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LATE PALEOZOIC DEFOfu�TION IN THE RESERVOIR FAULT ZONE 

AND GREEN POND OUTLIER, NEW JERSEY HIGHLANDS 

L . D .  MALIZZI AND A . E .  GATES 

Department of Geology 
Rutgers University 

Newark,  New Jersey 0 7 1 0 2  

INTRODUCTION 

The New Jersey Highlands are part of the Precambrian Reading Prong which 
extends from Mass achusetts to Pennsylvania ( Fig . 1a) . The field study area 
is in north-central New Jersey and contains the Reservoir Fault zone and Green 

· i Pond outlier . 
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The Reservoir Fault zone forms the boundary between the western side of the 
Paleozoic sedimentary rocks of the Green Pond outlier and Grenville gneisses 
of the New Jersey Highlands ( Fig . l b ) . The Paleozoic Green Pond outlier 
locally contains northwest-dipping reverse faults ( Herman , 1 9 8 7 ;  Herman and 
Mitchell , 1 9 8 9 )  and southeast-verging folds . These structures indicate 
southeast directed transport which is enigmatic with respect to the rest of 
the Appalachian foreland fold and thrust belt . 

The maj or structure in the area is the northeast-striking Reservoir Fault 
zone . The fault zone is a high angle 100 m wide cataclasite and semi-brittle 
mylonite zone , which is composed predominantly of Grenville gneisses . 
Numerous theories have been presented for the deformational history of the 
Reservoir Fault zone including Mesozoic normal faulting ( Lewis and Kummel , 
1 9 1 2 ;  Ratcliffe , 1980 ) ,  Proterozoic wrench faulting ( Helenek, 1987 ) , 
Alleghanian sinistral strike-slip faulting (Mitchell and Forsythe , 1988 ) , and 
Alleghanian reverse faulting (Herman and Mitchell , 1989 ) .  Recent work by 
Malizzi and Gates ( 1989)  indicates that the Reservoir Fault zone and Green 
Pond outlier form the east side of a positive flower structure that formed 
through Late Paleozoic dextral transpression with later sinistral strike-slip 
reactivation. 

STRATIGRAPHY 

The bedrock stratigraphy in northern New Jersey includes a sequence of 
Grenville gneisses ( locally known as the Byram and Losee gneiss e s )  and Middle 
Paleozoic clastics and carbonates . The Middle Proterozoic gneisses in the New 
Jersey Highlands are the oldest units in the study area ( Fig . 1 b )  and have 
been dated at 9 1 3  rna by Rb/Sr whole rock analysis of the Canada Hill granite 
in New York ( correlative of the Byram gneiss of New Jersey) (Helenek and Mose ,  
1984) . The Precambrian units consist o f  well foliated , medium-grained 
hornblende , pyroxene , and biotite quartz monzonite gneisses and well foliated , 
medium-grained hornblend e ,  pyroxene , graphit e ,  and biotite granite to alkali­
f e ldspar granite gneisses . The gneis s es contain accessory apatite , magnetite , 
garnet , zircon, sphene , and ilmenite with secondary and j oint-filling epidote , 
chlorite , quart z ,  and hematite . The granite gneisses contain zones of locally 
abundant scapolite , apatite , diopside , potassium feldspar , plagioclase , 
t itanite , and tremolite indicating a possible calc-silicate protolith. 
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Localized cataclasite zones occur in the quartz monzoni te gneiss , biotite 
granit e  gneiss , hornblende granite gneiss ,  and pyroxene granite gneiss . Age 
relations between the gneisses are unknown but all are cut by zircon , biotit e ,  
and monazite bearing granitic pegmatites . 

The Paleozoic sedimentary rocks o f  the Green Pond outlier ( Table 1 )  overlie 
the Middle Proterozoic rocks . The Green Pond outlier consists of Ordovician­
Devonian sedimentary units , typical of the Valley and Ridge Province to the 
wes t  ( Kummel and Weller , 1902 ) . The Ordovician l1artinsburg Formation is the 
oldest unit in the study area,  The l1artinsburg Formation is overlain by the 
Middle Silurian Green Pond conglomerate ( correlative of the Shawangunk 
Formation) and Longwood shale ( correlative of the Bloomsburg Formation) 
( Wolf e ,  1 9 7 7 ) .  Upper Silurian units include the Poxono Is land Formation and 
Berkshire Valley Formation. The lower Devonian units include the Connelly 
conglomerate ( correlative of the Oriskany Formation) ,  the Esopus For�ation , 
and the Kanouse Formation which are overlain by the Cornwall shale . The 
Bellvale sandstone and Skunnemunk conglomerate ( correlative of the Catskill 
formation) are the l1iddle Devonian units . All of the sedimentary uni ts 
contain en-echelon quartz vein arrays . 

