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The pr incipal  source of  ground water throughout a large part  of  centra l  and
northeastern Nerv Jersey is  the aqui fer  in the Brunswick Shale- the youngc.st  uni t
of  the Newark Group of  Tr iassic Age. Large-diameter publ ic-supply and industr ia l
wel ls  tapping the Brunswick Shale commonly y ie ld several  hundred gal lons per minute
each. Virtually all ground water in this aquifer occurs in interconnecting fractures;
the formation has practically no effective primary porosity.

Numerous pumping tests have shown that  the aqui fer  exhib i ts  d i rect ional ,  rather
than isotropic,  hydraul ic  behavior .  Water levels in rvel ls  a l ined along the str ike of  the
format ion sho\r '  qreater  masni tude of  inter ference than those in wel ls  a l ined in t rans-
verse di rect ions.-Drawdow-n data eraluated by standard t ime-drawdown nlethods
indicate computed coef l rc ient  of  t ransmissib i l i ty  in a l l  cases is  least  in the di rect ion
of  st r ike.  Because of  the dist r ibut ion of  observat ion wel ls  avai lable for  the tests,
d istance-drawdorvn methods of  evaluat ion could be used in only one instance-for
just one direction; the computed coefficient compared favorably with that calculated
from the t ime-drawdown method.

Computed values of  t ransmissib i l i ty  may be unrel iable orv ing to the departure of
the aqui fer  f rom the ideal  model .  I t  is  even possib le that  the di rect ion of  minimum
conrputed t ransnr iss ib i l i ty  is  actual ly  indicat ive of  the al inement of  f ractures wi th
greatest  permeabi l i ty .  Horvever,  the re lat ion of the di rect ional  behavior  to the structure
of the formation has practical significance wlien locating nerv wells near existing wells.
Well interference can be minimized, generally, by alining wells perpendicular to the
strike.
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Comportenrcnt hldraulique tlirectionnel d'un aquifire situd dans les schistes.fissuris du
Neu Jersey

La pr incipale source d 'approvis ionnement en eaux souterra ines d 'une grande
part ie du centre et  du nord-est  du New Jersey est  I 'aqui fere s i tue dans les schistes
de Brunswick;  i l  s 'agi t  de I 'uni td la p lus jeune du groupe de Nervark,  d ' ige t r ias ique.
Des pui ts i r  grand diametre ont  6td for€s pour les besoins des serv ices publ ics et  de
I ' industr ie dans les schistes de Brunsrv ick:  chacun d6bi te couramntent  p lusieurs
centaines de gal lons par minute ( l  gal lon:3,785 l ) .  Presque toute I 'eau de cet  aqui fdre
se t rouve dans des f ractures re l iees entre e l les;  la format ion n 'a prat iquement aucune
porosi t6 pr imaire r6el le.

De nombreux tests de pompage ont  montrd que I 'aqui fdre a un comportement
hydraul ique di rect ionnel  p lut6t  qu' isotrope.  Le niveau des pui ts a l ign6s suivant  la
direct ion de la format ion accuse des inter f€renccs de plus for te antpl i tude que le n iveau
des pui ts a l ign6s perpendicula i rement i i  la  format ion.  Les donn6es re lat ivei  au rabat te-
ment de la nappe, calcul6es selon les methodes habi tuel les de mesure de rabat tement
en fonct ion du temps, montrent  dans tous les cas que c 'est  paral ld lement d la d i rect ion
des couches que le-coefficient de transmissivitd obienu est ie plus faible. Etant donn6
I ' implantat ion des pui ts qu' i l  6ta i t  possib le d 'ut i l iser  pour les tests,  les m6thodes de
mesure du rabat tement de la nappe en fonct ion de la d istance n 'ont  pu €tre appl iqudes
qu'une seule fo is,  pour une seule di rect ion;  mais le coef f ic ient  obtenu se comparai t
avantageusement al'ec celui qui avait €t€ 6r,alu6 par la mdthode de mesure du rabat-
tement en fonct ion du temos.

