
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600





Order Num ber 9405561

H ydraulic relationships betw een  shallow  groundw ater  
sub-system s discharging to  surface w ater bod ies and underlying  
regional system s

Modica, Edward, Ph.D.

City University of New York, 1993

Copyright © 1993 by M odica, Edward. All rights reserved.

U M I
300 N. ZeebRd.
Ann Arbor, MI 48106





HYDRAULIC RELATIONSHIPS BETWEEN SHALLOW GROUNDWATER 
SUB-SYSTEM S DISCHARGING TO SURFACE WATER BODIES AND 

UNDERLYING REGIONAL SYSTEMS

by

EDWARD MODICA

A dissertation submitted to the  G radua te  Faculty in Earth and  Environmental 
S c ien ces  in partial fulfillment of the  requirem ents  for the d e g re e  of Doctor of 
Philosophy, The City University of New York



ii

© 1 9 9 3  

EDWARD MODICA 

All Rights R eserved



This manuscript h a s  b een  read  and  accep ted  for the  G raduate  Faculty in Earth 
and  Environmental S c iences  in satisfaction of the dissertation requirem ents for 
the  d eg ree  of Doctor of Philosophy.

Date

Date

    ...........
Chair of Examining Committee

_ _ _ _ _ _ _

Executive Officer

T hom as E. Reilly________

David W. Pollock _

David Thurber__________

S u p e rv is o ry  C o m m ittee

THE CITY UNIVERSITY OF NEW YORK



Abstract

HYDRAULIC RELATIONSHIPS BETWEEN SHALLOW GROUNDWATER 
SUB-SYSTEM S DISCHARGING TO SURFACE WATER BODIES AND 

UNDERLYING REGIONAL SYSTEMS

by

Edward Modica

Adviser: P ro fesso r  O. L. Franke

Hypothetical flow m odels and  a  flow simulation of the Upper R an co cas  

w a te rsh ed  system  in New J e rs e y  w ere u sed  to characterize the  boundary zone  

separa ting  s tream  sub-system  flow and  regional flow, and  to determ ine the  flow 

patterns  within s tream  sub-system s. Estim ates  of flow in three-dim ensional 

aquifer sy s tem s  consisting of regional and  s tream  sub-system  flow regim es were 

m ade  with numerical flow solutions and  particle tracking analysis. Hydraulic 

p a ram ete rs  that affect s tream  system  flow patterns w ere systematically modified 

in o rder to evaluate  cause-and-effec t relations and  to determ ine the  d eg ree  to 

which p a ram ete rs  can  influence flow in the system . S tream  sub-system  

geom etry  and  its flow patterns a re  largely controlled by the quantity and 

distribution of s tream  discharge. The relative am ount and location of d ischarge
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along a  s tream  channel is in turn affected by variations in anisotropy, aquifer 

thickness, recharge  rates, s tream b ed  elevation, an d  dra inage density. The 

"bounding surface" is an  interaction zone  betw een the s tream  sub-system  and  

the  adjacent flow system , the  form of which is sensitive to system  boundaries  

an d  hydraulic properties of the  aquifer and  s tream  sub-system . Regional flow is 

restricted in thin aquifer system s. S tream  source  a re a s  in thin aquifers tend  to be 

more extensive. Thin sy s te m s  limit the  developm ent of flow to rem ote or major 

regional sinks that se rv e  a s  com m on d ischarge  outlets for the  system . Thick 

aquifers allow for developm ent of d e e p e r  flow sy s tem s  under local s tream  

sub-system s. S tream s are  line-sinks that induce complex flow patterns in a  flow 

field w hereby flow from n ear  and  far so u rce  a re a s  are  drawn into com m on 

discharge zones . The a g e  range of groundw ater that d isch a rg es  along the 

s tream  varies  a s  a  function of d is tance  dow nstream  from the  start-of-flow. The 

highest a g e  ran g es  occur n ea r  the  s tream  terminus.



vi

TABLE OF CONTENTS

Introduction...............................................................................................................................1
B ackground..............................................................................................................................1

P urpose  an d  s c o p e ................................................................................................. 5
A pproach......................................................................................................................6
Previous s tu d ie s ........................................................................................................ 7

Governing equations of flow an d  their implementation.............................................12
The LaPlacian s y s t e m ............................................................................................12
Relations involving unconfined flow................................................................... 13
Finite-difference formulation................................................................................. 15
S tream  function..........................................................................................................15
Particle-tracking formulation................................................................................. 16
Simulation artifact................................................................... .................................17

Hypothetical Coastal Plain aquifer sy s te m ....................................................................19
Formulation of primary generic  s y s te m .............................................................19

Grid d e s ig n ..................... ......................................................................................... 19
Boundary conditions............................................................................................. 21
S tream  sy s te m .......................................................................................... .............21
S tre s s .........................................................................................................................24
Aquifer conductivity...............................................................................................24

C haracteristics of the flow sy s te m ...................................................................... 25
System  sym m etry .................................................................................................. 25
H ead an d  d ischarge profiles............................................................................  27
J a c o b 's  model of vertical accretion ................................................................. 30
Velocity-vector representation of the flow s y s te m ..................................... 32
Energy distribution in th e  sy s te m ..................................................................... 36
Relations betw een  w ater table and  specific d isch a rg e ............................ 38
S tream  sub-system  bounding su rface ............................................................46
Hydraulic principles of point-sinks in a  gallery
and  their application to line s inks ....................................................................57

Flow patterns  in hypothetical s tream  su b -sy s tem ...................................... 68
R esidence  tim es .....................................................................................................83

Simulation of o ther hypothetical sy s te m s .......................................................................87
Effects of surface  w ater body on s tream  system  configuration................ 92
Anisotropy.................................................................................................................... 101
R e c h a rg e ...................................................................................................................... 107
Aquifer th ickness ....................................................................................................... 112
S tream bed  co n d u c tan ce ......................................................................................... 118
S tream  channel s lo p e .............................................................................................. 123
S tream  density ............................................................................................................135

Single s tream  sy s tem s  and  boundary effects .............................................. 135
Multiple s tream  s y s te m s ...................................................................................... 139

W eak- and  strong-discharge type sy s te m s ...................................................... 147
C o a le scen ce  of ca tchm ent a r e a s .........................................................................148



vii

Simulation of a  real-world aquifer sy s te m .....................................................................153
U pper R an c o cas  flow sy s te m ..........................................  154

Physiography of the U pper R an co cas  drainage sy s te m ...........................154
Hydrogeology........................................................................................................... 155
Finite-difference formulation............................................................................... 158
Flow operations of the  sy s te m ........................................................................... 162

C om parison of R a n c o c a s  and  hypothetical sy s te m s .................................... 162
Major dissimilarities................................................................................................162
B ase  flow an d  w ater-table profiles....................................................................167
Source  a r e a s  of flow to s tre a m s   .........................................................169

R es idence  tim es and  groundw ater mixing..................................................................... 177
Relations be tw een  res idence  time and  s tream -sou rce  a r e a ...................... 178
Temporal relations in sec tions  of s tream  su b -sy s te m s .................................180
Fate  an d  residence  tim es of con tam inan ts ....................................................... 187
S o m e controlling factors on groundw ater residence tim es ......................... 190

Long Island aquifer sy s te m ................................................................................. 191
Upper R a n c o c a s  aquifer sy s te m ....................................................................... 191

Sum m ary  and  conclusions ...................................................................................................196
R efe ren ces ................................................................................................................................ 200



viii

LIST OF TABLES

Table 1. List of simulations and  model-imput modifications.............................88

2. Geom etric characteristics of s tream  sy s tem s  in
different flow sim ulations........................................................................... 91

3. Hydraulic p a ram ete rs  u sed  in Upper R ancocas  flow
simulation........................................................................................................ 163

4. G roundw ater budget for Upper R an co cas  flow m odel......................170



ix

LIST OF ILLUSTRATIONS

Figure 1. Flow patterns and  potential distribution in cross-section  of
a  valley flank in a  small dra inage basin, (after Toth, 1963)..........2

2. Geom etric relations and  Cartesian  coordinate convention
u sed  for the  hypothetical reference aquifer sy s te m ......................... 20

3. Map view of discretized hypothetical system  showing
bilateral sym m etry  of s tream  sou rce  a r e a s ......................................... 26

4a. Profiles of w ater tab le  along s tream  channel an d  inter-stream 
divide for the  reference simulation and typical profile for 
non-drainage simulation.............................................................................28

4b. Profile of groundw ater d ischarge to cen ter-s tream  channel
(along model column 52) for reference simulation........................... 28

5a. Longitudinal section of non-drainage simulation showing the
y- and  z-coordinate com ponen ts  of velocity vec to rs ........................33

5b. Longitudinal section of hypothetical reference system  showing 
y- an d  z-coordinate com ponen ts  of velocity vectors along the 
cen te r  s tream  channel and  along the inter-stream divide..............33

6. Map view showing x- and  y-coordinate com ponen ts  of velocity 
vectors  in model layer 1 for the central portion of the  reference 
system  (A) and  th ree  tran sec ts  showing x- and  z-coordinate 
com ponen ts  of velocity vector (B, C, and  D)...................................... 35

7. H ead  residuals resulting from difference in free su rfaces  
betw een reference and  non-drainage sim ulations........................... 39

8. Profiles of w ater  table, h ead  gradient, and  specific d ischarge 
along column of non-drainage simulation............................................40

9. Profiles of w ater  table, head  gradient, and specific d ischarge 
for the  reference simulation along A) cen te r  s tream  channel 
(column 52), B) inter-stream divide (column 35 or 69) and,
C) ac ro ss  the system  along model row 9 0 .......................................... 41

10a. Profiles of y- and  z-coordinate com ponen ts  of specific
d ischarge for non-drainage and  reference sy s te m s ........................ 44



X

Figure 10b. Profiles of x-coordinate com ponent of specific d ischarge 
along colum ns ad jacen t to the cen te r  s tream  channel at 
increasing d is tances  aw ay   ...........................................................44

11. Map view showing lines of equal elevation h ead  and  the 
sou rce  a re a s  of s tr e a m s  on the  free surface  for the
reference simulation.................   47

12. Relation of points of recharge that define the  ed g e  of the 
so u rce  a re a  and  points of intersection on two transec ts
in the  aquifer...................................................................................................50

13. Profiles of bounding surface  for the  cen te r  s tream  sub-system  
flow for the reference simulation. Three  orthogonal views, 
map, section parallel to model colum ns, an d  section
parallel to model rows are  sh o w n ........................................................... 52

14. Lines of equal elevation that define the  cen te r  s tream  lower 
boundary su rface  for the  reference system . Contour interval
is 50 fee t .......................................................................................................... 54

15. Lower boundary su rface  of the cen te r  s tream  sub-system  
flow viewed from dow nstream  and  below the  system  looking 
upward. An evenly divided grid is positioned n ea r  the  free 
surface  and  is u sed  to show  distortion of the  perspective .............55

16a. Lower boundary su rface  of the cen te r  s tream  sub-system
flow looking upstream  and  downward from front-right view.......... 56

16b. Lower boundary su rface  of the cen te r  s tream  sub-system
flow looking dow nstream  along longitudinal axis of sy s tem .......... 56

17a. Flowlines from the  w ater table to a  single well (well 1)
viewed along ea c h  of the  three Cartesian  coordinate ax is ............59

17b. Map view of the so u rce  a re a  to well 1 a s  defined by the
points of origin of one  path line per model cell..........................  59

18a. Flowlines from the w ater table to a  single well (well 3)
viewed along ea c h  of the th ree  Cartesian  coordinate ax is ............61

18b. Map view of the sou rce  a re a  to well 3 a s  defined by the
points of origin of one  path line per model cell.................................. 61

19a. Flowlines from the w ater table to a  single well (well 5)
viewed along each  of the three Cartesian  coordinate ax is ............62



xi

Figure 19b. Map view of the  sou rce  a re a  to well 5 a s  defined by the
points of origin of one  path line per model cell.................................. 62

20. Source  a re a  defined by initial points of pathlines to wells
1, 3, and  5 pumping sim ultaneously...................................................... 63

21. Pathlines from th ree  close ly-spaced  points of recharge  near  
well 1. a) T hree  orthogonal views along each  coordinate.
b) 3-D perspective view, c) Map view of end  points of 
pathlines for wells 1, 3, and  5 ...........................................................   66

22. Source a re a  defined by initial points of pathlines to wells
1 through 5 pumping sim ultaneously.....................................................67

23. Areal distribution of initial points of pathlines that d ischarge
to every tenth node of the  cen te r  s tre a m ............................................. 69

24. Exploded view of flowlines that term inate at four different 
points along the  cen ter-s tream  channel. The corresponding 
recharge  patterns  on the  free su rface  a re  also sh o w n ................... 71

25. Three  mutually perpendicular views of flowlines that en ter
the  system  14,750 feet from divide (along model row 30).............73

26. Three mutually perpendicular views of flowlines that en te r
the  system  29,750 feet from divide (along model row 60).............74

27. Projection of flowlines to th ree  longitudinal sections. Flow 
lines originate from (A) the  cen ter-s tream  channel, (B) along 
a  column 1500 feet from the channel and, (C) along a
column 2500 feet from the  c h an n e l ........................................................76

28. Three  tran sv erse  sec tions  through the  m odeled aquifer 
showing points w here  flowlines intersect the  sec t io n s ....................81

29. View of aquifer system  from rear-upper-right showing the 
th ree  t ra n sv erse  sec tions  containing flowline intersection
an d  orientation of two groups of flowlines............................................82

30. Map view of lines of equal residence  time for recharge  
locations on the free surface. Stippling indicates s tream
so u rce  a r e a s ...................................................................................................85



xii

Figure 31. Com parison of proportion of simulated d ischarge  to s tre a m s  
(h ead -dependen t flux) and  to the  surface w ater body 
(constant heads)  for hypothetical sy s tem s u se d  in s tudy .............. 90

32. Bounding su rfaces  containing three  s tream  sub-system  
flow dom ains  in a  rectangular aquifer in which surface-w ater 
body (constan t-head  sink) is not sim ulated .........................................94

33. Map view showing lines of equal elevation h ead  for a  th ree  
s tream  system  without a  cons tan t-head  sink. H atched pattern 
indicates so u rce  a r e a  of cen te r  s tream ; blank a r e a s  a re  
so u rces  of flow to respective lateral s t re a m s ..................................... 95

34a. Profiles of w ater  tab le  along s tream  channel and  inter-stream 
divide for th ree-s tream  system  without surface-w ater body  96

34b. Profile of g roundw ater d ischarge to cen ter-s tream  channel 
(along model column 52) for th ree-s tream  sys tem  without 
surface-w ater body ...................................................................................... 96

35. Map view of pathlines that en ter  the reference an d  no-flow 
sy s te m s  along column one an d  column thirty. View is 
betw een  the inter-stream divides for the  cen te r  s tream .
Solid lines show  flow discharging to s tream ; dotted  lines 
indicate pathlines that d ischarge to the  w ater  body......................... 97

36. Map view showing lines of equal h ead  and the  sou rce  a r e a s  
of s tre a m s  on the  free su rface  for the 'anisotropic' simulation. 
S q u a re s  along s tream  channe ls  indicate w here groundw ater 
d ischarge  occurs. O ctagons  indicate that model cell is a t
least partially a  sou rce  for s tream  d ischa rge ...................................... 103

37. Map view showing lines of equal h ead  and  the  sou rce  a r e a s  
of s tream s  on the  free surface  for the  'isotropic' simulation.
S q u a re s  along s tream  ch an n e ls  indicate w here groundw ater 
d ischarge occurs. O ctagons indicate that model cell is at
least partially a  so u rce  for s tream  d isch a rg e ................................... 103

38. Profiles of bounding surface for the  cen te r  s tream  
sub-system  flow for the  'anisotropic' simulation viewed
along e ach  of the  th ree  Cartesian  coordinate ax is ........................... 104

39. Profiles of bounding surface for the cen te r  s tream  
sub-system  flow for the  'isotropic' simulation viewed
along ea c h  of the  th ree  Cartesian  coordinate ax is........................... 104



xiii

Figure 40a. Profiles of w ater  tab le  along s tream  channel and
inter-stream divide for the  'anisotropic' simulation and
typical profile for corresponding non-drainage simulation..............106

40b. Profile of groundw ater d ischarge to cen ter-s tream  channel
(along model column 52) for 'anisotropic' simulation....................... 106

41a. Profiles of w ater  table along s tream  channel and  inter-stream 
divide for the  'isotropic' simulation and  typical profile for 
corresponding non-drainage simulation................................................106

41 b. Profile of g roundw ater d ischarge to cen ter-s tream  channel
(along model column 52) for 'isotropic' simulation............................ 106

42. Map view showing lines of equal h ead  and the  sou rce  a re a s  
of s tream s  on the  free surface for the  'high recharge ' 
simulation. S q u a re s  along s tream  channe ls  indicate w here 
groundw ater d ischarge  occurs. O ctagons indicate that model
cell is at least partially a  source  for s tream  d isch a rg e ..................... 109

