture
Mineralogy
Internal Structure
Metamorphism

Location  Color Densi
004+80

004+80 & 25 2.72
006+42 10| 2.66
009+25 | 25 2.79
011+60 & 35 3.05
015+90 | 45 3.03
017+70 10 2.71
022+25 15 2.72
026+65 | 45 2.93
032+15 = 60 3.11
042+67 | 60 3.09
049+95 = 25 2.71
051+83 15 2.76
059+95 | 55 3.26
062+45 | 60 3.17
068+10 ' 5:50
070+60 & 45
071+80 = 30 29
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Petrographic Data Sheet
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 Micaceous (+/- hornhiende) penetrative foliation
anticipated
~ Based on boring logs, pre-hid reports

» Weakly to non-foliated “granoblastic” rock mass found

R RN

ypical Hartland Typical Fordham



The Queens Tunnel Complex

Fordham Lithologies

1.0 Ga mesocratic, leucocratic, and mafic gneiss
Primary granulite-facies texture and mineralogy
Granulite “green” coloration

Non-Fordham Lithologies

<463 Ma granite and pegmatite

biotite+garnet rich metasedimentary rock (Walloomsac
Formation)

Metamorphosed mafic dikes

Unmetamorphosed rhyodacite dikes
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Stationing

Exposed Thick-

Orientation Length

NESS

Five Laterally Extensive Dikes

Brief Comments

109+20 - 109+52

117+58 - 118+24

128+70 - 129+21
129+53 - 130+41

131+70 - 132+42
132+40 - 132+56

132+58 - 133+62

149+93 - 151+36

151+45 - 152+40

N65°W, S7°NE  32'

? - RW Only 66'

? - LW Only 51°¢
N48°W, 78°SW  88'

? - LW Only 72°¢
? - RW Only 16¢

N61°W, 81°NE 104'

N52°W, 90° 143¢

N40°W, 83°SW  95°¢

12

o

7'
11"

6!
3'

5'-10'

16'

14'

cuts N58°E, 83°NW normal fault

cuts N52°E, 76°NW normal fault
and shear zone

cuts D, shear zone
cuts N20°E, 10°NW thrusts and
older F, fold

cuts N30°W, 23°SW thrust fault
thin selvage cuts thrust fault and
shear zone

cuts N44°E, 83°SE reverse shear
zone; fractured

cut by N20°E, 70°NW normal
fault; clay-rich gouge
cut by N18°E, 70°NW normal
fault; clay-rich gouge
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Geochemistry

Major QT Nockolds

Elements | . QTR-1; . ..Q01-Bi Q02-B| Average Rhyodacite
SI02 . 64.89: .. 66.16; 6306/ . 64.70} ... 5627
TiO2 0.58 0.51 0.62| 0.57 0.66
'Al203 14.54. 14.83| 14.78| 14.72 15.39
FeO* 3.73] 3.31] 4.35| 3.80 4.15!
‘MnO 0.07 0.08 0.08 0.08 0.07
‘MgO 1.62 1.77 2.22 1.87 1.57
'Ca0 3.97| 4.40| 5.54/ 4.64 3.68
'Na20 4.80 5.07/ 4.48| 4.78 413!
K20 4.52] 3.26/ 4.35] 4.04 3.01}
P205 | 0.40/ 0.41] 0.54| 0.45 0.17|
Total 99.12 99.80{  100.01 99.64 99.10!
LOI 0.87 3.81 2.86 2.51 0.68
*Total Iron as Fe0 I __________________________________ I __________________________________ I ___________________________________________________________________________ I
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Queens Tunnel Complex
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- Faults of the Quaens Tunnel
— N
|

Group D = NNE-trending fault system (hitherto
unknown)

Group E = NNW-trending “Manhattanville” fault system
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Gently-dipping Shear Zones of Group A

NW strike and gentie SW dip

Tynically reactivate older ductile shears

Thinzones of fault breccia and crush zones

Commonly associated with sheared pegmatite intrusives
Laterally extensive features that persist for 100s of feet
Terminate by ramping steeply into crown and invert

Wet features that resulted in collapsed tunnel headi
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NNE-Trending Fault System of Group D
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NW-Trending Fault System of Group E

Queens Tunnel

] ]
| | | | |




[16+00

\\ l\s\

.‘NJ’ECJ"EP
HMPH"HGLWE

//7

mg,

| ! INVERT

| //
’ I% DIOF?II'E —ﬁ
Ziey w nd GrEISS
Loy ' "0 '/
\’P { mﬁ fs
\Fr> HI 50 n :
;' !y k gNEISS \\\ z
T — ~
L= \ \ | \ T I RO \ l |




|.-

Bl
— 13

= e

-1

. |J|q

11

-

{51










o




LN |

I's Not My Fault! He put me up to this!