The Precambrian gneisses of the New Jersey Highlands were formed from 
unknown protoliths by a Grenvillian tectonothermal event ( Helenek, 1987 ) . The 
gneisses are overlain by the Ordovician shale which represents sedi�ent that 
filled a west-facing s tarved basin ( Pollack , 1 9 75 ) . Fluvial molasse deposits  
shed from a highlands to  the southeast ,  subsequent to  the Taconic orogeny , 
produced the l1iddle Silurian clastic units . A Late Silurian and Early 
Devonian marine transgression occurred forming a shallow sea (Wolfe ,  1977 ) .  
Marine carbonates and sandstones were deposi ted at the margin of the sea. 
Uplift caused by the Acadian orogeny produced a Middle Devonian marine 
regress ion . During the marine regression deltaic clas tic units were 
deposited , and are the youngest units in the Green Pond outlier .  

PRE-EXISTING STRUCTURE 

A pervasive gneissic foliation and isoclinal folds are the earliest 
recognizeable s tructures in the Grenville gneisse s .  The foliation is nearly 
vertical and north- to northeas t-st riking . The foliation is defined by 
aligned pyroxene , biotite , hornblende , and graphite along with quartz and 
feldspar ribbons depending upon lithology. It has been proposed that the 
gneis s i c  foliation represents a medium to high-grade Proterozoic mylonite zone 
in the granitic unit s  ( Hull et al . ,  1 9 8 6 )  but a thorough investigation of 
Grenville deformation is beyond the scope of this s tudy. The gneisses also 
contain isoclinal folds in the foliation with northeast-striking , vertical 
axial planes . The Grenville gneisses are cut by northeas t-striking , nearly 
vertical granitic pegmati tes along the Reservoir Fault . 

Fig . 1 .  ( A )  Regional map of the Central Appalachians indicating the study 
are a .  ( B )  Geologic map of the Reservoir Fault and Green Pond outlier (modified 
after Herman and Mitchell , 1989 ) .  RF-Reservoir Faul t ,  LF-Longwood Fault , LVF­
Long Valley Faul t , BMF-Brown Hountain Fault ,  GPF-Green Pond Fault ,  and UVF­
Union Valley Fault .  Fault movement sense indicators as indicated . 
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TABLE l .  Stratigraphy ( Barne t t , 1 9 7 6 ;  Herman and Mitchel l ,  1 9 8 9 ; this s tudy) . 

2 <1: 
-2 0 > w 0 

Skunnemunk Conglomerate- Thin to very thick bedded , �edium­
grained quartz pebble conglomerate with a red-purple medium­
grained sandstone matrix w i th medium-gra ined red sandstone 
interbeds . Conglomerate is locally crossbedded . 9 1 5  m thic k .  

B e l lvale Sandstone- Thin t o  very thick interbedded gray , 
medium-gra in e d  sandstone and gray sha l e .  Loc a l l y  
f os s i l i ferous and crossbedded . 6 0 0  m thick . 

Cornwall S h a l e - Thin to thick bedded , fine-gra ined f i s s i l e  
b lack s h a l e  interlayered w i th laminated gray s i ltstone . 
Moderately f o s s i l i ferous . 3 0 0  m thic k .  

Kanouse Sandstone- Medium t o  thick bedded , gray t o  tan 
conglomerate and coarse to f ine-grained graded sandston e .  1 5  
m thick . 

Esopus Formation- Thin interlayers o f  gray mudstone and 
medium-gra ined sandstone . Fos s i l i ferous . 6 0  to 1 0 0  m thic k .  

Connel ly Congl omerate- Whi t e , medium-grained quartz pebble 
1------i conglornerate with a tan ,  medium-grained sand stone matrix . 12 

m thick . 

II ::J .J 
-
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II 0 

-II m 
2 < u w II n. 

Berksh1re V a l l e y  Formation- Th in-bedded l imestone with 
interlayers o f  gray , intra formational dolom i t i c  breccia . 
Thickness unknown . 

Poxono I s l and Formation- Medium-bedded gray d o l om i te 
interlayered with thin bedded medium-gra ined c a l c a reous 
s a ndstone . 80 to 1 3 0  m t h i c k .  

Longwood S h a l e - Medium-bedded purple sha l e  with interlayers o f  
r e d  crossbedded medium-gra ined sandstone . 1 0 0  m thick . 

Green Pond Con9lomerate- Medium-grained quartz pebble 
conglomerate w1th a medium-grained sandy ma trix and s i l ica 
cement . The conglomerate c o n t a i ns thin bedded interl ayers o f  
crossbedded s a ndstone . 3 0 0  m thick. 

Martinsburg Shale- Black, s l aty f i ne-grained shale with thin 
beds of medium-9 rained sandstone . Moderately foss i l i ferous a ncl 
crossbedded . Th1ckness unknown . 