43. Map view showing lines of equal h ead  and the sou rce  a re a s  
of s tre a m s  on the  free surface  for the  'low recharge ' 
simulation. S q u a re s  along s tream  channe ls  indicate w here 
groundw ater d ischarge  occurs. O ctagons  indicate that model
cell is at least partially a  source  for s tream  d isch a rg e ................... 109

44. Profiles of bounding surface for the  cen te r  s tream  
sub-system  flow for the  'high recharge ' simulation viewed
along each  of the  th ree  Cartesian coordinate ax is ..........................110

45. Profiles of bounding surface  for the cen te r  s tream  
sub-system  flow for the  'low recharge ' simulation viewed
along each  of the  th ree  Cartesian  coordinate ax is.......................... 110

46a. Profiles of w ater tab le  along s tream  channel and  inter-stream 
divide for the 'high recharge ' simulation and  typical profile for 
corresponding non-drainage simulation.............................................. 111

46b. Profile of groundw ater d ischarge to cen ter-s tream  channel
(along model column 52) for 'high recharge ' simulation................ 111

47a. Profiles of w ater  table along s tream  channel and  inter-stream 
divide for the 'low recharge ' simulation and typical profile for 
corresponding non-drainage simulation.............................................. 111



xiv

Figure 47b. Profile of groundw ater d ischarge to cen ter-s tream  channel
(along model column 52) for 'low recharge ' simulation..................111

48. Map view showing lines of equal h ead  and the  sou rce  a re a s  
of s tre a m s  on the  free surface  for the 'thin aquifer' simulation. 
S q u a re s  along s tream  channe ls  indicate w here groundw ater 
d ischarge  occurs. O ctagons  indicate that model cell is at
least partially a  sou rce  for s tream  d isch a rg e .....................................114

49. Map view showing lines of equal e h e a d  and  the  sou rce  a re a s  
of s tre a m s  on the  free surface  for the  'thick aquifer' simulation. 
S q u a re s  along s tream  channe ls  indicate w here groundw ater 
d ischarge  occurs. O ctagons  indicate that model cell is at
leas t partially a  sou rce  for s tream  d isch a rg e .....................................114

50. Profiles of bounding surface  for the  cen te r  s tream  
sub-system  flow for the  'thin aquifer' simulation viewed
along each  of the  th ree  Cartesian  coordinate axis..........................115

51. Profiles of bounding surface  for the  cen te r  s tream  
sub -system  flow for the  'thick aquifer' simulation viewed
along each  of the th ree  Cartesian  coordinate ax is ..........................115

52a. Profiles of w ater  table along s tream  channel an d  inter-stream 
divide for the  'thin aquifer' simulation and  typical profile for 
corresponding non-drainage simulation............................................... 117

52b. Profile of groundw ater d ischarge to cen ter-s tream  channel
(along model column 52) for 'thin aquifer' simulation...................... 117

53a. Profiles of w ater  table along s tream  channel and  inter-stream 
divide for the  'thick aquifer' simulation and  typical profile for 
corresponding non-drainage simulation..............................................117

53b. Profile of groundw ater d ischarge  to cen ter-s tream  channel
(along model column 52) for 'thick aquifer' simulation...................117

54. Map view showing lines of equal head  and  the sou rce  
a re a s  of s tre a m s  on the free surface  for the  'high s tream  
co n d u c tan ce ’ simulation. S q u a res  along s tream  channe ls  
indicate w here g roundw ater d ischarge  occurs. O ctagons 
indicate that model cell is at least partially a  sou rce  for 
s tream  d ischa rge .........................................................................................120



XV

Figure 55. Map view showing lines of equal head  and  the  sou rce  a re a s
of s tream s  on the  free surface  for the  'low-stream conductance ' 
simulation. S q u a re s  along s tream  channe ls  indicate w here 
groundw ater d ischarge  occurs. O ctagons indicate that model 
cell is at least partially a  sou rce  for s tream  d isch a rg e .....................120

56. Profiles of bounding surface for the cen te r  s tream  sub-system  
flow for the 'high-stream conductance ' simulation viewed
along each  of the  th ree  Cartesian  coordinate ax is ........................... 121

57. Profiles of bounding surface for the cen te r  s tream  sub-system  
flow for the 'low-stream conductance ' simulation viewed
along each  of the  three Cartesian coordinate ax is ........................... 121

58a. Profiles of w ater  table along s tream  channel and  inter-stream 
divide for the  'high-stream conductance ' simulation an d  typical 
profile for corresponding non-drainage simulation........................... 122

58b. Profile of groundw ater d ischarge  to cen ter-s tream  channel 
(along model column 52) for 'high-stream conduc tance ' 
simulation.........................................................................................................122

59a. Profiles of w ater  table along s tream  channel and  inter-stream 
divide for the  'low-stream conductance ' simulation and  typical 
profile for corresponding non-drainage simulation........................... 122

59b. Profile of groundw ater d ischarge to cen ter-s tream  channel 
along model column 52) for 'low-stream conductance ' 
simulation........................................................................................................ 122

60. Profiles of w ater  table and  corresponding b a s e  flow along 
cen te r  s tream  channel for simulations of sy s tem s  with s tream  
conduc tance  va lues  ranging from 0 to 500,000 feet2/d a y ..............124

61. Map view showing lines of equal h ead  and  the  so u rce  a re a s  of 
s tream s  on the  free surface  for the 'low stream -channel slope' 
simulation. S q u a re s  along s tream  channe ls  indicate w here 
groundw ater d ischarge occurs. O ctagons indicate that model
cell is at least partially a  source  for s tream  d isch a rg e .....................127

62. Map view showing lines of equal head  and the sou rce  a re a s  of 
s tre a m s  on the  free surface  for the  'high s tream -channel slope' 
simulation. S q u a re s  along s tream  channe ls  indicate w here 
groundw ater d ischarge occurs. O ctagons indicate that model
cell is at least partially a  sou rce  for s tream  d isch a rg e .....................127



xvi

Figure 63. Map view showing lines of equal h ead  and  the  sou rce  a r e a s  of 
s tre a m s  on the  free surface  for the 'concave  s tream -channel 
slope ' simulation. S q u a re s  along s tream  ch an n e ls  indicate 
w here  groundw ater d ischarge occurs. O ctagons  indicate that 
model cell is at leas t partially a  sou rce  for s tream  d isch a rg e  128

64. Profiles of bounding surface  for the  cen te r  s tream  sub-system  
flow for the 'low stream -channel slope ' simulation viewed
along e ach  of the th ree  Cartesian  coordinate ax is........................... 130

65. Profiles of bounding surface  for the  cen te r  s tream  sub-system  
flow for the  'high s tream -channel s lope ' simulation viewed
along e ach  of the th ree  Cartesian  coordinate ax is ........................... 130

66. Profiles of bounding surface  for the ce n te r  s tream  sub-system  
flow for the 'concave  s tream -channel s lope ' simulation viewed 
along ea c h  of the  th ree  Cartesian  coordinate ax is ........................... 131

67a. Profiles of w ater  tab le  along s tream  channel and  inter-stream 
divide for the  'low s tream -channel slope ' simulation and
typical profile for corresponding non-drainage simulation............. 133

67b. Profile of groundw ater d ischarge  to cen ter-s tream  channel 
(along model column 52) for 'low s tream -channel 
conductance ' simulation............................................................................. 133

68a. Profiles of w ater  table along s tream  channel and  inter-stream 
divide for the  'high stream -channel s lope ' simulation and  
typical profile for corresponding non-drainage simulation............ 133

68b. Profile of groundw ater d ischarge  to cen ter-s tream  channel 
(along model column 52) for 'high s tream -channel slope ' 
simulation.........................................................................................................133

69a. Profiles of w ater table along s tream  channel and  inter-stream 
divide for the 'concave  s tream -channel slope ' simulation and  
typical profile for corresponding non-drainage simulation............134

69b. Profile of g roundw ater d ischarge to cen ter-s tream  channel 
(along model column 52) for 'concave s tream -channel slope ' 
simulation.........................................................................................................134



xvii

Figure 70. Map view showing lines of equal h ead  and the  sou rce  a r e a s  
of s tre a m s  on the  free surface  for the  'single s tream ' 
simulation. S q u a re s  along s tream  channe ls  indicate w here 
groundw ater d ischarge  occurs. O ctagons indicate that model 
cell is at least partially a  sou rce  for s tream  d isch a rg e .....................136

71. Profiles of bounding su rface  for the cen te r  s tream  sub-system  
flow for the  'single s tream ' simulation viewed along e a c h  of
the  th ree  C artes ian  coordinate axis........................................................136

72. Map view showing lines of equal h ead  and the  sou rce  a r e a s  of 
s tre a m s  on the  free surface  for the  'single s tream  in wide 
w ate rshed ' simulation. S q u a re s  along s tream  channe ls  
indicate w here  g roundw ater d ischarge  occurs. O ctagons  
indicate that model cell is at least partially a  sou rce  for
stream  d isch a rg e , ......................................................................................... 138

73. Profiles of bounding surface  for the  cen te r  s tream  sub-system  
flow for the  'single s tream  in wide w atershed ' simulation
viewed along ea c h  of the  three Cartesian  coordinate ax is ............ 138

74. Map view showing lines of equal head  and  the  sou rce  a r e a s  
of s tre a m s  on the  free surface  for the  'five s tream ' simulation. 
S q u a re s  along s tream  channe ls  indicate w here groundw ater 
d ischarge  occurs. O ctagons  indicate that model cell is at least 
partially a  sou rce  for s tream  d isch a rg e .................................................141

75. Map view showing lines of equal h ead  and the  sou rce  a r e a s
of s tre a m s  on the free surface for the 'seven  s tream ' simulation 
S q u a re s  along s tream  channe ls  indicate w here groundw ater 
d ischarge occurs. O ctagons  indicate that model cell is a t 
least partially a  sou rce  for s tream  d ischa rge ...................................... 141

76a. Profiles of bounding surface  for the  cen te r  s tream  sub-system  
flow for the  'five s tream ' simulation viewed along each  of the 
th ree  Cartesian  coordinate ax is   .....................................................142

76b. Profiles of bounding surface for the  cen te r  s tream  sub-system  
flow for the  'sev en  s tream ' simulation viewed along each  of 
the three C artes ian  coordinate ax is ....................................................... 142

77. Line g raphs showing non-linear relations betw een  d rainage
density and  geom etric  characteristics of s tream  s y s te m s ..............143



xviii

Figure 78a. Profiles of w ater  tab le  along s tream  channel and  inter-stream 
divide for the  'single s tream ' simulation and  typical profile for 
corresponding non-drainage simulation..............................................145

78b. Profile of groundw ater d ischarge  to cen ter-s tream  channel
(along model column 52) for 'single s tream ' simulation...............  145

79a. Profiles of w ater tab le  along s tream  channel and  inter-stream 
divide for the  'single s tream  in wide w atershed ' simulation and  
typical profile for corresponding  non-drainage simulation............145

79b. Profile of g roundw ater d ischarge  to cen ter-s tream  channel 
(along model column 52) for 'single s tream  in wide 
w atershed ' simulation................................................................................ 145

80a. Profiles of w ater  tab le  along s tream  channel and  inter-stream 
divide for the  'five s tream ' simulation and  typical profile for 
corresponding non-drainage simulation..............................................146

80b. Profile of g roundw ater d ischarge  to cen ter-s tream  channel
(along model column 52) for 'five s tream ' simulation..................... 146

81a. Profiles of w ater  tab le  along s tream  channel an d  inter-stream 
divide for the  'seven  s tream ' simulation and  typical profile for 
corresponding non-drainage simulation..............................................146

81 b. Profile of groundw ater d ischarge  to cen ter-s tream  channel
(along model column 52) for 'sev en  s tream ’ simulation................ 146

82. N ear-coalesce  of s tream  sou rce  a reas .  Anisotropy is 1000:1.....151

83. C o a lesce  of s tream  source  a reas .  Aquifer th ickness  is
300 fee t. .......................................................................................................... 152

84. Map of New Je rs e y  showing primary d ra inage network,
regional dra inage divide, and  boundary  of the  Upper 
R a n c o cas  d ra inage bas in .........................................................................156

85. G eneralized  section showing hydrogeologic fea tu res  of the
Upper R an c o cas  d ra inage basin a r e a .................................................157

86. Horizontal discretization of aquifer and  d ra inage network 159

87. G eneralized  section showing relation of aquifer units and
model layering in U pper R an c o cas  flow m odel................................. 161



xix

Figure 88. G eneralized section of Upper R an c o cas  hydrologic system
and flow operations in aquifer......................................   164

89. Map view of horizontal velocity com ponen ts  rep resen ted  a s  
vectors  in upper layer of m odeled w ate rshed  a r e a .......................... 166

90. Simulated groundw ater d ischarge  along reach  of South
Branch...................................................................................   168

91a. Lines of equal h ead  in upper layer of m odeled w ate rshed
area . Contour interval is 5 f e e t ................................................................171

91b. W ater table profile from divide to confluence at R an c o cas
C reek  along A-A'.................   171

92a. Source  a re a s  of flow to first th ree  orders  of s tre a m s  and  to
Piney Point Aquifer within su b -a rea  of m odeled sy s te m ................ 173

92b. Map of s tream  system  within a  forty-eight sq u a re  mile a re a  of 
the  Upper R an co cas  drainage system  n ear  the  regional 
divide........................   174

93. Exploded view of flowlines from sou rce  a re a s  to Piney Point
Aquifer, McDonald's Branch, and  South Branch s t r e a m s .............. 176

94a. Contributing a r e a s  of flow to n odes  60 and  100 of the  cen te r  
s tream  in the  'R eference ' system . R es idence  tim es of flow 
that d ischa rges  to node 60 range up to 89 years  w h ereas  
th o se  of node 100 range up to 272 y e a rs ............................................ 179

94b. Contributing a r e a s  of flow to n odes  60 and  100 of the  cen te r  
s tream  in the 'Thin Aquifer' system . R es idence  tim es of flow 
that d ischa rges  to node 60 range up to 164 y ea rs  w h ereas  
th o se  of node 100 range up to 357 y e a rs ............................................ 179

95. Lines of equal a g e  along three tran sec ts  betw een  inter-stream
divides of the  cen te r  s tream  for the reference sy s te m .................... 181

96. Map view showing 20-year 'surface' of equal a g e  for
cen ter-s tream  a r e a .......................................................................................184

97a. Distribution of b a s e  flow in term s of num ber of pathlines that 
d ischarge  along s tream  channel show n a s  proportions of 
'young', 'middle-aged', and  'old' w ater ...................................................186



XX

Figure 97b. Distribution of b a s e  flow in term s of normalized num ber of 
pathlines that d ischarge along s tream  channel shown 
a s  normalized proportions of 'young', 'm iddle-aged', and  
'old' w a te r .........................................................................................................186

98. Relative proportions of contam inant A and  B mixing with fresh 
groundw ater along cen te r  s tream  channel if sou rce  a r e a s  A
an d  B are  continuous...................................................................................188

99. Lines of equal a g e  for representative cross-section of Long 
Island's aquifer system  (after Buxton and  Modica, 1992).............. 192

100. Map view of lines of equal residence time for recharge  
locations on the  free surface in the  Upper R a n c o cas  
system . Lines show n represen t 20, 80, and  140 y ea r  
residence-tim e intervals..............................................................................194

101. Path lines from column 42 of Upper R an c o cas  model 
projected to (A) m ap and, (B) cross-sectional views.
Circles indicate 20 years  of travel along path lines.
C ro s se s  indicate 80 years  of travel........................................................ 195



1

INTRODUCTION

B a c k g ro u n d

Hydrologists have long had  a  special interest in flow patterns  and  

dynam ics of aquifer system s. R ecen t concerns  over g roundw ater contamination 

an d  w ater supply have sh a rp en ed  this interest inasm uch a s  such  knowledge is 

an  indispensable  tool for effective w ater supply m anagem ent.

Flow nets  have long b een  an effective way of conceptualizing the  flow in 

an aquifer system  in vertical section. Flow nets  contain, in a  form e a s y  to 

visualize, much information about groundw ater flow geometry, velocities, and  

res idence  times.

In the  early sixties Toth developed  what is now considered  a  c lassic 

se r ie s  of flow-net-solutions for c ross-sec tions  of a  small w ate rshed  in Alberta 

(1963). Toth formulated analytical solutions to a  se r ie s  of boundary-value flow 

problems for sy s tem s  that a re  characterized  by a  hummocky terrain. Figure 1 

show s one of th e se  solutions; th e  model is bounded  by no-flow boundaries  along 

the  lateral and  bottom borders of the m odeled section and  by specified head  

va lues  along the top. The head  va lues  vary according to a  prescribed sine-wave 

function.

An important finding in Toth's analysis w as  that his model produced several 

flow regim es consisting of d e e p  regional flow, intermediate flow, and  a  shallow 

system  flow com ponent. Flow patterns  in the shallow sys tem  are nes ted  on top 

of the  d e e p e r  regional system  and  are  characterized  by an alternating pattern of
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recharge  and  d ischarge. Toth found that the  depth  to which this shallow system  

p ro p ag a te s  into the  aquifer is determ ined largely by the  amplitude and  frequency 

of the  function describing the  h ead  va lues  along the  surface  and  by the  aquifer 

thickness.