I l  se peut  que les valeuis a insi  obtenues de Ia t ransmissiv i t6 ne soient  pas s i res en
raison des diff6rences existant entre I'aouifdre r6el et le schema theorioue. Il est mCme
possib le que la d i rect ion de la t ransr i - r iss i r i t6 minimale obtenue soi t  ef fect ivement
r6v6latrice de I'alignement des fractures de la plus forte perm6abilit6. Cependant,
le rapport  existant  entre le comportement d i rect ionnel  et  la st ructure de la format ion
a une importance prat ique lorsqu' i l  s 'agi t  de forer  de nouveaux pui ts au vois inage des
pui ts d6j i r  ex istants.  Les inter f i l rences entre les pui ts peuvent g6n6ralement 6tre r6dui tes
par I'alignement des puits perpendiculairement ir la Cirection des couches.
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INrnooucrroN

Throughout much of the heavily populated central and northeastern part of Neu,
Jersey, the principal source of ground water is the aquifer in the Brunsrvick shale.
Indeed in many places it comprises the only source. The Brunswick Shale is tapped by
numerous large-diameter public-supply and industrial wells, ntany of which have
sustained yields ofseveral hundred gpm (gallons per minute). Most ofthe high-capacity
wells penetrate between 200 to 500 feet of rock.

The Brunswick Shale is  the youngest  uni t  of  the Newark Group which is  of  Late
Triassic (Keuper) age. The Newark Group crops out in a broad northeast-trending belt
across northern New Jersey (fig. l). It is more than 10,000 leet thick and consists of
shale, sandstone, argillite, conglomerate, and basalt. In the western part ofthe ourcroD
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Fig. _l 
--Map showing outcrop area and structure of the Newark Group in nofthern

New Jersey (igneous rocks in black), and pumping-test sites.

area in New Jersey, the Newark Group consists, from oldest to youngest, of the fol-
lowing three uni ts (KUmmel,  I897):  Stockton Format ion,  chief ly  sandstone;  Lockatong
Formation, mainly argillite; and Brunswick Shale. Diabase sills and dikes have intruded
the Newark Group in this area. From New Brunswick northeastward, except for a
narrow exposure of stockton Formation flanking the palisacle sill (diabase) along the
state's eastern boundary, the Newark Group consists entirely of Brunswick Shale
interlayered with watchung Basalt. The Brunswick Shale is by far the thickest and

mosr extensive uni t  of  the Newark Group. Deposi ts of  t i l l  and strat i f ied dr i f t  of  rhe
\ \ ' isconsin stage of  the preistocene Epoch mant le the Newark croup throughout the
area northeast  of  New Brunswick.

Li thological ly ,  the Brunswick Shale is  mosr ly a sof t  red shale wi th some interbedcled
sandstone.  The sandstone layers become more abundant and,  on the whole,  somewhat
coarser toward the nort l ieast ,  part ic , lar ly  near the northern State I ine.

The structural trend of the Newark croup is shown by the outcrop pattern of the
generally concordant igneous rocks (fig. l). The dominant strike is northeastwarcl
* i t h  d i ps  r ang ing  f r om i ' t o  t 5 'Nw . ,  bu t  l oca l l y  t he  s t r i ke  o f  t he  sed imen ta r y  r ocks
differs markedly from the regional trend. Faulting has caused more complex stiucture
local ly ,  part icular ly  in the western part  of  the bel t .