3ummary - QT Low Penetration
* (Queens Tunnel: Fordham, not Hartland

— Tougher, much older deep-seated granulite terrane

— More highly metamorphosed and structurally complex
than the Hartland

— Weakly foliated near-isotropic orthogneiss rock mass

— Decreased TBM penetration rate the result of tougher
Fordham rock

— Massive ground cut by >300 fractured (faulted) zones
— Rhyodacite cooling fracture pattern and contact effects
— Broad zones of subhorizontal fabrics and shear zones
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Hartland Formation and
Manhattan Schist
(upper unit)

H

Manhattan Schist
(middie unit)

i

Manhattan Schist
(lower unit)

Inwood Marble

H

Yonkers Gneiss

TERRANE
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125t Street Fault

Examined on 30 May and 02 July 1985

150 m wide zone of highly fractured rock

2-3 m wide zones of fault breccia

Large hlocks show right-lateral rotation in crown
NW strike and steen SW dip

Steep SE-plunging slickensides overprinted hy
subhorizontal slicks

Thus, reverse ohligue slip offset is indicated
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Hartland Formation and
Manhattan Schist
(upper unit)

Bmm)
Manhattan Schist
(middie unit)
[Omi]

Manhattan Schist
(lower unit)

Inwood Marble

Fordham Gneiss

Yonkers Gneiss -

THE MAJOR FAULTS IN
NEW YORK CITY




»
W
8
i,
A
RV
2
(N
R
NN
\& '.,,
WA

Nl

BRONX BOTANICAL GARDENS




SR

V-Shaped Bronx Rive

\ Y

g ",

LSRN



+LCentemporary Course
Higiorls Courss
E. 204th St.

Riker's Island




Mosholu

L N

%




250 500

S

LA

I

Pveryeny
r
E. 205th St. : A Burke Ave.
WNW v ESE -

+60

+50

+40

+30

+20

+10

o 11 13 1S 18 21 24 27 30 3335 37 39 A

Brown Sang
& Gravel

Brewn Sand L
Gravel

\ Sand Grave |,
Bevlder £ Mard Pou

X

' Sand 4 Sravel

100"






N66W nght Lateral S/S Fault, So.
R Y N




17 January 2001, M = 2.4

n M - J " The epicenter of yesterday's earthquake and a look at the 125th Street fault;
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A New York City Earthquake
Can it Happen Here? YES




How Well Will
NYC Withstand
A Moderate
Earthquake?

How is NYC Built?
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S. Section JTF 20 Core from Brooklyn Pre-bid Boring BKTL-13 Station —71+90
Biotite garnet migmatite gneiss- Plane- and cross-polarized light photomicrographs

u u u u Field of view is approx. 8 mm
I o I e O I a I o n o n e Granoblastic medium to coarse grained texture with quartz, plagioclase feldspar, biotite (brown color) and garnet
(light colored) and opaque oxides (black)