The interest in this c lassic  work lies in the  fact that the  com posite  flow regime 

structure is typical of m any aquifer sy s te m s  w here  there  is a  d e e p e r  regional flow 

system  underlying a  shallow s tream  sub-system , the  flow of which is controlled 

by su rface  features, such  a s  topographic relief and  s tream  drainage patterns, 

and  by aquifer geom etry  and  the  location of o ther d ischarge  outlets. The 

purpose  of the  p resen t study is to analyze a  specific type of com posite  flow 

system  consisting of a  s tream  sub -system  and  the  underlying regional flow 

system .

In m any aquifer sy s tem s w here s tre a m s  occur a s  part of distinct shallow 

su b -sy s tem s  within larger regional sy s te m s  the  s tream  su b -sy s tem s  are  

recharged  at the  w ater  table an d  the shallow groundw ater is d ischarged  to a  

s tream  channel. The so u rce  of groundw ater discharging to a  s tream  is defined 

by a  contributing a re a  of recharge  on the  free surface, the  s h a p e  of which is 

characterized  by the flow dynam ics of the  system . The flow lines that travel into 

the  system  within the contributing a re a  follow varying and  winding pa ths  in the 

s tream  sub-system  to points of d ischarge  on the s tream  channel. T h e se  paths  

are  optimal r e sp o n se s  to the  flow gradients in a  particular system . Collectively, 

th e se  flow lines define a  s tream  sub-system  flow dom ain that is characterized  by
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a  definite volume and  limiting extent that marks the  interface be tw een  regional- 

and  s tream -sub-system  flow.

The s tream  network functions a s  a  sink that d iss ipates  groundwater; 

groundw ater d ischarge to s tre a m s  is commonly referred to a s  b a s e  flow. 

C h a n g e s  in b a s e  flow are  a  reflection, in part, of the dynamic relation betw een 

the  local an d  regional system s. S tre s se s  applied to either system  can  change  

b a s e  flow a s  well a s  the configuration and position of flow lines. Such  s t r e s s e s  

occur naturally during the  annual hydraulic cycle in which se a so n a l  variations in 

recharge  intensity and  frequency of occurrence induce both immediate and  

lagged r e sp o n se s  in both system s. S tre s se s  can  also  be applied artificially to the 

aquifer system  by ex tended  periods of pumping or by artificial recharge.

B ec au se  of the  complex hydrodynamic interactions betw een  the  shallow 

and  d e e p e r  sy s te m s  and  their varied re sp o n ses  to s tre ss ,  a  detailed, 

three-dim ensional characterization of the  shallow sub-system  boundaries  and  

internal flow pattern h a s  b een  difficult to obtain. Much of the  p resen t information 

on shallow s tream  system  flow configuration is typically b a se d  on m odels that 

a s su m e  horizontal flow or flow within vertical sections. Although th e se  m odels 

provide general information on quantities of flow in the  shallow system , they 

canno t adequa te ly  represen t the  s tream  system  boundaries  and  internal flow 

patterns.

Furthermore, a  two-dimensional analysis of an  aquifer system  must also 

a s s u m e  that flow is parallel to the  m odeled section. S tream  sub-system s, 

however, a re  inherently three-dim ensional and  are  not am en ab le  to
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two-dimensional analysis b e c a u se  their velocity-vector field c h a n g e s  in 

m agnitude and  direction in both the vertical and  lateral directions. Therefore, 

flow analysis  of such  sy s tem s  must necessarily  include th ree  spatial dim ensions 

in order to adequate ly  rep resen t the system .

P u r p o s e  & S c o p e

This s tudy fo cu ses  on the  inter-relationships involving the  free surface 

(water table), the  s tream  sub-system  flow pattern, and  the  d e e p e r  regional flow 

pattern. A hydraulic feature that is crucial to the understanding of th e se  

relationships is the nature of the  interface betw een  regional- and  s tream  

sub-system  flow regimes.

A major objective of this study is to define the boundary that s e p a ra te s  the 

s tream  sub -system  from the  regional flow system  and  determ ine factors that 

influence its form. A se c o n d  objective is to determ ine the  flow pattern within the 

s tream  sub-system  and  quantify its flow p ro cesses .  A third objective is to 

determ ine what hydraulic p aram eters  affect most significantly s tream  system  

flow geom etry  and  dynam ics and  to indicate what th e se  affects are.

An understanding of the  geom etry of the shallow sub-system  and  its flow 

p ro c e ss e s  is important in distinguishing contributing a re a s  of flow to s tream s  

from o ther recharge  a reas .  T h ese  s tudies  will increase  understanding of the 

wide variations in residence tim es that occur in groundwater flow system s. Flow 

direction an d  travel tim es a re  important characterizations for s tud ies  involving 

transport of solute or contam inant plume migration.
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Approach

The m ethod of analysis  u sed  in this s tudy involves the design  of and  

experim entation with a  suite of three-dimensional hypothetical, s teady-s ta te  

m odels  of dra inage-basin  aquifer system s. T h e se  sy s tem s  w ere  developed  using 

hydrogeologic p a ram ete rs  typical of the  Atlantic Coastal Plain, particularly 

sy s te m s  found in the  Coastal Plain of New J e rse y  and  Long Island, New York. 

S trea m s  that com prise  the  dra inage networks in th e se  a r e a s  a re  typically gaining 

s tre a m s  inasm uch a s  most s tream  discharge  consis ts  of b a s e  flow.

There  a re  severa l a d v an tag es  to using a  hypothetical flow model rather than 

a  real sy s tem  a s  a  m e a n s  of obtaining a  general understanding for the 

contribution of shallow groundw ater to s tream  flow. Aquifer geom etries  and  

hydraulic p a ram ete rs  can  be systematically and  conveniently modified in order to 

s tudy cause-and-effec t relations on the  system  without regard to calibrating 

h e a d s  and  flows against th o se  of an  actual system . Secondly, aquifer geom etry 

can  be des ig n ed  without regard  for complicated structural, stratigraphic, or even 

morphological fea tu res  of real aquifer system s. Instead, fea tu res  can  be m ade  

simple an d  linear without appreciable  loss of applicability. Although generic 

m odels do not require calibration, the hypothetical sy s tem s of this study were 

constra ined  by patterning them  after hydrologic, geometric, an d  geologic 

properties similar to Atlantic Coastal Plain system s  a s  noted above.

The com puter flow model Modflow (McDonald and  Harbaugh, 1988) w as 

u se d  to solve for hydraulic h e a d s  in all simulations. The model output also 

provides volumetric flow rates which w ere u sed  to calculate vector fields and
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specific d ischarges . B e c a u se  a  major com ponent of the  analysis  involved 

understanding the  orientation of flow paths  in th ree  dim ensions, a  particle 

tracking post-processing  algorithm (Pollock, 1989) w as  u sed  to sim ulate flow 

paths  in the  m odeled aquifer system s.

A primary generic  model w as  developed  to se rv e  a s  a  hypothetical 

coasta l plain system  and  to provide an index simulation for comparing 15 

additional hypothetical flow sy s te m s  (see  table 1). The design  of the  o ther 

m odels  w as  similar to that of the  reference excep t that for each  one  a  different 

p a ram ete r  modification w as  m ad e  so  a s  to evaluate  how the  pa ram ete r  ch an g e  

affected the  geom etry, velocities, flow paths, and  fluxes of the s tream  

sub-system .

A final a sp e c t  of the  s tudy  involved the com parison and  analysis  of flow 

patterns  be tw een  the  hypothetical sy s tem s  an d  a  real coasta l plain aquifer 

system . A calibrated flow model of the  Upper R an c o cas  Drainage Basin, New 

Je rs e y  w as  developed  for this purpose.

Previous Studies

A variety of s tud ies  exist in the  literature that deal with the  lagged 

re sp o n se  of the  aquifer-stream sys tem  to a  s tr e s s  such  a s  a  rain storm. Most 

s tud ies  dealing with aquifer-stream  interactions focus mainly on storm runoff and 

storm p eak s  that produce potentially dam aging  floods and  soil erosion and  are, 

therefore, of interest to eng ineers  concerned  about the  design  load of structures. 

T h e se  s tud ies  utilize m athematical flow models d es igned  to predict the
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hydrologic behavior of a  local aquifer and  related s tream  flow in re sp o n se  to a  

precipitation even t (Hall, 1968; Eshett and  Bittinger, 1965; Barnes, 1939). Many 

of th e se  m odels are  b a s e d  on the  relation:

Ml d2h2 _ Ss dh 
y '  dx2 K dt.

w here  h is the  hydraulic h ead  

x is the  horizontal d istance ,

S s is the  specific s to rag e  ,

K is the  hydraulic conductivity and, 

t is time.

H ornberger and  o thers  (1970) developed  a  numerical techn ique to obtain 

solutions to the  B oussinesq  equation that w as  u sed  to determ ine groundw ater 

flow and  recess ion  in re sp o n se  to c h a n g e s  in s tream  s tage . Their model w as  

am en ab le  to  problem s involving time-varying boundary  conditions at the  s tream  

an d  non-uniform initial conditions. C o o p e ra n d  Rorabaugh (1963) derived 

analytical solutions for c h a n g e s  in groundw ater h eads ,  flows, an d  bank s to rage  

that would occur due  to a  sinosoidal flood event. Their analysis includes a  family 

of asym m etric flood-wave s ta g e  hydrographs that show  a  wide variety of flood 

s h a p e s  in groundwater.

Singh (1968) developed  solutions that would predict recession  ra tes  for 

shallow aquifers with fully penetrating s tre a m s  and  for d e e p  aquifers with shallow 

en trenched  s tream s. The results were p resen ted  a s  dim ensionless-base-flow
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curves  that show ed  p a ram e te r  va lues  that c a u s e d  a  s tream  to b eco m e influent 

or to gain at a  cons tan t rate. C a s e s  for loss d u e  to evapotranspiration or gains 

from confined aquifers w ere a lso  evaluated.

Flow an d  h ead  variations in stationary linear stream -aquifer  sy s te m s  have 

b een  obtained  by application of convolution equations  (Hall and  Moench, 1972; 

Venetis, 1970). H ead fluctuations in the  aquifer due  to arbitrary varying flood 

pulse  w ere obtained  for a  finite aquifer with and  without a  semi-impervious 

s tream  bank. P inder and  S a u e r  (1971) performed several numerical simulations 

to show  that flood w av es  a re  affected by bank sto rage, especially in long 

s e g m e n ts  of a  long reach, and  that the m agnitude of effect is controlled by the 

hydraulic conductivity of the aquifer.

Morel-Seytoux (1975) developed  what he refers to a s  d iscrete kernel 

genera to rs  for isolated alluvial aquifers and  isolated s tre a m s  that w ere  com bined 

to charac terize  interactions be tw een  both sy s tem s  and  to solve for flood 

problems. Relations involving simulated results, initial conditions, and  

controllable decision variables, or econom ic considerations, a re  a lso  estab lished  

through a  se t  of 'influence coefficients' in o rder to render  th e  model am en ab le  to 

optimization-type m an ag em en t applications (lllangasekare and  Morel-Seytoux, 

1982).

Another ca tegory  of s tud ies  dea ls  with the  complex relations am ong 

infiltration of precipitation, w a te rshed  morphology, an d  drainage characteristics 

(Strahler, 1967, Ritter, 1982). Horton (1945) laid down the bas is  of s tandard  

geom orphic analysis  of d ra inage basins  by attempting to ex p ress  quantitatively
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s tream  origins and  basin  hydrology. Horton hypothesized that w hen rainfall 

intensity e x c e e d s  infiltration capacity  then runoff or overland flow would occur 

an d  erosion would en su e .  Kirkby and  Chorley (1967), however, a rgued  that 

Horton's infiltration model had limited application but that 'throughflow' w as  the 

dom inant p ro cess  of erosion.

F reeze  (1971, 19 7 2 ,1 9 7 5 )  explored the m echanism  of base-flow 

generation and  w a te rsh ed  re sp o n se  by u se  of a  model that coupled 

three-dim ensional, transient, variably sa tu ra ted  groundw ater flow to 

one-dimensional, unsteady, channel flow. His simulation of a  hypothetical basin 

show ed  a  wide range  of re sp o n se  attributed to variations in rainfall and  

an teced en t  moisture conditions of the  unsa tu ra ted  zone. His simulation 

experim ents  also show ed  the  limitations of c lassic Hortonian flow. S tudies 

carried out by Dunne and  Black in a  New England w ate rshed  (1970a, 1970b) 

show  that overland flow is g en era ted  by rainfall on varying sou rce  a re a s  ad jacent 

to s tream  channe ls  and  that overland flow occurs w hen the  soil is sa tu ra ted  at 

the  surface  from below by the rising w ater table. Hewlett and  Nutter (1970) 

concluded that source  or contributing a re a s  of flow to s tream  channe ls  reach out 

to tap  the  subsurface  flow system .

A num ber of s tud ies  have exam ined features  of aquifer sy s te m s  by 

determining s tream lines or defining of source  a re a s  to s tream s. Simulations of 

s tream  flow or of shallow groundw ater flow sub -system s on Long Island include 

s tud ies  by Harbaugh and  G etzen  (1977) and  Prince et al (1988). Franke and  

C ohen  (1972) considered  ra tes  of groundw ater m ovem ent through different parts
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of the  aquifer system . They developed  flow nets  of both a  generalized 

cross-section  of the  Island an d  a  m ap view of East M eadow Brook. The study 

show ed  that res idence  tim es of 25 to 30 years  are  typical for w ater  entering the  

shallow system  com pared  with 800 years  and  3000 y ea rs  for w ater entering the 

Magothy and  Lloyd aquifers, respectively. Buxton and  others  (1991) defined 

source  a r e a s  of Long Island's aquifer system  with a  three-dim ensional model 

and  the  particle tracking algorithm. They simulated minimum an d  maximum 

limiting c a s e  recharge a r e a s  in o rder to bracket actual recharge  a r e a s  for 

different s tre s s  scenarios .

Winter (1976) analyzed  flow nets  of vertical sections  derived from s tea d y  

s ta te  numerical flow simulations tha t involved interactions be tw een  lakes and  

groundwater. The study dem onstra ted  that m ovem ent of w ate r  from lakes to 

groundw ater sy s tem s  is p reven ted  if the  minimum h ead  value along a  

continuous hydrologic divide encircling a  lake is g rea te r  than  lake-level head. 

Finally, Toth (1962) show ed  how a  lens of highly perm eable  material em b ed d ed  

in an  aquifer of le ss  permeability c a u s e s  flow in the aquifer to converge on the 

lens; the  d eg ree  of flow convergence  d e p e n d s  on the  ellipticity of the  lens and  

conductivity contrast be tw een  the  lens and  aquifer.
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GOVERNING EQUATIONS OF FLOW AND THEIR IMPLEMENTATION

The LaPlacian S y s te m

A fundam ental relation governing flow through porous m edia is b a s e d  on the 

second-o rder  partial differential Laplace equation u sed  in potential theory:

(2) if®. + _ o
(Z) 9x2 + + 9z2 -  0

In the  above  expression  O is the  fluid potential and  is equal to g x h (gravity 
tim es hydraulic head). At the  ea r th s  surface  g is c lose  to constan t,O  and  h are

correlated  and, therefore, h can  be  u sed  a s  a  suitable potential. The solution of
j

equation (2) is a  function h(x,y,z) that describes  the  value of hydraulic h ead  at 

every  point in a  three-dim ensional flow dom ain that is h o m ogeneous  and  

isotropic. According to equation (2) the  replenishm ent rate in a  confined aquifer 

is equal to the  outflow; there  is no ch an g e  in aquifer s to rage  and  piezometric 

h e a d s  do  not ch an g e  with time.

The description of flow in real aquifer sy s tem s  is more complex d u e  to the 

heterogeneity  and  anisotropy of the  aquifer material, recharge and  d ischarge 

along system  boundaries, and  aquifer s to rage  characteristics that ch an g e  with 

time. A linear partial differential equation that rep resen ts  piezometric h ead  in 

time and  s p a c e  for confined aquifers and  that tak es  th e se  complications into 

account is:
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where

Kx, Ky, k2 are values of hydraulic conductivity along the x, y, and z 

coordinate axis;

h is potentiometric head;

R is the  volumetric flux rate per unit volume and  rep resen ts  sources-s inks  of 

water;

Ss is specific storage of porous media; and 

t is time.

The s ink-source term can  apply to points, lines, or be  distributed over an  area .

In the  generic system  formulated in this study recharge  is a  distributed sou rce  of 

water. The s tre a m s  of this sys tem  constitute line-sinks b e c a u s e  they  a re  gaining 

s tream s;  g roundw ater d isch a rg es  along s tream  channe ls  a s  long a s  hydraulic 

h e a d s  e x ceed  the  altitude at a  point on the  s tream .

The simulations of this s tudy a re  a s su m e d  to be  s te a d y  s ta te  for 

unconfined flow conditions. Hence, equation (3) is not strictly applicable b e c a u se  

it charac te r izes  confined flow conditions. (Ss applies to w ate r  re leased  from the 

aquifer under confinement). Also, under  s tead y  s ta te  there  a re  no net c h a n g e s  in 

aquifer s to rag e  over time and  therefore s to rage  te rm s  are  not used.