Vir tual ly  a l l  ground water in the Brunswick Shale occurs in interconnect ing f ractures
that  have resul ted f rom jo int ing.  This phenomena was recognized by Knapp (1904)
where he srates. . .  "whi le our knowledge of  the Newark beds is  not  suf f ic ieni ly  detai lec l
t o  enab le  us  r o  f o recas t  t he  chances  o f  ob ta i n i ng  a r t es i an  ua te r  a r  any  g i ven  po in t ,
or  even (o assure us that  wel l -def ined water-bear ing hor izons exist ,  yet  exper ience
shows that  a moderate supply ofwater can usual ly  be obtained anywhere in these beds
at  depths of  a fe* huncred feet  at  most .  The fact  thar the rocks of the Newark system
are thororrghly cut  up by several  systems of  deeply penetrat ing jo ints,  whose planes
approach the vert ical  and intersect  at  var ious angles,  and the fur ther fact  that  in many
wel ls  the amount of  rvater  increases gradual ly  wi th depth of  the bor ing,  appareni ly
indicates that  the *ater  is  present nrore largely in these jo ints and f issurei  than in any
wel l -def ined porous r iater-bear ing beds.  This in lerence is  supported by observat ions
made in several long tunnels in the red shale, where frequent streams of water were
found fo l lorv ing'er t ical  f issures.  uhi le the bedding pranes u,ere near ly dry and no
porous layers were observed.  "

observat ions of  jo int  set  or ienrat ion made by the author at  Newark and New
Brunswick '  by Anderson (pr ivate communicat ion,  r963) near L inden, and by Nichols
{pnvate communicat ion,  1964) near Flemington indicate that  one set  of  vert ical  jo ints
roughly paral le ls the str ike of  the rocks,  whereas a seconr l  set  is  general ly  perpendic-
ular  to the str ike.  In p laces steeply d ipping jo ints t ransverse to the aforement ioned
two occur-  In addi t ion.  bedding plane jo ints are common in surface exposures.  Major
and minor faul ts a lso occur in the rocks of  the Newark Group, wi th most of  the f  aul ts
t rending largely northeastward.

HYDR.4ULIc BEHAvToR

Regional ly ,  rvater- table condi t ions prevai l  in  the Brunswick Shale,  but  ar tesian
condi t ions occur local l l '  u 'here marked c l i f ferences exist  in the vert icaI  permeabi l i ty
of  the format ion.  Artesian concl i t ions exist  a lso in some lorv land areas where the
Brunswick is  over la in by re lat i 'e ly  impermeable t i l l  or  lacustr ine c lay and s i l t .

Data col lected dur ing numerous pumping tests of  wel ls  throughout the ourcrop
area indicate that  the aqui fer  in the Brunswick Shale possesses di rect ional ,  rather than
isotropic,  hydraul ic  propert ies.  In descr ib ing two pumping tests made in Newark,
Herpers and Barksdale (1951) report  that  a l l  the wel ls  that  were observed to af fect
one another lay a long l ines t rending in a gcneral  northeaster ly  d i rect ion.  s imi lar
ef fects were noted by Anderson (pr ivate communicat ion,  l96l)  dur ing pumping tests
conducted at  L inden. He found that  in an observat ion wel l  one mi le northeasi  of  a
pumped u'ell the water level dropped six feet within two hours of pumping, whereas
pumping at higher rates from other wells located closer to but in different directions
from the observation well had less of an effect on the water level in the observation
rvel l .  At  both Newark and Linden, the str ike of  the Brunswick shale is  N 45.  E-the
direct ion of  most  pronounced wel l  in ter ference.
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Similar effects have been observed in the central and western part of the outcrop
area. After 24 hours of pumping of a well in New Brunswick, the water level in an
observation u'ell located 500 feet away directly along strike was lowered 87 feet,
whereas that in another observation well located only 280 feet away but in a direction
30' f rom str ike was lowered only 50 feet .  Mi l ler  (pr ivate communicat ion,  1965) reports
that north of Trenton prolonged pumping of a high-capacity well adversely affected
domestic wells about a mile distant along strike but other wells located equidistant in
t ransverse di rect ions were af fected less.  At  the end ofa 48-hour pumping test  ofa wel l
near Flemington,  the water level  in an observat ion wel l  1,550 feet  away along str ike
was drawn down 4.1 fcet. The water level in an observation well only 1,200 feet away
but in a transverse direction was lowered 3.7 feet.
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Fig. 2 - Directional transmissibilities computed from aquifer tests in the Brunswick
Shale. Strike of formation shown in upper right corner for each site. Transmissibil-
ity, 4 in gallons per day per foot, shown by ladder scale.