Granite Pegmatites- Very coarse-gra i n ed quart z ,  plagioclase , 
a n d  microcl i n e  pegmatites d ik e s  with minor b i o t ite . Accessory 
z i rcon and a�a t i t e . Secondary epidote , hemat i t e ,  and mona z it e . 
1 to 1 0  m t h 1 c k .  

Quartz M o n z o n i t e  Gne i s s e s - Medium-grained hornblende , 
pyroxen e ,  a n d  biotite , qua r t z  monzonite gne i s s e s  with quart z , 
p l agioclase ( An- 3 7 % ) , and microc l ine . Accessory magnetite , 
apatite , garne t ,  sphene , a n d  z ircon with secondary chlorite . 

Granite Gne i s ses- medium-gr a ined hornb l e nde , pyroxene , 
graphite , a n d  biotite grani t e  to a l ka l i - feldspar granite 
g n e i s s e s  with microcl in e  and p l a g ioclase ( An - 3 8 % ) .  Accessory 
sphene , a p a t i t e , z irco n ,  and magnetite with s e c o ndary epidote ,  
c h l o r it e ,  mon a z ite , and hema t i t e . Local l y  conta i n s  abundant 
scapo l i t e ,  tremo l i t e , and t i t a n i t e . 
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,- 1 LATE PALEOZOIC STRUCTURES 

Late Paleozoic structures in both the Green Pond outlier and Reservoir Fault 

- �  zone cons i s t  of dextral strike-slip shear zones and coeval folds , cleavage ,  
and reverse faults . Northeast-striking dextral strike-slip kinematic 
indicators are present in both the Paleozoic and Precambrian units within the 
Reservoir Fault zone . The Silurian Green Pond conglomerate contains semi­
ductile Type II S-C mylonites ( Lister and Snoke , 1984)  within the Reservoir 
fault zone . Exposures exhibit a well defined C-surface and a poorly defined 
S-surface typical of a Type II S-C mylonites ( Fig . 2a) . The Green Pond 
conglomerate also exhibi t s  northwes t-striking dextral shear bands that cut the 
C-planes ( Fig . 2a) . S-planes are defined by the quartz grains of the rock 
matrix and C-planes are defined by quartz ribbons . 
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\ 

The sheared Green Pond conglomerate also contains microstructural 
northeast-striking dextral strike-slip kinematic indicators . Recrys tallized 
(1-Type porphyroclasts ( Simpson and Schimd , 1 9 8 3 ;  Simpson , 1986 ; Passchier and 
Simpso n ,  1 9 8 6 )  in quartz ribbons with rotated tails and dragged deformation 
bands in quartz ribbons ( Fig . 2b) indicate dextral movement . The fabric in 
the quartzite contains a foliation and shear bands aligned subparallel to 
bedding that indicate movement sens e .  Similar structures were described in 
the Moine thrust zone of northwest Scotland by Bowler ( 1 9 8 9 ) . Northwest- and 
northeas t-striking conj ugate deformation bands and deformation lamellae in 
quartz grains ( Heard and Carter , 1 9 6 8 )  occur in the Type II S-C mylonites and 
indicate a dextral shear sense . Deformation bands and lamellae develop when 
the rate of  dynamic recrystallization of  the mineral is low with respect to 
the shear s train rate ( Pass chier and Simpson, 1986 ; Simpson , 1986 ) . The 
maximum compression direction is indicated by the acute angle between the 
deformation bands . A west-northwest to eas t-southeast maximum compression 
direction is indicated by the conj ugate deformation band s .  

Sheared Bellvale sandstone within the Reservoir Fault zone consists o f  a 5 m 
wide zone of  s emi-ductile cataclasite and thin minor faults filled with 
hematite and chlorite. Northeast-striking dextral movement is indicated by 
offset quartz veins and sandy laminations . Fine-grained kinked chlorite 
indicates an east-southeas t to west-northwes t  maximum compression. Drill core 
samples from along the Reservoir Fault in the Cornwall shale contain 
northeas t-striking dextral strike-slip and reverse shear indicators . The 
shear indicators from the drill core samples includ.e dragged and offset quartz 
veins and s li ckenfibers . 

The Grenville gneisses within ' the Reservoir Fault zone also exhibit 
northeast-striking dextral strike-slip indicators . The Reservoir Fault zone 
consi s t s  of cataclasite with epidote , hematite,  and chlorite in the shear 
planes . The cataclasite contains microcline , quartz , and plagioclase grains 
with pull-apart textures ( Fig . 3a) . The cataclasite also contains thin minor 
faults filled with calcite , epidote , and chlorite that offset quartz and 
plagioclase grains . The gneisses also contain coarse-grained chlorite fish 
and fine-grained recrystallized muscovite fish. 