Relations Involving Unconfined Flow

B ec au se  flow in the  generic  system  is unconfined, the  sa tu ra ted  th ickness  

varies  with the w ater  table height. A difficulty exists inasm uch a s  the w ater  table 

position is an ou tcom e of the  solution and  yet its position is n e e d e d  to define the



14

flow dom ain. In principle, the  position of the  w ater table in s p a c e  can  be 

com puted  by solving for equation (3) if the  s to rage  term is s e t  to zero. In 

practice, however, the  rigorous solution of this equation for unconfined flow leads  

to a  complicated, non-linear expression. For exam ple, Bear (1972) show s that 

unconfined and  s tea d y  flow in th ree  d im ensions can  be e x p re sse d  by the  

following equation:

The te rm s  u sed  in the  above equation have the  s a m e  definitions a s  te rm s  used  

in equation  (3). The above  express ion  is difficult to solve an d  is am en ab le  only to 

a  limited num ber of analytical solutions.

There  have b een  less  rigorous, more practical m ethods  u sed  to solve for 

flow u nder  water-table conditions that involve solutions b a s e d  on linearized 

boundary  conditions or continuity equations  describing unconfined flow; 

ex am p les  of approxim ate analytical solutions a re  the  Dupuit-Forchheimer 

approximations or the B oussinesq  Equation (see  Bear, 1972, page. 361 for 

d iscussion). However, in o rder to  apply th e se  m ethods  either specific flow 

conditions m ust be  satisfied or particular boundary and  initial conditions must be 

specified.
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Finite-Difference Formulation

In o rder to avoid th e se  limitations a  solution to the  unconfined flow problem 

w as  sough t using a  com puter  flow model that solved by the  m ethod of 

finite-differences (see  Modflow docum entation for developm ent of finite 

difference form of equation (3)). B ecau se  of the  flexibility of the algorithm, the 

model can  sim ulate many aquifer conditions an d  is especially  effective in 

simulating w ater-table conditions through su ccess iv e  approximations. Also the 

sink an d  so u rce  boundary conditions required for unconfined flow problem s are 

easily im plem ented and  are  easily modified.

Stream Function

As m entioned earlier flow nets  have b een  u se d  effectively to rep resen t flow 

patterns  in vertical sec tions  of aquifers. Flow nets  a re  graphic representa tions of 

lines of equipotential and  s tream lines  under  s tead y -s ta te  conditions. In isotropic 

sy s te m s  ea c h  family of lines is mutually perpendicular. Mathematically this 

relation is e x p re s se d  by the  Cauchy-R iem ann equations  for a  two dimensional 

system :

/cx ao  _ j£P ao  ay
' ' ax ay ■ ay ax
w here,

yfx.yj is the  s tream  function in x and  y coordinate s p a c e  and, 

ofx.y J is the  potential function in x and  y.

T he s tream  function d esc rib es  flow patterns  by a  family of cu rves  that are  

everyw here  tan g en t to the  velocity vector q \  The locus of points for which yfx.y)
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is cons tan t is called a  streamline. It follows that the  s tream  function is also 

related to velocity com ponen ts  x and  y by qx = and  qy =

According to B ear (1972, s e e  p.224), the  solution to equations  that describe

the  geom etry  in th ree  d im ensions tak es  the  form of two independent 

relationships: X = x(x,y,z j  = const and  % = x(*>y.z) = const. T h ese

equations  rep resen t two families of su rfaces  w hose  intersections are

stream lines. Along each  streamline, both x and  % a re  constant. S tream lines a re

im bedded  in th e se  su rfaces; th e se  su rfaces  are referred to a s  s tream  surfaces.

The functions % a n d  X are  called s tream  functions of three-dim ensional flow.

In principle the  flow in a  three-dim ensional system  can  be characterized  by

s tream  surfaces. This is accom plished  by interrelating the  pair of cons tan ts  % 
an d  x to an  arbitrary function such  a s  a  no-flow boundary surface. In practice,

however, this is difficult to ach ieve in complicated flow sy s tem s  involving multiple 

sinks an d  a  distributed source . In such  sy s tem s  s tream  su rfaces  cannot be 

uniquely defined throughout the  system .

P a r tic le  T ra c k in g  F o rm u la t io n

T he geom etric  an d  quantitative flow characteristics of the  th ree  dimensional 

flow system  are  m ore conveniently rep resen ted  by s tream lines than  by s tream  

surfaces. In o rder to g en e ra te  s tream lines in th ree  dimensional sp a c e ,  a  particle 

tracking post-p rocessor, Modpath (Pollack, 1989), w as  u sed  for this study. The 

pos t-p rocesso r  u s e s  inter-cell velocities calculated from finite-difference model 

output. Modpath determ ines the  path line that a  particle of w ater  follows from 

w here  it originates in the system  to w here it leaves. Modpath u s e s  a  

semi-analytical m ethod that a s s u m e s  each  directional velocity com ponent to
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vary linearly within a  grid cell in its own coordinate direction (Pollack, 1988,

1989). Each s im ulated path line rep resen ts  a  discrete quantity of flow which, in 

turn, co rresponds  to a  fraction of total model volumetric flow rate. Therefore, 

particle tracking simulations a re  found to be  internally consis tent with the way in 

which the finite-difference model ca lculates  its flow solution.

Simulation Artifact

The finite-difference model and  particle tracking p rocesso r  can  help 

establish flow patterns in complex, three-dimensional sy s tem s  involving a  variety 

of d ischarge  outlets which would otherwise be  difficult to do with an  analytical 

solution. Yet, there  a re  several limitations inherent to numerical approximation 

and  specifically to flow solutions involving s tream  discharge.

S tream  channel form an d  depositional characteristics that influence rates 

and  distribution of g roundw ater s e e p a g e  to channe ls  a re  rep resen ted  by a  single 

'lumped' p a ram ete r  in flow simulations. This m e a n s  that featu res  such  a s  

channel geometry, bedding thickness, or o ther local fea tu res  that affect 

d ischarge are  not explicitly modeled.

For a  finite-difference solution of a  flow problem, recharge  is distributed 

over the  a re a  of the  top cells including the cells that are  des igna ted  a s  sinks. 

Therefore, recharge  and  d ischarge  to s tre a m s  are  com bined for th e se  cells to 

produce a  net flow in or out of the  top of the cell. W hen recharge  is significantly 

g rea te r  than  d ischarge  the  model ca lcu la tes  only a  net downward flow from the 

w ater table over th e  entire cell surface. In a  real system  a  com ponent of flow
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entering near  the  s tream  would flow directly to the  s tream  w h ereas  a  com ponent 

of flow just slightly farther aw ay from the  s tream  would travel d e e p e r  into the 

system . T h e se  local variations can  not be differentiated in a  numerical 

formulation within the cell.

There  are  also so m e  limitations with respect to how the volumetric flow 

rate is es tim ated  by the  particle tracker. W hen flow paths  a re  calculated from a  

model representation of a  flow field in an  aquifer system  with the  particle tracker, 

flow is es tim ated  by a  specified num ber of particles placed on top of the  cells. An 

even ly -spaced  array of particles is p laced  on the top surface  w here  the  algorithm 

u s e s  the  model's  inter-cell velocities to determ ine the pa ths  that the  particles will 

take  through the  system  to their final d ischarge  points. Flow from a  cell on the 

w ate r  table can  be  rep resen ted  by any num ber of particles. The g rea te r  the 

number, the better the  delineation of the  flow issuing from a  cell. B ec au se  

particles a re  generally introduced into the  system  a s  even ly -spaced  arrays, the 

relative spacing  of the  pathlines in the system  serve  to estim ate flow rates, with 

c lo se r  spacing  indicating higher volumetric flow and  wider spacing  indicating less  

flow. In m any c a s e s  the  a b se n c e  of flow lines can  represen t slow or relatively 

s tag n a n t  zo n es  of flow dom ains  in the system . This situation would occur if there 

a re  a  small num ber of particles positioned on the sou rce  a re a  of a  flow that 

p a s s e s  through a  low-velocity zone  in the  aquifer. Exam ples of such  z o n e s  are 

n e a r  no-flow boundaries  or in z o n e s  of diverging flow.
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HYPOTHETICAL COASTAL PLAIN AQUIFER SYSTEM

F o rm u la t io n  of P r im ary  G e n e r ic  S y s te m

Figure 2 sh o w s  the  basic  fea tu res  and  labeling conventions u sed  for the 

hypothetical aquifer system  u sed  in this study. The system  is s h a p e d  like a  

simple, rectangular box an d  is d eep  enough  to allow for the  occurrence  of both a  

regional an d  sub -s tream  flow system s. The box rep resen ts  a  h o m o g en eo u s  

aquifer that is twelve-hundred feet d e e p  and  twelve miles in length. The system  

is d es ig n ed  to be  wide enough  to allow for the developm ent of th ree  se p a ra te  

s tream  sub-system s.

Grid design

The aquifer sys tem  w as  divided into blocks 500 by 500 feet in plan view 

a n d  w as  further divided into four layers 400 feet thick; the  th ickness  of the  

upperm ost layer d e p e n d s  on the  final calculated position of the  w ater  table. This 

division of the  aquifer system  is som ew hat arbitrary but the  fine-scaled 

subdivision m akes  possible a  detailed estimation of the flow patterns.

The orientation of the  th ree  coordinate directions x, y, an d  z a re  also 

show n in figure 2 and  will be referred to in later d iscuss ions  of velocity and  

vector com ponents . The origin is located in the  rear-left-top co rner  of the  box. 

Model rows a re  parallel to the x-axis w h ereas  model colum ns run parallel to the 

y-axis.



groundwater dividestream-z

D/2
surface water body

D = inter-stream distance

model layers

Figure 2 -G eom etric  relations and Cartesian coordinate convention used  for the 
hypothetical reference aquifer system.
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Boundary Conditions

Except for the  top surface, all su rfaces  of the  m odeled aquifer represen t 

no-flow boundaries, that is, flow is tangential to th e se  su rfaces. The rear model 

face is a s su m e d  to coincide with the  groundw ater divide. The bottom face of the 

model rep resen ts  the  top of a  relatively imperm eable material such  a s  bedrock 

or a  m assive  confining unit. The lateral ex ten ts  of the  m odeled aquifer represen t 

hydraulic surfaces. It is a s su m e d  that there  a re  o ther w a te rsh ed s  ad jacen t to this 

system  and  that each  lateral su rface  is a  com m on surface to identical w atershed  

system s.

Figure 2 also  show s an  a re a  spanning  the  width of the  top layer at the 

front of the  system . This a re a  rep resen ts  a  surface w ater body such  a s  a  

relatively large lake or s e a  outlet. The w ater body is s imulated by setting the 

h ead  va lues  of n o d es  on the top layer within this a re a  to zero. This surface  w ater 

body functions a s  a  general, regional sink that draw s recharge  not caught in the 

s tream 's  sub-system  flow and  c re a te s  an  additional d ischarge outlet that, in turn, 

g e n e ra te s  a  regional gradient. In a  real world system  a  competing discharge 

outlet for groundw ater flow could be the  sea ,  a  large lake, or even a  remotely 

located s tream  sub-system .

Stream system

The s tre a m s  of the  hypothetical reference system  are  show n in figure 2 a s  

th ree  colum ns of n odes  that trend  from the  divide to the  ed g e  of the  surface  

w ater body. The hydraulic behavior betw een s tream  and  aquifer is s imulated a s
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a  h ead -d ep en d en t flux condition; a s  long a s  h e a d s  in the  aquifer are  g rea ter  

than  th e  elevation of the  s tream b ed  at any  point on the  s tream , groundw ater is 

d ischarged  from the  aquifer in proportion to the  difference be tw een  the  aquifer 

h ead  and s tream  bed  elevation at that point. Otherwise, d ischarge  d o e s  not 

occur. This behavior is characteristic of a  gaining stream .

The finite-difference model u sed  for this s tudy can  sim ulate a  num ber of 

different h ead -d ep en d en t leakage  conditions. The drain p ack ag e  ( se e  Modflow 

docum entation, McDonald and  Harbaugh, 1988) w as  u se d  to sim ulate the 

s tream  system . This simulation is accom plished by designating n o d es  along 

three columns, a rranged  a s  illustrated in figure 2, a s  model drains. The 

elevations of a  s e q u e n c e  of n o d es  in a  column are  s e t  at elevations that increase  

by constan t increm ents. For this reference system  the s tream  channel is 

des ig n ed  with a  simple, constan t slope, although in actuality, s tream  channe ls  

are  characteristically concave  ( se e  section on s tream  channel slope). The slope 

that the  s tream  channe ls  m ake with the  horizontal is typical of s tream  channel 

s lo p es  occurring in coasta l plain d ra inage basins.

For the hypothetical sy s te m s  of this study s tre a m s  a re  parallel and  

equi-distant. The d istance betw een  the  outer two s tream s  and  the  lateral 

boundary of the sys tem  is half the  inter-stream distance, the  d is tances  m easu red  

betw een  nodes. B ecau se  the  simulated s tream  channel is allowed to ex tend up 

to the  divide, the  water-table position is generally below the s tream b ed  elevation 

n ea r  the  divide area . At so m e  point dow nstream  from the  divide the  w ater  table 

in tersects  the  s tream  channel; a t  this point groundw ater begins to s e e p  into the
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channel. This point will be  referred to a s  the  location of start-of-flow and, for this 

an d  o ther simulations, its location along the  s tream  channel d e p e n d s  on the 

solution.

G roundw ater discharging to s tream s  converges  along their channels . In 

real sy s te m s  the  d ischarge is resis ted  by s tream b ed  sed im en t an d  underlying 

aquifer material. T he resistivity of s tream  bed  sedim ent, its thickness, the  s tream  

channel profile, and  vertical hydraulic properties of the  aquifer influence s e e p a g e  

rates  to the  stream . However, in a  finite-difference approximation, th e se  features  

can  only be rep resen ted  simply a s  a  lumped param eter  called s tream -bed  

conductance. Additionally, the  sca le  of grid discretization will affect the 

conduc tance  value used . The conduc tance  p a ram ete r  is a  coefficient of 

proportionality that relates s tream  discharge to h ead  difference according to the 

relation:

^  — ^(^aquifer " ŝtream)

where,

Q is the s tream  discharge;

C is the  coefficient of proportionality;

h is the hydraulic head;

B ec au se  of this relation, the effects resulting from s tream  bed  characteristics, 

the  hydraulic properties of the  aquifer, an d  model grid s ize cannot be individually 

established. For the  reference simulation, a  value of 5000 ft2/day w as  ch o sen  for 

all drains. This value w as  arbitrarily increased  from a  lower value that w as
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initially es tab lished  from grid cell d im ensions and  aquifer vertical conductivity 

values.

Stress

R echarge  is a s su m e d  to be constan t and  uniformly distributed over the  

m odeled  surface. A recharge  rate of 0 .00548 feet per  day  w as  u se d  for the 

reference simulation. This rate is equivalent to about 24 inches  per  year  of 

recharge , a  value which is typical of the  N ortheastern  Atlantic Coastal Plain 

w here  about half of the  precipitation actually infiltrates down to the w ater  table. 

The rem ainder of the  precipitation is co n su m ed  by evapotranspiration, is 

intercepted by vegetation, or flows over the  land su rface  directly into s tre a m s  or 

open  w ater bodies; the  latter flow com ponen t can  b ecom e significant during 

susta ined , in tense  precipitation ev en ts  w here rainfall ra tes  ex ceed  soil infiltration 

capacity.

Aquifer conductivity

A horizontal conductivity value of 100 feet p e r  day  w a s  u sed  to represen t 

the  aquifer's w ater transmitting properties. Generally, this is a  com m on value for 

m edium to co a rse  unconsolidated san d s .  The aquifer is considered  to be 

everyw here hom og en eo u s  in order to simplify the  flow problem. An anisotropy of 

abou t 33:1 w as  u sed  to rep resen t a  m oderate  d eg ree  of com paction of aquifer 

material. The effects of anisotropy on flow will be cons idered  in a  later section.
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Characteristics of the flow system

System symmetry

Figure 3 sh o w s  the  contributing a r e a s  of flow for ea c h  of the  th ree  

s tream s  in the  reference flow system . The contributing a r e a s  an d  model output 

for flow in the  s tream  system  show  that s tream  system  flow is apportioned in a  

bilaterally symmetrical distribution with respec t to a  vertical p lane along the 

cen te r  s tream  channel; this m e a n s  that the  cen te r  s tream  h a s  the  only truly 

symm etric flow configuration with respec t to its s tream  channel w h e re a s  the  left- 

a n d  right-handed s tre a m s  a re  slightly asym m etric with respec t to their channe ls  

an d  a re  mirror im ages  of ea c h  other.

The bilateral sym m etry of the  system  is a  model discretization effect. 

B e c a u se  the  model u s e s  a  block-centered finite-difference approach , the  model 

boundary  is at the  ed g e  of the  grid even  though the node is located 250 feet to 

the  interior of the  cell. In the  c a s e  of the cen te r  s tream , the  interstream divide is 

located along a  column of n o d es  that is com m on to the  cen te r  an d  lateral 

s tream s; the  model blocks that function a s  interstream  divide contribute their 

recharge  to both s tream s. However, along the  e d g e s  of the  grid, the  entire 

recharge  on the block flows to th e  left- and  right-stream channels .  Consequently, 

the  left and  right s tre a m s  receive more flow than  d o e s  the  cen te r  s tream  causing 

a  slight asym m etry  in the  contributing a r e a s  of the  left and  right s tream s.