Hence, it is obvious that the anisotropic hydraulic behavior ofthe Brunswick Shale
is not restricted to any particular area. Furthermore, the directional hydraulic behavior
is evidently related to the structure ofthe formation. In all ofthe above tests. the wells
alined parallel to the strike of the Brunswick Shale exhibited greatest mutual inter-
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Because the aquifer behaves anisotropically, the hydraulic characteristlcs derived

by analyzing pumping-test data by conventional methods are questionable. Further-
more,  in a l l  pumping tests that  have been run where drawdown observat ions have been
made in more than one di rect ion,  analysis of  the data has suggested a smal ler  apparent

coefficient of transmissibility along strike and a greater one in the perpendicular

direction (fig.2). This appears to be incongruous with what is generally believed to be
the alinement of the major fracture system.

In all the tests run to date except one, the distribution of observation wells was such

that  the data could be evaluated only by use of  t inre-drawdown methods of  analysis,

that is, if data from the pumping u'ell are not considered. For the pumping test

conducted at  Flemington,  i t  was possib le to make a distance-drawdown analysis for

one di rect ion.  This test  wi l l  be discussed in detai [ .

2000 feet

Fig. 3 - tvfap showing location of pumping well (PW) and observation wells (OW)
used in the Flemington,  N.J. ,  pumping test .

Flenington lesr.' The well pumped during this test consisted of a hole 10 inches in

diameter and 300 feet  deep of  which only the upper 40 feet  are cased. A pumping rate

ol  500 gpm u'as maintained cont inuoi ls ly  for  a 48-hour per iod dur ing which waterJevel

observations were made on the pumping well, an unused well located 245 feet southeast
of the pumping well, and three domestic wells located 1,200 feet west-northwest,
1,550 feet west-southwest, and 2,350 feet southwest, respectively, ofthe pumping well
(fig. 3). Water-level measurements were made intermittently on the pumping well

and the domestic wells with an electrical water-level indicator. A continuous record

of  the water level  in the unused wel l  was obtained pr ior  to,  dur ing,  and af ter  the
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pumping period with an automatic water-stage recorder. The specific capacity of rhe
pumping wel l  at  the end of  thc 4S-hour per iod was 42 gpm,l f t .  At  the test  s i te the
Brunswick Shale str ikes N 53" E and dips 25'  NW. (Nichols,  pr ivate communicat ion,
1964).

The stream which t raverses the test  s i te apparent ly  was not  an ef fect ive recharge
boundary.  Simi lar ly ,  a north ly t rending narrow diabase dike that  cuts the Brunswick
Shale about 750 feet east ofthe pumping rvell apparently was not an effective discharge
boundary.  However,  the far thest  wel l  observed (OW-4, f ig.  3)  was located near a t r ib-
u(ary stream and a large pond, and the data from this well suggest some recharge
may have been occurring in this area. Two of the domestic wells were used intermjt-
tent ly  dur ing the test ,  but  the quant i ty  ofwater wi thdrawn from them is ins igni f icant ly
smal l  compared to the test  rate of  500 gpm. The th i rd wel l ,  that  far thest  f rom the pump-
ing wel l ,  u,as used intermit tent ly  dur ing the f i rs t  day of  the test ,  but  the orvner pumped
i t  cont inuously dur ing the second day at  a rate ofabout 20 or  30 gpm, thus inval idat ing
any observat ions at  that  wel l  dur ing the last  24 hours of  the test .