Source: DEP Response, App. 11, Rpt. 2



Blutltd
.
-
 DEP modal analysis proves grea
Iollatlon mn ZoneA >
|Table: 2 Modes Volume % of rocks from Brooklyn Tunnel | i | l
°: JTF Ts=Jenny Thin section;PTS"=Jenny Polished thin secfion; []=No TS —1 150 =
JTF ~ Rock Name Quartz_|K-feldspar| Plag | Garnet [Biotte]] Hb+ | Epid| 260 Apatite | Opaque | Others
Shaft | Sample # |[TSPTS* | o | g . [Relict Pyx 18.0 o
Borehole 4 3 | | = =
23B Shaft _ No slide | = E _3{0 -
BTL-14BH |BTL-14R39 |JTF-22 |Gt Bt Migmatite 24.0 365 215 20 || 100 0 23 05 20 05
BTL14BH |BTL14R-42 |[JTF-6] |Gt Bt Migmatite ] 1= - ¥ ]
BTL-1 BH _ |BTL-1d R-47 |JTF-7 Gt Bt Hb Migmatite 30.0 51.0 15.0 1.0 3.0 7 5 B B
BTL-1BH  [BTL-igR-47 [JTF-8* [Granophyric Migmatite 30.0 90 | 300 7.0 15.0 18 D- ) ~ Sillimanite|
BTL-2BH |BTL2R-49 |JTF-4 | GtBt Migmatite 14.0 30 38.0 80 | 26.0 20 st 9.0
22B Shaft  |22B-AR-44 [JTF-5*  Hornblendite ] ! , o 180 [| 680 8 140 1.0 30 ]
22B Shaft  22B-AR-49 [JTF-20 Gt Bt Migmatite 16.0 20 | 280 7.0 340 | 30 3 6.0
BTL-13BH BTL-13R-44 |JTF-9 __Hb Gt Migmatite 23.0 410 35 | 23 | 80 0 150 05 05
BTL-3BH BTL-3R-52 |JTF-19  |Bt Migmatite 25.0 33.0 18.0 1.0 | M ESE s, |
BTL-12BH  BTL-12R-45 [JTF-10 |Gt Bt Migmatite 24.0 , 200 | 75 | 180 | 140 20.0 05 70
BTL-4C BH |BTL-4R-57 |[[JTF-23] |Gt Bt Hb Migmatite 250 36.0 4.0 14.0 12.0 2 45 — 1 o 10 |
K-52 BH K-52R-21 _ |JTF-24 |Gt Bt Migmatite 23.0 14.0 46.0 — [ 150 ~ 10 10
K51BH  |K51R-28  |JTF-3 Gt Hb Migmatite | 140 23.0 90 f[ 200 | 100 20 Tr
21B Shaft  |[21B-E R-53 |JTF-18" |Gt Hb Bt Migmatite 325 15 47.0 15 || 45 75 1] ———— 4.0 Tr
BTL-11 BTL-11 R-48 |JTF-12° |Gt Amphibolite 1072 200 | 120 420 B 40 <1 55 T |
BTL-6 BTL-6A R-44 |[JTF-11] |Gt Hb Migmatite 18.0 37.0 4.0 4.0 320 2l e 2o [ TE |
BTL6 BTL-6A R-55 |JTF-15 Gt Amphiboltte _ 11,0 ; 29.0 35 | 30 | 450 3] 30 55 T
BTL-9 BTL-9R-47 JTF-16 Gt Hb Migmatite 380 450 3.0 6.0 i 5-6 B <1 A
BTL-9 BTL-9R59 |JTF-2" |Gt Hbt Migmatite i B |
20B Shaft | 20BR-29  |JTF-25 |Gt Bt Migmatite 15.0 380 | 480 ] 40 s
20B Shaft [20BR525 [JTF-17* |Gt amphibolite ) 50 20 _ || 220 8.0 50 | 480 | 1 — 7.0 Tr
BTL-10  |BTL-10R-46 |JTF-13  |Bt Gt Migmatite 320 20 36.0 7.0 14.0 1.0 8.0 B
BTL-7 BTL-7 R-44 |JTF-14 | Migmatite 25.0 34.0 240 2.0 55 ! =2 <1 70, | ar
BTL-8  |BTL-8R-47 |JTF-21 |Gt Bt Migmatite 140 | 40 45.0 70 | 250 | 10 1 5.0 30 Tr
BTL-8 BTL-8 R-48 [JTF-1 Gt Migmatite 38.0 40 | 350 75 8.0 2 05 85 Tr
BTL-19B |BTL-19B R-57 ) ) ; ] = 14 0 1T |
| 5 5 |
~ 250
Source: DEP 2001 Response, App. 11, Rpt. 2 | 15




New Data From DEP - June 2001

18.5%

10.9%

-— = = = @

Queens Tunnel

Zone A



7% biotite
Foliation Index =

7% hornblende + 7% pyroxene

— Indicates relative degree of regeneration of weak mica during
retrograde metamorphism

— Foliated rocks fail more readily because of the continuous

nature of the mica crystals, a soft mineral with perfect basal
cleavage

— Aligned biotite produces a penetrative metamorphic foliation

in Zone A of the Brooklyn Tunnel, not found in the Queens
Tunnel



« Ratio of % biotite to % [hornbiende + pyroxenel
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Brookiyn Tunnel - Zone A # Queens Tunnel

ZoneA Zone G/Queens
Texture Highly foliated Weakly foliated
Mineralogy 18.5% Biotite 8.3%/10.9%

Biotite

Foliation Index 6.4 0.5/0.9



The Queens Tunnel Complex

Oldest fabrics are medium- to coarse grained with
interlocking plagioclase and pyroxene

Early, coarse-grained garnet coexists with
clinopyroxene [cpx) in several rocks and coexists
with orthopyroxene (opx) with or without additional
chX in others