Each of the  model colum ns running through the  left-handed s tream  

system  h a s  a  unique water-table profile. T he profiles a re  rep ea ted  entirely in the
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divide

inter-stream divideinter-stream divide

eft-stream channel ria it-stream channecen- er-s ream c lanne
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Figure 3-M ap view of discretized hypothetical system showing bilateral 
symmetry of stream source areas.
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right-handed s tream  system  but in reverse order. B ecau se  of the  sym m etry  of 

the  cen te r  s tream  system , w ater-table profiles along its channel and  either one 

of its inter-stream divides a re  end-m em bers  of a  se t  of unique profiles which is 

rep ea ted  on either side of the  stream . B ecau se  the solution to the flow problem 

is discrete, there  a re  a  finite num ber of water-table profiles that run parallel to the 

model's  y-axis that a re  the  s a m e  a s  the num ber of colum ns in the model. Flow 

patterns in the  system  are  unique in half the aquifer.

As a  m atter of convenience the cen te r  s tream  will provide the  bas is  for 

analysis  in this study. It is u se d  to represent basic s tream  sub-system  flow 

characteristics for each  flow simulation. Although there  are  small differences in 

water-table position, base-flow characteristics, an d  geom etry  betw een  the  middle 

an d  lateral s tream s, th e se  differences are  due to discretization effects and  were 

not significant enough  to justify se p a ra te  analysis of th e se  latter s tream  system s.

Head and discharge profiles

Figure 4 a  show s the  sim ulated h ead  profiles along the  cen te r  s tream  

channel and  along an inter-stream divide. The s tream b ed  profile, from divide to 

its terminus, is also shown. (A m ap view of th e se  profile tra c e s  is show n in figure 

3.) An inspection of the  h ead  profiles show s that both a re  similar from divide to 

start-of-flow, but the  inter-stream head  profile is higher from the  start-of-flow to 

the  boundary of the  w ater  body. The differences in head  betw een the  two 

profiles su g g e s t  that there  is a  lateral com ponent of flow (in the  x-coordinate 

direction) betw een  the  inter-stream divide and  s tream  channel which begins just
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HYDRAULIC HEAD AND BASEFLOW PROFILES 
FOR CENTER-STREAM SYSTEM

1 0 0 . 0

80. 0

60. 0

start-of-f ow
40.0

Stream channel profile '  ^
Head along stream c h a n n e l -------------------^
Head along inter-stream divide
Head along transect of system without streams

2 0 . 0

B i

start-of-flow

10 20 25 40 5015 30 35 45 55 605

Distance along streambed, in thousands of feet

Figure 4a-Profiles of water table along stream channel and inter-stream divide 
for the reference simulation and typical profile for non-drainage simulation.

Figure 4b—Profile of groundwater discharge to center-stream channel (along 
model column 52) for reference simulation.
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dow nstream  of the  start-of-flow an d  in c reases  in proportion to h ead  differences. 

However, b e c a u s e  o ther com ponen ts  of flow a re  involved within this a rea ,  the 

relation is m ore complex.

Figure 4b sh o w s d ischarge  to e ach  point on the  c e n te r  s tream b ed  (note 

that d isch a rg es  to the  s tream  a s  shown in figure 4b are  not cumulative but 

rep resen t d ischarge  va lues  for individual n o d es  along the  s tream bed). The 

d ischarge  profile is related to th e  head  and  s tream b ed  profiles of 4a. 

Start-of-flow occurs at the  point w here head  an d  s tream  channel profiles 

intersect. W here  h e a d s  a re  below the  s tream  channel elevation, a s  they  are  

ups tream  Of the  start-of-flow, d ischarge  cannot take  place. From the  start-of-flow 

to the  end  of the  channel the h ead  profile is parabolic and  everyw here above the 

s tream bed . The profiles of d ischarge ra tes  along the  s tream  channel are  

similarly parabolic. The maximum difference betw een  s tream b ed  altitude and  

aquifer h ead  corresponds  to th e  maximum volumetric d ischarge  rate into the 

s tream  channel.  This indicates that s tream  d ischarge is proportional to head  

difference which is simply the application of Darcy's Law. The non-linear, 

parabolic s h a p e  of the  w ater tab le  is com m uted  to a  non-linear, parabolic 

d ischarge  pattern along the  stream . (It should be  noted that b a s e  flow to the left- 

an d  right-handed s tre a m s  is slightly higher than that of the ce n te r  s tream  owing 

to the  discretization effects d iscu ssed  previously. This follows from the  higher 

h ead  profiles that occur in th e se  s tream  sub-system s.)

B ec au se  b a se  flow varies parabolically in the  sim ulated system , 

groundw ater is drawn from the  aquifer to the s tream  in a  uniform but varying
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quantity along the  entire reach of s tream . The aquifer re sp o n se  to this varying 

d ischarge  should, therefore, be  reflected in its flow patterns. Each simulated flow 

line of a  finite-difference solution rep resen ts  a  d iscrete fraction of total recharge 

entering the  system . W hen groundw ater is d ischarged  from the  simulated 

sys tem  in a  parabolic distribution along the  s tream  channel, the  num ber of flow 

lines representing this d ischarge  m ust a lso  vary parabolically; the  peak  

base-flow value es tim ated  for th o se  cells that simulate s tre a m s  should 

co rrespond  to the  g rea tes t  num ber of s tream lines that term inate at th e se  cells on 

the  s tream . In this way the  flow patterns a re  a  geom etric  expression  of the 

parabolic form of the  flow equation. The relation be tw een  the  distribution of 

recharge  within the  s tream  so u rce  a re a  and  specific points of d ischarge  on a  

s tream  will be evaluated  in ano th e r  section.

Jacob's model o f vertical accretion

The concep t of unconfined flow and  vertical accretion, developed  by 

Ja c o b  (1943) for an  infinite strip of aquifer that is recharged  at a  cons tan t rate, is 

relevant to the  flow system  u sed  in this study. In J a c o b 's  s tead y -s ta te  model 

groundw ater m ounds along the axis of symm etry of an  infinitely long island strip 

and  develops  an  equilibrium configuration that is maintained by the  dynam ics of 

recharge  to the  aquifer and  d ischarge to the  ad jacen t w ater body. The system  is 

considered  to be  sufficiently thick so  that c h a n g e s  in w ater table position have 

negligible effects on the  sa tu ra ted  th ickness  of the  aquifer. Therefore, a  

transmissivity term is u sed  in his analysis. In the  ad jacen t w ater  body on either
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side  of the  strip cons tan t h e a d s  a re  a s su m e d  to be zero. B ec au se  of the  

sym m etry  of an  isiand-aquifer system , a  section betw een  the  hydrologic divide, 

the  highest position of the  mound, and  one border completely charac ter izes  flow 

in the  system . The w ater  table is characterized  by a  parabolic profile that 

in c reases  in s lope from the  divide to the  shore . The distribution of h ead  in the  

water-table profile is, to so m e  m easu re ,  a  function of the  d eg ree  to which the  

system  can  resist groundw ater d ischarge.

The generic  sys tem  of this study can  be  thought of a s  a  rectangular zone  

of an  e longate  island betw een  its divide and  sh o re  but, unlike J a c o b 's  model, 

h a s  a  system  of parallel s t re a m s  that ac t a s  line sinks for groundw ater in the  

aquifer. The s tream  system  d iss ipa tes  much of the  h ead  in the  aquifer and  

locally red u ces  the water-table gradient from what it would be had  the s tream  

sub -system  not b een  in place.

Figure 4 a  sh o w s  the  position of the w ate r  table that results from running 

the  reference model without simulating the effects of s tream s  (dash-dotted 

lines). The sim ulated sys tem  is com parab le  to Ja c o b 's  model excep t that in 

J a c o b 's  model the  shoreline cons tan t-head  boundary completely p en e tra te s  the 

aquifer system . B ecau se  there  is no lateral com ponen t of flow for this simulation, 

a  c ro ss  section of unit width would completely characterize  its flow. By 

com paring h ead  profiles of the  system  without s tre a m s  to that of the  original 

reference  system  (from hereon  referred to a s  'non-drainage ' sy s tem  and  

'drainage ' system  respectively) it is evident that the  'non-drainage ' system  h ead s  

are  much higher everyw here in the system  than  h e a d s  for the  'drainage' system
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an d  that 'drainage ' sy s tem  h e a d s  a re  significantly lower even  at the  inter-stream 

an d  divide a re a s ,  which a re  farthest from the s tream s. It is ap p aren t that the 

s tream  sub-system  significantly modifies h e a d s  and  the flow regime of the 

aquifer system  and  g e n e ra te s  additional com ponen ts  of flow.

Velocity-vector representation o f the flow system

An understanding  of the flow dynam ics of an  aquifer system  is en h an ced  

by determining the  distribution of relatively slow and  fast z o n es  of groundw ater 

m ovem ent. O n e  m ethod of characterizing variation in w ater-m ovem ent ra tes  

throughout the  'non-drainage ' a n d  'drainage ' sy s tem s is by generating a  vector 

representation of specific d isch a rg es  or Darcy velocities. The Darcy velocity 

(from hereon referred to simply a s  v) is derived from dividing model cell 

volumetric flow ra tes  along a  given coordinate direction by the  orthogonal 

inter-cell area . Figure 5 a  sh o w s  v vectors in a  section of the  'non-drainage ' 

system . The velocity field is predominantly horizontal (in the y-direction) for each  

of the  four model layers with a  small vertical or z-direction com ponent (vertical 

exaggeration is 10X in figure 5). B ecau se  there  is no lateral flow com ponent 

(x-direction) for this system  flow direction an d  magnitude are  completely 

rep resen ted  in section.

Figure 5 a  sh o w s  that the y-com ponent of v in c reases  with proximity to the 

su rface  w ater body. This in crease  corresponds  to the increase  in slope of the 

w ater  table with proximity to the  surface  w ater body. The vertical flow



System without streams

A

Figure 5a--Longitudinal section of non-drainage simulation showing the y- and
z-coordinate components of velocity vectors.

Reference system inter-stream divide

B

stream channel

■ ^ / '/ / / / / / / / / / / / / / / / / / / / / > 7 I I I|
start-of-flow J

Figure 5b-Longitudinal section of hypothetical reference system showing y- and
z-coordinate components of velocity vectors along the center stream channel 

V. E. is 10X and along the inter-stream divide.
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com ponent dim inishes in m agnitude with depth. There is a lso  a  directional 

c h a n g e  from slightly down to up with proximity to the  w ater  body. The vertical 

com ponent of flow near  the  divide a re a  is the  dom inant flow com ponent only 

b e c a u s e  of diminished horizontal flow.

Flow in the  'drainage ' sy s tem  is three-dim ensional and  requires th ree  

mutually perpendicular views in o rder to completely characterize the velocity 

field. Figure 5b show s the  y-z-vector com ponen ts  along the  inter-stream and 

s tream  channel colum ns. The vector distribution in the  inter-stream column is 

similar to that show n in 5a; there  is, however, a  sm aller flow com ponen t in the 

y-direction and  a  slight in crease  in its vertical flow com ponent.

Vectors along the  s tream  channel boundary show  the  g rea test vertical 

m agnitudes dow nstream  from th e  start-of-flow. The vertical v com ponent is in 

the  down direction (-z ) be tw een  the divide and  the start-of-flow but in the  up 

direction (+z) be tw een  the  start-of-flow and  the  s tream  terminus w here flow 

m agnitude in c reases  significantly. There is a  similar pattern in the  d e e p e r  part of 

the  system  but at le sse r  m agnitudes with increasing depth  a s  show n by shorter  

vector lengths. Sections rep resen ted  in figure 5b correspond  to sec tions  in which 

h ead  profiles a re  show n in figure 4.

Figure 6 a  sh o w s  a  plan view of the  vector field (x-y-components) for the 

top layer of part of the cen te r  s tream  system ; the  a re a  is bounded  at the  s id es  by 

the inter-stream divides. The vector orientations a re  distributed symmetrically 

with respec t to the  s tream  channel and  show  a  converging pattern about the 

stream . In general, vectors  show  an increasingly s tronger lateral com ponen t of
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velocity with proximity to the  s tream  and  in the  dow nstream  direction. Also, the 

m agnitude of y-com ponent of v in c reases  n e a r  the  surface  w ater body.

Figures 6b through 6d illustrate the  x-z-com ponents of t/for the  cen te r  

s tream  sys tem  at th ree  sec tions  oriented perpendicular to the  s tream  channel. 

Figure 6b is a  section located upstream  from the  start-of-flow. For all layers, the 

direction of flow is dow nw ard although the  magnitude b e co m es  negligible with 

depth. Section 6c is located 13,000 feet down from the  start-of-flow. Vectors 

indicate that s tronger  lateral v occurs  n e a r  the  s tream  channel. T he vectors 

reverse  from the  down direction near  the  inter-stream divide the  to up direction in 

the  s tream  channel. The vector pattern for lower model layers reflects s tream  

influence a s  vectors  point upward just under the  s tream  channel. However, the 

m agnitudes b ecom e progressively diminished with increased  depth. Figure 6d is 

located about 7000 feet from the  surface  w ater body and  sh o w s a  vector pattern 

similar to that show n in 6c. The lower layers reflect a  s tronger influence from the 

s tream  system .

Energy distribution in the system

The position of th e  water-table can  b e  thought of a s  an indication of the  

level of potential energy  in the  system . Inasm uch a s  the  water-table position is a  

m easu re  of elevation head , it is a  m easu re  of potential. The potential is also 

u sed  in the  Bernoulli Equation for problem s in fluid m echanics  to e x p ress  energy  

loss during fluid flow and  is defined by the  following equation:
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(6) o  = gz + + Jpo -£■ where,

z is the  elevation 
g is th e  force to gravity 
v is the  velocity of the  fluid; 
p is the  fluid density 
p is the  fluid p ressu re  
p0 is a tm ospheric  p ressu re

The above  express ion  (6) for potential red u ces  to <D=g«z at th e  w ater  table 
b e c a u s e  the  velocity com ponen t of O is negligible in porous-m edia  flow and  the

p re ssu re  is a  constan t at a tm ospheric  so  that fluid density d o e s  not d ep en d  on 

p re ssu re ;  h en ce  the  last two te rm s go to zero.

As d isc u sse d  earlier, the  w ater table in the  'drainage ' sy s tem  is 

everyw here  lower than  that of the  'non-drainage' system . The lowering results 

from loss  of g roundw ater through the dra inage network. The s tream  system  

provides additional outlets through which groundw ater can  d ischarge. In effect, 

th e  energy  of th e  dra inage system  is greatly d issipated along, and  ad jacen t to, 

the  sinks in the  system .

Both the  'non-drainage ' a n d  'drainage ' sy s tem s  w ere sim ulated using an 

identical rate of recharge applied over the m odeled a rea .  B ec au se  inflow in both 

sy s te m s  is the  sa m e , their outflow must a lso  be equivalent; w ater m a ss  is 

co n se rv ed  in both system s. If the  water-table levels of the  'drainage ' system  

w ere  sub trac ted  from th o se  of th e  'non-drainage ' system , the  resulting head  

residuals  would rep resen t a  pattern of dissipated  energy  an d  would show  how 

s tre a m s  in the  'drainage ' sy s tem  reduce the  energy  level from the  levels shown
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in the 'non-drainage ' system . T h e  residuals would a lso  show  the  redirection of 

outflow an d  ch a n g e  in flow com ponen ts  relative to the  'non-drainage ' system .

Figure 7 sh o w s the  residuals of h e a d s  resulting from subtracting the 

h e a d s  in the  top layer of the  'drainage ' sy s tem  from th o se  of the  'non-drainage' 

model. The highest residuals and, thus, the  highest dissipation of energy  occurs 

in a  tea rd ro p -sh ap ed  a r e a  cen te red  over the  s tream s . This d o e s  not m ean, 

however, that the  highest d isch a rg es  occur along th e se  re a c h e s  but, rather, that 

the  w ater  table is most significantly lowered in this a re a  of the  system  (see  also 

figure 4). Moderately high residuals  cover a  broad  a r e a  in the  upper  two-thirds of 

the  aquifer. In general, residuals d e c re a se  gradually with proximity to the  surface 

w ater body; and  consistently higher residuals a re  s e e n  along the  lower reach es  

of the s tream s.

Relations between water table and specific discharge

In this section, the  relation betw een w ater table and  Darcy-velocity 

profiles a re  evaluated  along ea c h  coordinate direction for the  'drainage' and  

'non-drainage ' sy s tem s. (The d ischa rges  d iscu ssed  in this section involve 

inter-cell volumetric flow rates  a n d  not d ischarges  to sinks.) Figures 8 and  9 

show  corresponding w ater table, v, and  head-gradient profiles (node-by-node 

ch an g e  in h ead  value along a  coordinate direction) for various sections  through 

th e  m odeled  system . The v profiles for the  indicated direction closely match the 

h ead  gradient profiles that are predicted by Darcy's Law. The figures show  

water-table profiles in the top panel, an d  the  corresponding h ead  gradients and  v
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divide

Head residuals in this area are greater 
than 16 feet but less than 18 feet.