I f  a t ime-drawdown analysis of  the data is  made ( f igs.  4 and 5) ,  using the Theis
nonequi l ib l ium formula (Ferr is  and others,  1962),  i t  is  found that  the computed coef f i -
c ients of  t ransmissib i l i ty  and storage are,  respect ively:

Perpendicular  I  Observat ion wel l  No.  I  -  88,200 gpd per f r i  2.49 x l0-4
t o l

str ike I  Observat ion wel l  No.  2 -  75,4OO gpd per f t ;  2.51 x l0-1

I f  a d istance-drawdown analysis of  the data is  made ( f ig.  6) ,  using the Theim equi l ib-

Fig.4-  Logar i thmic p lot  of  t ime-drarvdown data matched to the "Type Curve" lbr
wel ls  a l ined perpendicular  to str ike,  Flemington,  N.J. ,  pumping tesi .

rium formula (Ferris and others, 1962), it is found that in the direction perpendicular
to str ike,  the coef f ic ient  of  t ransmissib i l i ty  is  about 100,000 gpd per f t -a vatue whjch
compares favorably with that given for observation well N'. I above, As was mentioned
previously, the data from observation well N". 4 are thought to be affected by recharge;
hence,  a d istance-drawdown analysis in the di rect ion of  st r ike coulC not  be made on
the basis of  observed drarvdowns. However.  i f  one uses for  the drawdown in th is

t r l l l

Fig.  5 -  Logar i thmic p lot  of  t ime-drawdown data matched to the "Type Curve" for
wel ls  a l ined paral le l  to st r ike,  Flemington,  N.J. ,  pumping rest .

wel l  at  the end of  one day the value obtained f rom the "Type Curve" in f igure 5 and
the obserr ,ed drawdown value for  observat ion wel l  N' .  3,  i t  is  found that  rhe computed
coefficient of transmissibility is about 72,000 gpd per ft. Therefore, both methods of
analyses have y ie lded comparable pairs of  apparent  values of  t ransmissib i l i ty  that  are
gf ,eatest  perpendicular  to st r ike and least  paral le l  to st r ike.

CoNcr-ustoNs

That the aquifer in the Brunswick Shale exhibits directional rather than isotropic
hydraulic behavior under pumping conditions is well documented. Furthermore, it
has been demonstrated qual i tat ively for  a l l  parts of  the outcrop in New Jersey that ,  the
maximum and minimum direct ions of  anisotropy are re lated to the structural  or ien-
tation of the Brunswick. The degree of anisotropy varies from place to place and is
probably indirect ly  re lated to the product iv i ly  of  the aqui fer .

The val id i ty  of  t ransmissih i l i ty  values computed by standard methods are quest iorr-
able,  part icular ly  where the degree of  anisotropy is  great .  Indeed, i f  one takes the
approach that direct interference in fracture porosity indicates that two wells tap a
single f racture system u'hereas smal l  drawdo$'n indicates poor hydraul ic  connect ion
between two wel ls ,  then one can conclude that  the f low is not  equal  in a l l  d i rect ions
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Observat ion wel l  No.  3 -  57,300 gpd per f t ;  2.51 x l0-1
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and hence that the smaller values of transmissibility indicate the direction of greater
permeability or the alinement of the major fracture system. A thorough discussion
on the quantitative aspects of transmissibility values computed from pumping tests
in fractured rocks is beyond the scope of this paper. Suffice it to say that extreme
caution must be used when analyzing quantitatively drawdown data in fractured
aouifers.

1 0 0 0 0

Distance, in geet

Fig. 6 - Relation of drawdown with distance from pumped well in the direction
perpendicular to strike, Flemington, N.J., pumping test.

Of practical significance, however, is the directional orientation of the hydraulic
anisotropy exhibited by the aquifer. Owing to the apparent relation of the hydraulic
anisotropy to the strike of the Brunswick Shale, it is evident that well interference can
be minimized by alining wells in directions other than parallel to the strike. The local
strike of the Brunswick can be determined readily from geologic maps or by an exami-
nation ofoutcrops in the area. Finally, it is easy to see how knowledge ofthe hydraulic
anisotropy of  an aqui fer  can lend considerable ins ight  in the evaluat ion of  exist ing or
potential ground-water contamination and saltwater encroachment problems.
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