Orthopyroxene is a diagnostic indicator of granulite
facies metamorphism



The Queens Tunnel Complex

The garnet-clinopyroxene-orthopyroxene-
plagioclase assemblages indicate that M,
metamorphism occurred in the high-pressure
granulite facies

Queens Tunnel gneisses exhibit some light- and dark
mineral layering hut sparse foliation

The interlocking granoblastic texture, lack of a
penetrative foliation, mafic mineral content and
resulting high density produced a homogenous,
weakly foliated, "tough” rock mass



The Queens Tunnel Complex

Fordham Lithologies

1.0 Ga mesocratic, leucocratic, and mafic gneiss
Primary granulite-facies texture and mineralogy
Granulite “green” coloration

Non-Fordham Lithologies

<463 Ma granite and pegmatite

biotite+garnet rich metasedimentary rock (Walloomsac
Formation)

Metamorphosed mafic dikes

Unmetamorphosed rhyodacite dikes



The Queens Tunnel Complex

|. Garnet-Clinopyroxene-Plagioclase Rocks
+/- Hornbiende, Quartz, K-feldspar

Il. Leuco- to Mesocratic Gneiss
Fordham “granulite” mineralogy and -texture



The Queens Tunnel Complex
l1l. Mafic to Mesocratic Rocks

Contain Hornhlende, Orthopyroxene,
Clinopyroxene, Garnet, Biotite, and
Cummingtonite all with Plagioclase, +/-
Quartz, +/- K-feldspar

Leucocratic (0%-39% mafic mineral content),
Mesocratic [(39%-63% mafic mineral content), and
Melanocratic (69%-90% mafic mineral content)
gneiss form the bulk of the Queens Tunnel Gomplex



The Queens Tunnel Complex

Coarse granoblastic granulite facies gneiss
Orthopyroxene + clinopyroxene + garnet with plagioclase
Primary garnet form during initial M, metamorphism

M, recrystallization of hornblende, biotite, and secondary
garnet overprints primary plagiociase and pyroxenels)

Porphyroblastic garnet indicates a later (youngen) stage of
metamorphism [M,)

symplectic rims (M,) "garnet necklace” around mafic
minerals



Later Stage (M2] Metamorphism

Reactions produce hydrated mineral assemblages
resulting in growth of hornblende, cummingtonite,
biotite, and recrystallized garnet

sample Reactions

opX + cpX + plag = hhl + garnet

OpX + (uartz = cummingtonite
garnet + opx + plag = hhbl + quartz

K-spar + opx = biotite + quartz



The Queens Tunnel Complex

secondary (M,) Metamorphism

Goronas of hydrated minerals such as amphibole and
biotite envelope relict pyroxene crystals

Garnet “necklace” textures +/- hornbiende once
contained pyroxene(s]

The retrogression involved introduction of hydrous minerals into
the gneisses, and almost certainly took place at higher H,0 activity
than did the original granulite metamorphism



stage 2, City Tunnel 3
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Geology

HERRENKNECHT TBM
ISEMENT

ADVERT
_Rock Does Not

Geology

Equal Rock

At Herrenknecht, maximum tunnelling performance and the

greatest possible safety are the ultimate goals for the

development of tunnelling machines. Expert analysis of the

geological conditions result in a “tailored hard rock machine”.

Whether it is solid rock, abrasive rock or rock
under high pressure, weathered transition
zones with high ground water pressure or ca-
verns, the variety of the geological conditions
in a planned tunnel route is virtually unlimi-

ted. At Herrenknecht, the geological analysis

All Experts On One Team

The excavation process in hard rock takes
place in the peak state of the shear and com-
pression resistance as well as tensile strengths
of the rock. At the same time, the best possi-

ble tunnelling performance has to be achieved.

of the ground conditions is always taken into
consideration in the machine design. Cutters
and cutterhead are ideally adapted to the va-
tying degrees of hardness and abrasion in se-

dimentary, metamorphic of igneous rock

At Herrenknecht, a team of internal specialists
from the disciplines of rock mechanics, me-
chanical engineering and process technology
find the optimum project solution for develo-

ping the machine design.

Mechanical rock excovation is con-
fronted by rock with vorying degrees
of hordness, e.9. with extremely hard
gneiss (top left] and gronite (top right),
medium hard mica schist (center left),
breccia (center right) and claystone
(bottom left] os W(:" as limestone
(bottom right).

The formation of each mountain range
s unique. Lotschberg in Switzeriand con-
sists of o wide variety of rock formations
along the tunnel route. Herrenknecht
supplied two single gripper machines

(0 9.43 m), which enable mechanicol
rock stabilization as close as 4.2 m
behind the cutterheod.
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