J6.0

10.0

surface water body

Figure 7--Head residuals resulting from difference in free surfaces between 
reference and non-drainage simulations. Contour intervals are 2 feet.
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in the  lower panels. The sec tions  illustrated in 8 a re  sec tions  of the  

'non-drainage ' system ; 9a, a  section along the cen te r  s tream  channel; 9b, a  

section along the  inter-stream divide and, 9c, a  section of the  'drainage ' system  

perpendicular to the  s tre a m s  along row 90.

The profile of the  y-com ponents  of v show n in figure 8 (from divide to 

w ate r  body) in c reases  at an  increasing rate and  is characterized  by a  hyperbolic 

sh a p e ;  the  profile b e a rs  an  inverse relation to the  parabolic form of the  w ater  

table which d e c r e a s e s  at an  increasing rate. The profiles a lso  dem onstra te  the 

geom etric  properties implicit in the  mathematical express ions  of unconfined flow. 

A com parison  of 8 to 9 a  an d  9b sh o w s that the h ead  gradients  in the 

'non-drainage ' system  a re  s te e p e r  an d  result in higher i/in the  y-direction then 

for th o se  of the  'drainage ' system . (The profiles for left- and  right- h an d ed  

s tream s, not shown, a re  slightly but not significantly higher than  tha t of the  

cen te r  s tream .)

The profiles of figure 9c  follow tran sec ts  along row 90 an d  show  v 

com p o n en ts  in the  x-coordinate direction along with the  corresponding h e a d  and 

gradient profiles. The vin  the  x direction in c reases  sharply with proximity to the 

s tream  channels , the  cen te r  s tream  receiving a  little less  d ischarge  than  the 

o ther two. The slight d ep ress ion  in the  h ead  profile a c ro ss  the  w a te rsh ed  can  be 

s e e n  in figure 9c. The highest head  value located on either ed g e  of this profile,

40 feet, is significantly less  then the h ead  value at the  s a m e  location in the  

'non-drainage ' system  (which is 60 feet).
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Figure 10a  co m p ares  the  v profiles in the  y direction for both the 

'non-drainage ' an d  'drainage ' sy s tem s. The 'non-drainage ' v profile is show n a s  a  

solid line and  h a s  the  higher profile of the  two system s; initially it in c reases  at an 

alm ost cons tan t rate then in c reases  at an  increasing rate a s  it a p p ro ach es  the 

s tream  terminus. T he v approach  high va lues  close to the  su rface  w ater 

boundary. This is due, in part, to proximity to the w ater  body that, in this system , 

functions a s  a  major sink an d  exerts  a  strong influence on the  flow field along its 

boundary. In a  real-world sys tem  h ead  profiles would generally not be  nearly a s  

s te e p  here  b e c a u s e  shore  a r e a s  would function a s  a  broad, low-angle s e e p a g e  

face  an d  would effectively d issipate the h ead  n e a r  the  mouth of a  stream .

The s tream  channel and  inter-stream v profiles for the  'drainage ' system  

show n in figure 10 are  show n a s  solid and  dotted lines respectively. The 

inter-stream profile coincides with that of the  'non-drainage ' sys tem  n ea r  the 

divide but, farther away, it in c reases  at a  decreasing  rate. At the  zone adjacent 

to the  surface  w ater body d ischarge  increases  rapidly. The v profile of the 

s tream  channel a lso  coincides with that of the 'non-drainage ' sys tem  n ea r  the 

divide but in c reases  abruptly at the  start-of-flow an d  then  in c reases  at a  

d ec reas in g  rate. Finally, the profile c ro s s e s  below the  level of inter-stream profile 

a n d  quickly rises to a  high value at the boundary.

T he relatively flatter d ischarge  profiles from the  start-of-flow forward 

indicate that there  is lower energy  in term s of le ss  specific d ischarge  in the 

y-direction than  there  is for the  'non-drainage' system . The su d d en  profile
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inc rease  at the  point w here  start-of-flow occurs on the channel indicates that the 

flow gradient is locally s te e p e n e d .

The 1/ profiles of vertical-discharge com ponent a re  negligible com pared  to 

profiles of v\n the  y direction. The profile in the 'non-drainage ' sy stem  is also 

negligible. In the  'drainage ' sy s tem  the  inter-stream specific d ischarge  profile 

indicates a  downward flow direction that is slightly g rea te r  than for tha t of the 

'non-drainage ' system . U nder the  s tream  channel, vertical specific d ischarge 

in c reases  abruptly upward at the  start-of-flow a s  would be expec ted  (negative 

va lues  signify upward flow direction). T he  marked ch an g e  in specific d ischarge 

occurs  only in or very close  to the  s tream  channel; however, vertical flow along 

colum ns betw een  the  inter-stream divide and  the  s tream  channel a re  not 

significant an d  d e c re a se  rapidly with d is tance  from the channel.

The v com ponent in the  x-coordinate direction c lose  to the  s tream  is 

clearly a  dom inant com ponent of flow in the  dra inage system . Figure 10b show s 

the  x-direction com ponent of v in  the  top model layer for lateral flow to 

s tream b ed  cells and  for five additional profiles for colum ns of cells ad jacen t to 

the  s tream  channel. The profile of lateral vinto the s tream  column show s 

relatively large in c reases  from the  start-of-flow alm ost to the  terminus. In 

contrast, the  profile of lateral v for the inter-stream is alm ost negligible. Each of 

the  five profiles ad jacent to the  s tream  channel show  a  substantial d e c re a se  of 

lateral vwith increased  d is tance  from the  m odeled s tream  channel. The suite of 

profiles have the  form of parabolic cu rves  that becom e progressively flatter; each  

profile is s p a c e d  at 500 foot increm ents  from the  channel. Figure 10b a lso  show s
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a  similar pattern of profile flattening with depth. The dotted lines indicate lateral 

v profiles at progressively lower model layers directly underneath  the  s tream  

channel.

The profiles show  that lateral v is m ost significant very c lose  to the s tream  

an d  in the  shallow part of the  system . Viewed in term s of energy, m ost lateral v 

and, hence , the  g rea tes t energy  dissipation is concen tra ted  ad jacen t to the 

s tream  which, for this system , is only a  few hundred feet. This observation is 

consis ten t with w hat is show n by previous vector represen ta tions  an d  head  

residuals.

Stream sub-system bounding surface

B ec au se  the  sou rce  a re a  to s tream s  on the  w ater  tab le  delimits part of the 

s tream  system , its description is included here a s  part of the  characterization of 

s tream  sub -system  bounding surfaces. The s tream  sub-system  flow c re a te s  a  

broad, V -shaped  depress ion  on the  overlying w ater table directly over the 

channel (see  also  figure 32). Although s tream s  can  d e p re s s  the position of the 

w ate r  table over large a re a s  of w atershed , the depress ion  is most prominent 

ad jacen t to the  s tream . Figure 11 show s a  m ap of the  w ater  table and  the  outline 

of the  contributing a r e a  of s tream  flow. As d iscu ssed  previously, th e  unconfined 

surface  perpendicular to the  main surface-w ater body h a s  a  parabolic form that 

is show n by lines of equal head; the decreasing  s p a c e s  betw een  equipotential 

lines from the  divide to the surface  w ater body rep resen t the increasing slope 

along the  w ater  tab le 's  profile. Most equipotential lines form a  V -shaped pattern
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stream channels indicate where groundwater discharge occurs. Octagons 
indicate that model cell is at least partially a source for stream discharge.
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a s  they  c ro ss  the  s tream  channel. In a r e a s  near  the  divide w here  the  elevation of 

the  s tream  channel is higher than  that of the  free surface, equipotential lines 

c ro ss  the  channel without deflecting. The d e g ree  of deflection of an  equipotential 

line at the  s tream  channel is an  indication of the  depth  to which the  w ater table is 

d e p re s s e d  over the  s tream , and  the  s tronger  the  deflection, the  s tronger  the 

d ischarge . The dep ress ion  varies  from slight (on the  third contour from the top) 

to  relatively d e e p  (fourth up from th e  terminus), then  b e c o m e s  less  pronounced  

n e a r  the  en d  of the  stream .

W h ereas  the  top surface  of the  s tream  sub-system  can  be considered  a  

hydraulic surface, the  bounding surface of the  s tream  sub-system  ben ea th  the  

w ate r  tab le  is a  conceptual su rface  or zone  inasm uch a s  it s e rv e s  to distinguish 

flow that d isch a rg es  to a  s tream  channel from flow that d isch a rg es  to the  surface 

w ate r  body. This surface  can  also  be  thought of a s  an  envelope containing all 

flow that originates within the  s tream 's  source  a re a  on the  w ater  table and  that 

te rm inates  along the  s tream  channels . Generally, this surface  is an  interface 

zone  be tw een  ad jacen t flow su b -sy s tem s  that distinguishes flow of one sink's 

sou rce  a r e a  from flow that originates in o ther ad jacen t sou rce  a reas .  Flow 

em anating  from other sou rce  a r e a s  d ischarge to other outlets. T h e se  outlets 

m ay be any other type of sink including o ther s tream  system s. This bounding 

su rface  defines a  volumetric flow zone  within the  aquifer. As is d iscu ssed  further 

below, this surface  d o e s  not necessarily  correspond  to a  hydraulic surface  such  

a s  a  s tream  surface  a s  defined by Bear (1972, p.226) or to an  equipotential 

surface.
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The relationship be tw een  the  position of s tream  lines that mark the  

limiting extent of the  s tream  sub -system  and  this surface  are illustrated in figures 

11 a n d  12. The perim eter of the  s tream  sy s tem 's  sou rce  a re a  (as  show n in figure 

11) is rep resen ted  by the  endpoints of flow lines that mark the  limiting extent of 

ea c h  s tream  sub-system  on the  w ater  table. As th e se  flow lines en te r  into the 

system  they  pene tra te  the  bounding surface, en te r  the  interior of the  s tream  

sub -system  an d  term inate at a  point on the  s tream  channel. This bounding 

su rface  is, therefore, defined only by the initial s e g m e n ts  of s tream lines b e c a u se  

ups tream  stream lines a re  progressively overlain by s tream lines entering the 

sys tem  further dow nstream . Figure 12 illustrates how two stream lines originating 

a t the  outer ed g e  of the  s tream  system  on the  w ater  table travel into the  interior 

of the  s tream  flow sub-system . They travel for only a  negligibly small d istance  

along the  bounding surface.

O ne noteworthy exception is m ade  by a  streamline that originates in the 

c e n te r  of the  middle s tream  channel c losest to the  divide and  that term inates  

c losest to the  su rface  w ater body. This stream line travels along the  bottom of the 

s tream  sub-system  and  charac ter izes  the longitudinal profile of the 

middle-stream system  (fig 10b). This is a  special c a se ,  however, an d  is due  to 

the  bilateral symm etry of flow in the  w atershed , the  axis of which runs along the 

middle s tream . The left- and  right-handed s tream s  a re  asym m etric  an d  do not 

contain an  equivalent stream line of symmetry. Other s tream lines c lose  to this 

s tream line of sym m etry closely parallel the boundary surface but a re  not 

e m b e d d e d  in the  surface over their entire path.
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^  Initial points of path lines that 
• . define periphery of stream capture 

area on the water table
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Path line travels interior of 
stream system outer boundary
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pathlines

outline of transect through 
block of aquifer

points where path lines 
pass through transect

Figure 12-Relation of points of recharge that define the edge of the source area 
and points of intersection on two transects in the aquifer.
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Figure 13 sh o w s  th ree  mutually perpendicular views of the  cen te r  s tream  

sy s tem 's  profile. Although only one  s tream  is shown, the  left- an d  right-handed 

s tre a m s  of this simulation a re  not dissimilar. The m ap  view is similar to the  trace  

of the  s tream  sou rce  a r e a  in figure 11; it show s the  outline of s tream  sy s tem s  

which beg ins  about 10,000 feet from the  divide, cen te red  at the  s tream  channel, 

ex ten d s  out from its upper  tip to a  maximum width of about 9500 feet and  

co n v erg es  toward the  s tream  channel.  The section along the  column is a  

longitudinal cross-section. The bottom of the  profile is defined entirely by one 

s tream line of sym m etry which s ta r ts  at the  head  of the  system , travels down to 

abou t 700 feet below datum  plane, and  term inates  a t the  mouth of the  s tream . 

The top of the  profile is defined by streamline endpoints along the  e d g e  of the  

so u rce  a re a  on the  w ater table; th e se  are  the  endpoints in the  m ap view 

projected onto a  vertical section. Finally, the section along rows show s th ree  

different profiles in vertical sec tions  that a re  perpendicular to the  s tream  channel. 

Their locations a re  indicated in m ap  view. The profiles a re  form ed by tracing the 

points that mark w here the  outerm ost s tream lines of the  s tream  sub-system  

intercept th e  vertical sec tions  ( se e  also figure 10) but a re  not necessarily  

perpendicular to th e se  sections.

The sec tions  along rows of the figure show  that the  depth, width, and  

s h a p e  of the  sy s tem 's  bounding surface vary considerably along the  s tream  

channel. The profile farthest upstream  h as  a  simple arch s h a p e  an d  is fairly 

typical of the  sy s te m ’s  s h a p e  n e a r  the s tream  start-of-flow. Profiles further 

dow nstream , however, have more complex sh a p e s .  In the  mid-stream a re a  the
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sections along rows
4 3 2 1
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Figure 13—Profiles of bounding surface for the center stream sub-system flow for 
the reference simulation. Three orthogonal views, map, section parallel to model 
columns, and section parallel to model rows are shown.
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s id e s  a re  straight and  nearly vertical. The section farthest dow nstream  b eco m es  

more shallow an d  narrow. Inflections on the  transec t  profiles are  simulation 

artifacts and  reflect so m e  discontinuity in the  flow solution a t the  boundaries  of 

model layers, ( see  also figure 16b, p ag e  56).

The sh a p e  of the  s tream  sy s tem 's  groundw ater boundary  su rface  is also 

show n by a  structure-contour representation in figure 14. Contour lines a re  in 50 

foot intervals. A noteworthy feature of this surface  is the  occurrence of a  

relatively flat su rface  that begins along the  s id es  below w here  the s tream  system  

is widest an d  in c reases  in extent with d is tance  dow nstream . This flat surface  is 

show n by contour lines that a p p e a r  to b ecom e truncated  in the  figure but, in 

actuality, c h an g e  direction abruptly; the  close spacing  of th e se  contours indicate 

a  s te e p  edge . This e d g e  an d  portion of abrupt ch an g e  that a re  prominent along 

the  lower s tream  reach is show n in perspective view in figure 15. All s tream  

system  boundary  profiles perpendicular to the  s tream  channel that co rrespond  to 

the  model rows are  show n. The view is from ben ea th  looking up toward the 

bottom of the  s tream  flow system , the  divide located farthest from the  viewer 

(see  section  on boundaries  for d iscussion  on edge).

Finally, several of the  fea tu res  previously d isc u sse d  a re  sum m arized  in 

two additional three-dim ensional perspectives  of the  single s tream  system  

boundary  surface  show n in figures 16 a  an d  16b. T h e se  figures show  the  

structure contours  at 50 foot intervals.
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Figure 14--Lines of equal elevation that define the center stream lower boundary 
surface for the reference system. Contour interval is 50 feet.



Elongate bands parallel to long axis of 
system are 50 foot elevation contours. 
See map view in figure 14
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downstream direction

Figure 15--Lower boundary surface of the center stream sub-system flow viewed 
from downstream and below the system looking upward. An evenly divided grid is 
positioned near the free surface and is used to show distortion of the perspective. 
Other views of stream sub-system flow are shown in figure 16.
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Indentation in profile coincides 
with model-layer boundary and 
is an example of finite-difference 
discretization effect.
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Figure 16a--Lower boundary surface of the center stream sub-system flow looking 
upstream and downward from front-right view.

Figure 16b-Lower boundary surface of the center stream sub-system flow looking 
downstream along longitudinal axis of system.
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Hydraulic principles o f point-sink galleries and their application to line-sinks

Although the  geom etric  an d  hydraulic p a ram ete rs  for the  hypothetical 

system  w ere  m ade  simple, the  resulting flow patterns  are, nevertheless , complex 

owing to the  sub-system  flow crea ted  by s tre a m s  in a  three-dim ensional flow 

field. In o rder to unders tand  the  complex flow patterns  c rea ted  by the  s tream  

system , it is desirable to learn so m e  of the  'line-sink' characteristics of s tream s  

and  their effects on flow by evaluating the  flow p ro c e s s e s  of similar but much 

simpler system s.