The Grenville gneisses contain horizontal mineral lineations indicating 
northeast-striking s trike-slip movement . Dominant northeast-striking and 
minor northwest-striking conjugate shear j oints ( Fig . 4a) with horizontal 
s lickenfibers indicate dextral and sinistral movement , respectively ( Fig . 3b) . 
The shear j oints were analyzed using a technique developed by Hardcastle 
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Figure 2 .  (A) Northeast-striking C-plane ( CP )  and northwest­
striking shear band ( S B )  in a Type II s - c  mylonite from the 
S il urian Green Pond conglomerate from within the Reservoir fault 
z on e ,  both indicating dextral drag . Bar scale 10 mm . ( B )  
Deformation bands in a Type I I  s-c mylonite from the S ilurian 
Green Pond conglomerate in the Reservoir fault zone indicating 
northeast-striking dextral shearing . Bar scale 1 mm . 
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Figure 3 .  (A) Dextral chlorite fish in Grenville granite gneiss from 
within the Reservoir fault zone . Bar scale 1 mm .  (B) Offset quartz 
ribbon indicating northwest-striking s inistral faulting . Bar scale 5 mm .  
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( 1 9 8 9 )  from methods of Reches ( 1 987 ) , where tensor configurations for fault 
populations are derived using a least squares regression solution. Only well 
exposed faults containing slickenfibers with well developed s teps were used . 
A total of 1 9  minor faults were analyzed using this method and yielded N80W as 
the average maximum stress direction . In addition, plagioclase kink geometry 
( Gay and Wei s s , 1 9 7 4 )  indicates an almost eas t-west maximum compressive 
stress . The microstructures and tensor analysis yield very similar stress 
directions . 

The adj acent Green Pond outlier locally contains northwest-dippi�g reverse 
faults (Herman , 1 98 7 ; Herman and Mitchell , 1 98 7 ; Mitchell and Forsythe , 1 9 8 8 )  
and southeast-verging folds ( Fig . 1 b ) .  The reverse faults exhibit top to the 
southeast movement indicated by fibrous , stepped quartz and chlorite 
s lickenfibers . Detailed mapping indicates apparent steepening of reverse 
faults with dep t h .  West-side up near vertical reverse movement also occurred 
on the Reservoir Fault .  Southeast-verging folds are indicated by axial plane 
orientations and bedding-cleavage relations . The mesoscopic folds are 
assymrnetric with northwes t-dipping axial planes ( Bizub and Hull ,  1 986 ; 
Mitchell and Forsythe , 1 9 88 ) .  The sandstones and conglomerates in the outlier 
contain pervasive solution cleavage sub-parallel to bedding , but the shales 
exhibit slaty cleavage . 

Northeast-striking and northwes t-dipping reverse movement indicators are 
evident in drill core samples of Devonian Cornwall shale from along the 
Reservoir Fault zone . Mesoscopic conjugate reverse faults , referred to here 
as small s cale keystone structures , cons i s t  of northeas t-s triking , northeast­
and northwes t-dipping reverse faults ( Fig . 4b ) .  The small s cale keystone 
s tructures range from 0 . 2 to 10 m wide but apparently reflect large scale 
s tructures as well . The sedimentary rocks of the Green Pond outlier contai� 
the maj ority of the keystones in the study area . Slickenfibers indicate 
reverse movement sense . In addition , offset quartz veins and quartz pebbles 
indicate reverse movement in the Skunnemunk conglomerate . The Grenville 
gneisses also contain small scale keystone s t ructures . Reverse movement sense 
is indicated by offset gneissic foliation and stepped s li ckenfibers . 

LATEST STRUCTURES 

This latest deformation overprints the earlier structures . The Reservoir 
Fault was reactivated as a sinistral s trike-slip brittle faul t .  Horizontal 
s lickenfibers on northeast-striking faults indicate this latest strike-slip 
movement . Kinked brittle plagioclase grains and northeast-striking sinistral 
offset grains are evident in thin sections of the gneisses . En-echelon vein 
arrays in the Green Pond outlier also indicate northeast-striking sinistral 
s trike-slip movement (Mitchell and Forsythe , 1988 ) .  Minor northeast- and 
northwest-striking conjugate shear j oints with horizontal s li ckenfibers 
indicate sinistral and dextral s trike-slip movement , respectively ( Fig . 4c) . 
The Late Paleozoic shear j oints are offset by the latest shear j oints on the 
meso- and microscopic scale . The latest shear j oints were also analyzed using 
the Hardcas t l e  ( 1 9 8 9 )  method . A maximum compression of NOOE was derived from 
a total of  30 minor faults . Kinked plagioclase geometry ( Gay and Weiss ,  1 9 7 4 )  
and east-west crenulation cleavage also support the late north-south maximum 
compression . 
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