A line-sink can  be thought of a s  a  continuous distribution of wells along a  

line. W h ereas  flow to a  well co n v erg es  at a  point, flow to a  line con v erg es  

uniformly along its extent (Strack, O. D. L. and  Haitjema, H. M., 1981). In a  real 

system  a  gaining s tream  functions a s  a  line-sink b e c a u s e  g roundw ater is 

d ischarged  from the  aquifer continuously over much of the  s tream 's  reach, albeit 

at varying rates. In a  finite-difference formulation, however, a  line-sink is 

rep resen ted  by a  train of s e p a ra te  nodes. Several wells positioned in tandem  

would produce hydraulic r e sp o n se s  similar to th o se  of a  discretely rep resen ted  

line-sink. The s tream s  of the  reference system  function a s  a  train of closely 

s p a c e d  wells with the distinction that flow to ea c h  point is determ ined by head  

differences and  is not a  pre-determ ined quantity. The finite-difference charac te r  

of the  numerical model can  be applied to evaluate  a sp e c ts  of flow to a  gallery of 

wells which are, in turn, similar to flow to a  discretized line-sink.

In this section, 5 different simulations involving a  well field a re  d iscussed .

In each  simulation individual wells, or several wells in a  gallery, a re  selectively
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activated. Each simulation sh o w s  an a sp e c t  of flow that is applicable to the  flow 

dynam ics of a  s tream  system . T he  wells a re  positioned along a  line bisecting the 

aquifer on the  surface. The aquifer system  h a s  geometrical properties and  

boundary  conditions like that of the  reference s tream  system , including constan t 

areal recharge  to the  w ater  table, excep t that wells are  substitu ted  for s tream s. A 

pumping rate of -30000 cfd w as  u sed  for each  active well of e a c h  simulation all 

of which a re  a s s u m e d  to run to s te a d y  state .

Figure 17 a  show s how groundw ater would d ischarge  to  a  single well 

located in the  upper  half of the  sys tem  pumping at a  cons tan t rate. A m ap view 

a n d  two mutually orthogonal cross-sectional views show  so m e  of the  flow lines 

tha t define the  well's flow sub-system , from their points of recharge  at the 

water-table to w here  they  d ischa rge  a t the  well. Flow lines above  the  well travel 

longer d is tan ces  down the  sloping w ater table w h e re a s  flow lines just below the  

well travel much sho rte r  d is tance  and  against the  general direction of flow of the 

system . Figure 17b rep resen ts  this s a m e  simulation but sh o w s  the  initial 

locations of flow lines that en te r  the  well system  on the w ater table. T he points 

collectively define a  contributing a re a  of flow for the  well. The s h a p e  of the  

contributing a re a  is widest c lose  to the  well an d  tap e rs  in the upgradient 

direction.

In the  se c o n d  simulation an o th e r  well (well 3) further from the  divide is 

pumping instead  of the first well, otherwise the  hydrologic situation is identical to 

that of the  first c a se .  B e c a u se  the  pumping rate is the  s a m e  the  num ber of flow 

lines representing  the  well sub -system  is a lso  the s a m e  (se e  d iscussion  on
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Figure 17a--Flowlines from the water table to a single well (well 1) 
viewed along each of the three Cartesian coordinate axis.

Figure 17b--Map view of.the source area to well 1 as defined by the points of
origin of one path line per model cell.
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particle tracking algorithm). Figure 18a show s the  corresponding flow lines and 

contributing a r e a s  of flow. There  are, however, so m e  subtle  d ifferences in the 

s h a p e  of the  contributing a re a  a s  well a s  in the flowline patterns. The flow lines 

in this c a s e  are  more e longate  than  in the  previous c a s e  a s  can  be  s e e n  in map 

and  longitudinal section in figure 18b. The m ost lateral flow lines are  m ore 

shallow than  that of the  previous c a se .  The endpoin ts  a lso  show  the  longer 

ca tchm en t a re a  in the  upgradient direction on the  w ater  table.

In the third simulation well 5 is active. Flow lines in the  well flow 

sub -system  are  longer and  occur in a  shallower dom ain of the  system  than  the 

previous two c a s e s  (figure 19a-b). It a p p e a rs  that the  s h a p e  of the  well flow 

sub-system  is related to the  well's location along the  free surface, specifically, its 

d is tance  from the  divide. B ec au se  the  w ater table in c reases  in s lope  in the  

y-coordinate direction, the v should  also increase. The effect of the  increase  is 

s e e n  in the  progressive elongation and  shallowing of the  well flow sub-system  

geometry.

Figure 20 sh o w s a  scenario  w here  th ree  wells in tan d em  are  pumping at 

the  s a m e  rate (wells 1, 3 and  5). The resulting contributing a re a  is equivalent in 

a re a  to the  sum  of each  well's individual contributing area . Yet, its a r e a  ex c e e d s  

the  outlines of the  superim posed  contributing a re a s  for the  wells a s  they pum ped 

individually. This apparen t en largem ent is explained by the  two a r e a s  of overlap; 

note that the  'tail a re a s '  of the contributing a re a  to wells 3 and  5 lie over the  

'h ead  a re a s '  of the  contributing a re a s  of wells 1 and  3 respectively. Flow lines 

within th e se  overlapping a reas ,  the longer flow lines that d ischarge  to the  well
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Figure 18a--Flowlines from the water table to a single well (well 3) 
viewed along each of the three Cartesian coordinate axis.

Figure 18b--Map view of the source area to well 3 as defined by the points of
origin of one path line per model cell.
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Figure 19a--Flowlines from the water table to a single well (well 5) 
viewed along each of the three Cartesian coordinate axis.

Figure 19b--Map view of the source area to well 5 as defined by the points of
origin of one path line per model cell.
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Figure 20--Source area  defined by initial points of pathlines to wells 1, 3, and 5 
pumping simultaneously.
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immediately down-gradient of them  in the  single-well simulation, a re  the  shorter  

flow lines that d ischarge  to the  up-grade well in the  multiple-well simulation. For 

exam ple, the  tail of the  contributing a re a  to well 3 is d isplaced by the  part of 

contributing a re a  c rea ted  by well 1. However, b e c a u s e  w ater m a ss  ba lance  must 

be  maintained, the  d isplaced portion of the contributing a re a  to well 3 m ust be 

co m p en sa ted  for in the  system . This com pensation  is achieved by an 

en largem ent of so u rce  a r e a s  to all wells.

Thus, figure 20 show s that the contributing a re a  of flow for the  triple well 

gallery h a s  b een  enlarged  in o rder to co m p e n sa te  for the  d isplaced a reas .  Well 

th ree  d raw s groundw ater ad jacen t to it, upgradient from its d ischarge  point 

around the  upper  end  of the  se c o n d  well, an d  above  the  first well. Much of the 

accretion of contributing a r e a  occurs  around the  upper  portion of the  well field.

R echarge  n ea r  the gallery of wells is m ore readily cap tu red  in the  well's 

sub -system  flow a s  more wells a re  ad d ed  to the  line. B ecau se  the  horizontal, 

ra ther than vertical, com ponent of flow dom inates  in the  system , recharge  that 

en te rs  the system  too far left or right of the  line of wells would remain entrained 

in the  regional flow field. In contrast, recharge  originating n e a re r  to the  divide but 

c lose  to the  alignment of wells is cap tured  in the  well flow sub-system ; b e c a u se  

the  horizontal com ponent of flow is w eaker  in this zone, recharge  is m ore readily 

cap tu red  in the  well sub-system . However, recharge  in this zone  m oves  d e e p e r  

into the  aquifer and  also travels down-gradient n ea r  the  bottom of the  well flow 

sub -system  before it eventually d isch a rg es  further down-gradient.
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Figure 21 sh o w s  the  pathlines for th ree  close ly-spaced  points of recharge 

that a re  located n e a r  well 1 in the  triple-well flow simulation. The pathlines 

indicate that recharge  originating at the  indicated entry points would d ischarge  to 

different wells that a re  widely sep a ra ted .  T h e se  flow lines trace  p a th s  having 

sh a rp  directional c h a n g e s  in three-dim ensional s p a c e  from their respective 

points of origin to their different points of d ischarge. T he particles entering the  

system  within the  contributing a r e a  of the  well flow field travel pa ths  that define a  

re sp o n se  to the  perturbations c rea ted  by well-water-table interaction. In effect, 

they  define the  pa ths  of least res is tance  for groundw ater relative to their entry 

point that is traced  in the  well flow field and  that must d ischarge  within this 

system .

The final simulation sh o w s the  effect of five wells in tan d em  that are  

pumping simultaneously, the two additional wells positioned betw een, an d  at 

equal d is tan ce s  to, the  previous three. Figure 22 sh o w s  the  resulting contributing 

a re a  of flow for this five-well system . The additional d isp laced  flow from the  

triple-well system  h a s  resulted in a  substantial increase  in the  contributing a re a  

especially n e a r  the  divide. The widest section is ad jacen t to the  first well and  the 

tapering, characteristic  of the  individual well fields, is evident in this system  but is 

inverted with respec t  to the  y-axis of the model. Another feature apparen t in this 

flow system  is that the  contributing a re a  of flow to each  individual well is an  

a rrangem en t of discontinuous, concentric, b an d s  around the well field. Flow lines 

that d ischarge  to the  lowest well (well five) a re  arranged , not only around  the
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Figure 21-- Pathlines from three closely-spaced points of recharge near well 1. 
a) Three orthogonal views along each coordinate, b) 3-D perspective view, 
c) Map view of endpoints of pathlines for wells 1, 3, and 5 (see figure 20).
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Figure 2 2 -S o u rce  area defined by initial points of pathlines to wells 1 through 5 
pumping simultaneously.
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well, but define parts  of the  outer e d g e  of the  system . Well four displays a  similar 

pattern excep t that b a n d s  of its flowline endpoints lie interior to th o se  of well five.

From the  above  simulations it is evident that each  well g en e ra te s  its own 

unique flow sub-system . The configuration of its contributing a r e a  an d  

subsu rface  geom etry  a re  related to the flow gradients  at the  location of the  well. 

Secondly, w hen additional wells are  incorporated into the active gallery the well 

tha t lo ses  part of its sou rce  a re a  to ano ther well will co m p e n sa te  by tapping into 

new recharge  a reas .  Additional so u rce  w ater is drawn into the  well flow 

sub -system  from a re a s  that a re  in c lo ses t  proximity to the  line of wells and  in 

a re a s  n ea r  the  divide. As more point-sinks a re  a d d ed  to the  sys tem  its source  

a re a  m ust expand; wells farthest down-gradient draw  part of their d ischarge  from 

so u rce  a r e a s  n ea re r  the  divide a s  well a s  the  a re a  ad jacen t to the  well.

Many point-sinks in a  gallery take on the  hydraulic characteristics of a  

line sink. A line-sink g en e ra te s  a  complex pattern of flow w hereby  ea c h  

d ischa rge  point on the  line tap s  into discontinuous p a tch es  of sou rce  a r e a  that 

a re  a rran g ed  a s  e longate  bands. T h e se  b an d s  are  arranged  in concentric 

patterns  and  collectively m ake up the s tream  contributing a rea .

Flow patterns in hypothetical stream sub-system

The complex pattern of the  contributing a r e a  of flow show n in the  previous 

well field simulations a re  apparen t in the  s tream  sub-system  flow of the  

reference system . Figure 23 show s the  initial points of flow lines for the  cen te r  

s tream  of the  reference simulation. Only initial points of s tream lines that
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Figure 23--Areal distribution of initial points of pathlines that discharge to every 
tenth node of the center stream.
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term inate  at every tenth node a re  illustrated for clarity of presentation. T he initial 

points of flow lines a re  a rranged  a s  concentric b an d s  or loops. The outerm ost 

b an d s  do not completely encircle the  system  but a re  truncated  n ea r  the  widest 

section of the  contributing a rea .  The b a n d s  for a  com m on d ischarge  point along 

th e  s tream , consisting of c lusters  of initial points a rranged  in loops, a re  

discontinuous. The s h a p e  of ea c h  cluster varies; for exam ple, c rescen t-sh a p ed  

c lusters  of initial points a re  cen te red  on their a sso c ia ted  d ischarge  points along 

the  s tream  channel. However, o ther clusters on the  loop form short, linear 

patte rns  of various s izes. T he start of flow for the  s tream  system  occurs  within 

the  smallest, innermost loop. T he upstream  tip of the  contributing area , c losest 

to the  divide, is characterized  by an a rch -sh ap ed  pattern of initial points. As will 

be d isc u sse d  in an o th e r  section, th e se  initial points rep resen t the  flow lines that 

travel d e e p e s t  in the  s tream  sub -system  before they  d ischarge  to points c losest 

to the  term inus of the  s tream  channel.

The relation be tw een  the  pattern of initial points on the  free surface  and 

the  pattern of sub-su rface  flow lines is show n a s  an  exploded perspective view in 

figure 24. Only flow lines that term inate at four points along the  s tream  channel 

a re  illustrated. The pattern of concentric loops that would a p p e a r  on the  free 

su rface  is show n on the  top of the  block. The corresponding s e ts  of flow lines for 

ea c h  of the  four d ischarge  points m ake up what a p p e a rs  to be  a  s e t  of nesting 

shells. T h e se  shell-like features  rep resen t the  flow fields for the  four d ischarge 

points on the  channel and  are  approximately defined by the  flow lines. The 

clustering of flow lines into distinct groups indicates that th e se  flow fields are
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Figure 24--Exp!oded view of fiowlines that terminate at four different points along 
the center-stream channel. The corresponding recharge patterns on the free 

- ehnwn.surface are also shown.
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discontinuous and  a re  m ade  up  of distinct plugs of flow within the  s tream  

sub -system  that start a t s e p a ra te  recharge  a r e a s  on the  su rface  but converge at 

a  com m on d ischarge  point along the  stream . The ap p aren t g a p s  within each  

shell-like flow domain a re  actually occupied by plugs of flow that belong to 

ad jacen t flow fields discharging to nearby points along the  s tream . Collectively, 

th e se  groups of flow lines inter-finger to form an entire s tream  flow field.

A hydrologic concep t g leaned  from the previous well simulations is that 

the  s h a p e  of the  contributing a r e a  and  flow field for groundw ater discharging to a  

given point is affected by the  gradients and  water-table s lope n ea r  the  point of 

d ischarge . The horizontal com ponen t of specific d ischarge  in c reases  with 

d is tance from the  divide tow ards  the  surface w ater body. This is true even  

though the  s tream  system  itself d e p re s s e s  the  w ater  table position an d  

d e c re a s e s  the  gradient. F igures 25 and 26 illustrate the  geom etric properties of 

flow lines that originate at two different d is tances  from the  divide. Figure 25 

sh o w s the  flow lines that travel into the system  from w here they  originate along a  

row 15,000 feet from the  divide. The m ap view and  two mutually perpendicular 

c ross-sec tions  show  only th e se  lines. The s a m e  type of flow patterns a re  

illustrated in figure 26 except that the  flow lines originate at 30,000 feet from the 

divide. A com parison of both figures show s that flow lines that en te r  the  system  

further dow nstream  travel in the  more shallow part of the  system . Flow lines 

originating from rows located at progressively g rea te r  d is tan ce s  from the  divide 

would show  continued shallowing.
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Figure 25--Three mutually perpendicular views of flowlines that e n te r  the  system  
14750 feet from divide (along model row 30).



74

row  40

uu

Figure 26--Three mutually perpendicular views of flowlines tha t en te r  the  system  
29750 feet from divide (along model row 60).
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Flow lines that originate at the  inter-stream divide have a  negligible lateral 

flow com ponen t an d  travel dow nstream  to d ischarge  into the  surface  w ater body. 

Flow lines that en te r  the  system  at progressively g rea te r  d is tan ces  (in the  

x-direction) from the  inter-stream divide acquire an  increasing lateral flow 

com ponent. This is show n in the  transec t views of projected s tream lines in 

figures 25 an d  26.

S o m e of the  more com plex a s p e c ts  of flow in the  s tream  sub-system  are  

s e e n  more clearly by studying in isolation the  pattern of flow lines that originate 

along severa l sections  parallel to the  sy s tem 's  y axis. Figures 27a-c  show  the 

flow pattern m ad e  by flow lines that en te r  the  sys tem  along a) the cen te r  s tream  

channel, b) a  column 1500 feet from the  channel and, c) a  column 2500 feet 

from the  channel. For each  c a s e  only one flowline per  model cell is simulated. 

Figure 2 7 a  show s true cross-sectional flow b e c a u s e  pathlines a re  g en era ted  

from recharge  along the  center-line of the  s tream ; flow entering the  system  along 

this column d ischarges  only to points within this column. Flow lines that 

d ischarge  to the  channel a re  show n a s  solid lines. The point w here  start-of-flow 

begins  is within the  interval defined by the  flowline that travels to the  shallowest 

depth  an d  forms the  sm allest loop along the  surface. The flow lines in this 

section a p p e a r  to indicate that the  s tream  channel is recharged  only betw een  the 

s tream  sy s tem 's  limiting flowline (outermost solid line of s tream  system  show n in 

figure 27A) an d  the  start-of-flow and  that d ischarge  occurs only betw een  the 

start-of-flow and  the  s tream  terminus. However, a s  d iscu ssed  in a  previous 

section, recharge  is distributed over the  entire w ater  table including this interval



Figure 27--Projection of flowlines to three longitudinal sections. Flow lines 
originate from (A) the center-stream channel, (B) along a column 1500 feet from 
the channel and, (C) along a column 2500 feet from the channel.
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constituting part of the  s tream  channel. B ecau se  blocks in this interval ac t a s  a  

sink, both recharge  and  d ischarge occur concurrently; however, the  model 

sh o w s only a  net flux exiting the  system  through the  top of this interval. 

Therefore, the  s tream lines within this interval represen t a  net flux that leave the 

system  (see  discussion  on simulation artifact).

Figure 27b show s a  projection of flow lines that en te r  the  system  

three-colum n widths aw ay  from the  s tream  channel. In m ap  view this is a  cut 

through the  flank of the  s tream  contributing area . All flow lines that d ischarge  to 

the  s tream  channel travel 1500 feet in the  x-coordinate direction. The 

dow nstream  and  vertical travel directions are, therefore, the  only directional 

com p o n en ts  ap p aren t from this view. D ischarge to the  channel occurs  over a  

sho rte r  reach, from a  point about 6000 feet dow nstream  from the  start-of-flow to 

the  en d  of the  channel (interval show n in stippled pattern). The flow that 

d isch a rg es  within this interval originates from n ea r  and  far recharge  locations.

The n e a r  recharge  locations a re  rep resen ted  by th e  shallow, tightly-curled 

pattern of flow lines. For th e se  flowlines, flow en te rs  the  system  nearly ad jacent 

to its point of d ischarge; here, flowlines travel shallow paths  that a re  almost 

lateral toward the  s tream . Flowlines 1 and  3 in figure 27B a re  exam ples  of 

s tream lines  that rep resen t shallow groundw ater flow originating from n ear  

recharge  locations.

The d ischarge  that originates from far recharge  locations is characterized  

by d e e p  and  relatively long dow nstream  com ponen ts  of flow. Labels 2 an d  4 

show  flow lines that a re  exam ples  of this group; th e se  originate upstream  of the
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zone  of d ischarge  an d  travel much longer flow paths  than  do the  flow lines from 

n ear  recharge  locations. Flow lines from n ea r  and  far recharge  a r e a s  can  also 

d ischarge to a  com m on a re a  a s  show n by labels 3 and  4. The implication is that 

s e e p a g e  to s tream  outlets can  represen t groundw ater with mixed residence  

tim es that a re  significantly different.

Figure 27c show s a  projection of flow lines that en ter  the  system  five 

column widths from the  s tream  channel. Flow must travel about 2500 feet in the 

lateral direction to the  stream . In general, the flow characteristics for this 

projection a re  similar to th o se  of the  previous figure in te rm s of flow from near  

and  far recharge  a r e a s  mixing at com m on a r e a s  along the  stream . However, 

flow that originates in n ea r-rech arg e-a reas  travels d e e p e r  an d  farther 

dow nstream  than  d o e s  flow that en te rs  the  system  closer to the  channel (see  

s tream  system  flowlines in transec t  view in figures 25  an d  26, and  longitudinal 

view in figure 27B). Also the  reach  of the zone of d ischarge is shorter  and  begins 

about 17,000 feet down s tream  from the  start-of-flow. Flow lines 1 an d  2 are  

exam ples  of n ea r  and  far points of recharge  that d ischarge  to a  com m on area. 

The variation of residence  tim es a t the  d ischarge  location for th e se  two flowlines 

would be le ss  than for flowlines 3 an d  4 in figure 27B w here recharge  occurs 

c loser to the  s tream  column. However, the  actual d ischarge  w ater would be a  

combination of w aters  of m any different ages .

The th ree  sections  containing projected flow patterns a re  only th ree  of an  

unlimited num ber of sections be tw een  the  s tream  channel an d  inter-stream 

divide that show  differences in flow geom etry with d is tance  from the  middle
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s tream  system . If all sections  of the  s tream  flank could be  shown, then each  

would reveal a  progressive but subtle  variation in flow pattern from s tream  to 

inter-stream in a  w ay  su g g e s te d  by the  th ree  figures.

The s e n s e  of flow direction in the  vertical sections can  be  related back  to 

the  m ap view of endpoints  of figure 23. Each of the  eight loops of endpoints 

illustrated rep resen t a  su b -se t  of flowline endpoin ts  originating on the  free 

surface  that d ischarge to a  single node along the  s tream bed . The 

c re scen t-sh a p ed  pattern of endpoints cen te red  on th e  s tream  channel a re  

shallow flow lines that d ischarge close-by. O ther flow lines that d ischarge  to this 

point are  s e e n  a s  c lusters encircling the  a re a  of start-of-flow. The flow lines of 

th e se  initial points must travel progressively longer and  d e e p e r  pa ths  to their 

d ischarge  points. The a rch -sh ap ed  patterns  n e a r  the  upstream  tip of the  s tream  

contributing a re a  represen t th e  longest paths.

The s tream  flow system  can  be thought of a s  a  flow complex consisting of 

shallow and  d e e p  flow su b -sy s tem s that a re  ’intertwined'. The shallow flow is 

characterized  by a  strong lateral com ponen t of flow, is confined to the  very 

shallow part of the  system  and, is relatively c lose  to its d ischarge points. The 

d e e p e r  flow originates farther up the  s tream  system , the  farthest recharge  

originating above  the  start-of-flow, but within the  sou rce  a r e a  of flow to the 

stream . This recharge  follows d e e p  and  long pa ths  in the aquifer but within the 

bounding su rface  of the s tream  system ; d e e p  flow rises up and  inter-fingers with 

shallow flow w here  both d ischarge  to com m on locations on the  channel. This
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division is som ew hat contrived inasm uch a s  there  is, in actuality, a  gradation of 

flowline lengths and  corresponding travel times.

Figure 28a-c  show s th ree  vertical sections  coinciding with model rows 30, 

65, an d  100 that a re  oriented perpendicular to s tream  channels . T he patterns 

show n on th e s e  sec tions  a re  points w here  flow lines intersect the  vertical plane 

although not necessarily  perpendicular to it. O ne particle w as  u se d  for each  

node on the  w ater table to g e n e ra te  the  flow lines. The flow lines that are  c losest 

to the  bottom of the  section can  be traced  to flow lines that d e c e n d  d e e p e s t  in 

the  system  and  originate a t  the surface  far from the  section. Conversely, flow 

lines appearing  n ea r  the  top of th e  section can  be traced  to shallow flow lines 

tha t originate on the  aquifer su rface  c lose  to the  section.

Figure 2 8 a  is an  exam ple  of a  section of the  reference system  upstream  

of the  start-of-flow w here  s tream lines in section are  s tack ed  vertically. Figure 

2 8b  and  28c show  how s tacks  of flow lines bend  toward the  s tream  channels . 

Vertical alignment of a  section is controlled by proximity to th e  surface  and  to the 

s tream  channel. As d iscu ssed  previously, the s tream  system  induces a  lateral 

flow in the  system  which in c reases  in strength dow nstream  until the  flow 

gradients  induced by the surface  w ater body begin to dom inate. The d e g re e  of 

offset from vertical show s in a  qualitative way the relative strength of the  lateral 

com ponen t of flow.

Figure 29 illustrates the th ree  sec tions  a s  they would a p p e a r  in a  

three-dim ensional perspective of the  system ; there  a re  a lso  two groups of 

pathlines that a re  included to show  the  relation be tw een  their orientation in the
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Figure 28--Three transverse sections through the modeled aquifer showing 
points where flowlines intersect the sections, (sections shown in 3-D perspective 
in figure 29.)
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divide

Figure 29--View of aquifer system from rear-upper-right showing the three 
transverse sections containing flowline intersection and orientation of two groups 
of flowlines.
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aquifer and  th o se  of the  previously described  sections. The pathlines in group 1 

(see  figure 29), originating from an  evenly sp a c e d  array of recharge  points on 

the  surface, a p p e a r  in section A a s  a  s tack  of points in a  perfectly vertical 

column. B ecau se  this section is above  the  start-of-flow, the  flow lines a re  not 

affected by s tream  sub-system  flow and  en ter  the  aquifer following their linear 

recharge  alignment.

In z o n e s  of the  system  w here  the  effects of the  s tream  on the  adjacent 

flow field becom e more prominent, s tream lines a p p e a r  in a  section a s  a  string of 

points that bulge toward the  s tream  channel. Note that w here  flow lines in group 

1 intersect sections  B and  C their alignment patterns are  affected by the  s tream  

sub-system  flow. Flow lines of group 2, which originate in the  system  in an  a re a  

close  to the  influence of stream  flow, show  a  pattern that is tilted toward the 

s tream  in section B and  a  pattern that is acutely flexed toward the  s tream  in 

section C.

Residence times

R esidence  time refers to the  period during which groundw ater rem ains in 

the  aquifer betw een  the  m om ent it en te rs  the  system  a s  recharge  and  the 

m om ent w hen it leaves  a s  d ischarge. The concep t of residence  time h as  

important applications with respect to the  length of time that a  contam inant 

plume migrates through the aquifer. It is a lso  critical to understanding the 

chemical evolution of groundwater.
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The previous d iscuss ions  on flow patterns  within the  s tream  flow 

sub -system  have indicated that d ischarge  to s tre a m s  can  be co m p o se d  of a  

mixture of g roundw ater that originates from very widely s e p a ra te d  recharge  

a r e a s  and, hence, rep resen ts  w aters  with a  wide range of residence  times.

The time for a  particle to move through the  system  is easily calculated  by 

the  particle tracking algorithm from inter-cell specific d ischarge  d a ta  that is u sed  

to calculate flow paths. Figure 30 show s contour lines of equal residence  times 

for the  reference simulation. T he figure indicates how long it would take  for 

recharge  entering the  system  a t a  given point on the  w ater table to move 

completely through the  aquifer system . It is evident that residence  tim es of w ater 

recharging the  contributing a re a  (shown a s  stippled) of the  s tream  sub-system  

are  strongly affected by the  s tream  sub-system  flow. The lines of equal 

res idence  time a re  markedly refracted w here they c ro ss  the  boundaries  of the 

s tream  system .

The a g e s  that a re  indicated by the lines within the  s tream  contributing 

a r e a s  a re  consis ten t with the  flow patterns previously d iscussed . Lines that 

virtually parallel the  s tream  channel indicate relatively short residence times. The 

flow lines originating here would remain shallow an d  travel short lateral 

d is tances .  With increased  lateral d istance aw ay from the  channel, the  flow lines 

would travel d e e p e r  and  farther down stream . This observation su g g e s ts  also 

that res idence  time should increase  outwardly aw ay from the  s tream  channel. 

Flow lines originating in the  upper part of the  s tream  contributing a re a s  indicate 

much longer residence times. This is a lso  consis tent with the  observation that
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Figure 30--Map view of lines of equal residence time for recharge locations on 
the free surface. Stippling indicates stream source areas.
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flow lines originating in this a r e a  travel d e e p  into the  sy s tem  before discharging. 

Also the  lines of equal res idence  time originating in this a r e a  have a  similar 

pattern to the  looping initial points in figure 23.
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SIMULATIONS OF OTHER HYPOTHETICAL SYSTEMS

The next a sp e c t  of the  analysis  involves studying the  effects of se lec ted  

p a ram ete r  c h a n g e s  on the  flow patterns  a n d  hydraulic characteristics of the  

s tream  sub-system . The hydraulic p a ram ete rs  and  aquifer geom etry  of what has  

b een  called the  "reference simulation" w ere se lec ted  b e c a u s e  of their similarity 

to th o se  of Coastal Plain sys tem s. A reference system  also  s e rv e s  a s  an  index 

for com paring the  se r ie s  of simulations that a re  show n in this section which 

involves c h a n g e s  in p a ram e te rs  relative to th o se  u se d  in the  reference 

simulation.

Table 1 lists th e se  additional simulations along with the  specific param eter  

ch an g es .  In general, a  lower an d  higher value for each  p a ram ete r  relative to the 

value u se d  in the  reference c a s e  w as  used . The choice of va lues  was, to so m e  

degree , arbitrary although generally the  range  of va lues  falls within the  realm of 

va lues  found in the  real world. However, several of the  p a ram ete r  va lues  have 

no real-world ana logues . For exam ple, a  purely isotropic system  would be  

difficult to find a s  would s tre a m b e d s  with cons tan t s lopes. Clearly, the  latter 

would not persist a s  an  equilibrium configuration un less  there  w ere so m e  

structural control.

The va lues  c h o sen  do not necessarily  represen t ex trem e or limiting 

p a ram ete r  va lues  nor is there  necessarily  a  linear progression of hydrologic and  

geom etric  characteristics be tw een  the sim ulated sy s tem s  that a s su m e  th e se  

va lues  an d  th o se  of the  reference system . The range over which a  pa ram ete r
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LIST OF SIMULATIONS AND MODEL-IMPUT MODIFICATIONS

Simulation Recharge Depth Anisotropy Stream
Conductanc

Stream
Density

Stream
Slope

Reference .0054 ft/day 1200 feet 1 :33 5000 ft2/day 3 0.1°
constant

One stream 1
Five stream 5
Seven
stream

7

Thin 900 feet
Thick 1800 feet
Anisotropic 1:100
Isotropic 1:1
High
recharge

.0066 ft/day

Low
recharge

.0044 ft/day

High
conductance

50,000
ft2/day

Low
conductance

500 ft2/day

Low slope 0.05°
constant

High slope 0.15°
constant

Concave
slope

z = (.0058) 
(e0 098x - 1)

table 1
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can  affect the  flow system  an d  the nature of tha t effect is determ ined  by 

p a ram e te r  sensitivity analysis, that is, the  changing of a  p a ram ete r  value by 

increm ents  a n d  determining the  corresponding re sp o n se  in the  hydraulic h ead s  

of the  aquifer (Gillham and  Farvolden, 1974). Such an analysis is not within the 

s c o p e  of this study. However, an impression regarding how responsive the  

s tream  sub -sy s tem 's  hydraulic and  geom etric properties a re  to each  of the  listed 

p a ram e te rs  can , neverthe less , be  gained.

Figure 31 sh o w s the  groundw ater budget for e a c h  of the  simulations 

including tha t of the  reference c ase .  B ecau se  of the im posed boundary 

conditions for th e se  system s, d ischarge  can  only occur either to the  simulated 

su rface  w ater body (flow to constan t head) or to the  s tream  system . As 

d isc u sse d  earlier, slightly higher va lues  of s tream  d ischarge occur for the  left- 

and  right- h anded  s tre a m s  w h eres  the  lowest s tream  d ischarge  is o bserved  for 

the central s tream .

The bas ic  geometric s tream -basin  relations a re  listed in table 2. In the  

following analysis  the  various d is tan ces  a re  normalized to the  respective 

w a te rsh ed  d im ensions for e a s y  com parison. T he length of the  w ate rshed  is 

taken  to b e  the  d istance  betw een  the divide and  boundary of surface  w ater (123 

500-foot row widths = 61500 feet) w h ereas  its width is the  full m odeled width 

(103 500-foot column widths = 51500 feet). Aquifer depth  is normalized to 1200 

feet excep t for the shallow- a n d  d eep -sys tem  simulations. The s tream  

contributing a r e a  is listed a s  a  p e rcen tage  of the total w ate rshed  a r e a  in table 2
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High Conductance 

Low Conductance 

Concave Slope 

High Slope 

Low Slope 

High Recharge 

Low Recharge 

Anisotropic 

Isotropic 

Deep 

Shallow 

Seven Stream 

Five Stream 

One Stream 

Reference

10 20 30 40 50 60 70 80 90 100

■6 »>

H Flow to streams

□ Flow to constant 
head boundary

Figure 31--Comparision of proportion of simulated discharge to streams 
(head-dependent flux) and to the surface water body (constant heads) for 
hypothetical systems used in study.
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GEOMETRIC CHARACTERISTICS OF STREAM SYSTEMS IN DIFFERENT
FLOW SIMULATIONS

Simu­
lation

Stream 
Length / 
Basin 
Length

Distan­
ce from 
Divide

Strm 
Width / 

Basin 
Width

Source 
Area / 
Basin 
Area

Max
Depth

Position 
of Max 
Depth

Pos o f 
Start of 
Flow

Pos of
Max
Base
flow

Reference 0.84 0.16 0.17 30.9% 0.59 0.56 0.37 0.82
One
stream

0.93 0.07 0.28 16.8% 0.73 0.46 0.27 0.74

Five
stream

0.78 0.22 0.15 37.9% 0.52 0.63 0.42 0.89

Seven
stream

0.74 0.26 0.11 42.5% 0.48 0.68 0.46 0.93 |

Thin 0.94 0.06 0.19 40.3% 0.79 0.61 0.26 0.70
Thick 0.67 0.33 0.15 21.3% 0.45 0.95 0.54 0.92
An­
isotropic

0.83 0.17 0.24 42.0% 0.54 0.73 0.3 0.85

Isotropic 0.99 0.01 0.09 19.8% 0.98 0.93 0.45 0.76
High
recharge

0.89 0.11 0.17 37.6% 0.65 0.64 0.27 0.75

Low
recharge

0.75 0.25 0.12 22.2% 0.53 0.93 0.52 0.9

High
conduct

0.88 0.12 0.22 39.1% 0.72 0.89 0.44 0.85

Low
conduct

0.79 0.21 0.07 11.3% 0.24 0.57 0.22 0.8

Low slope 0.75 0.25 0.12 52.0% 0.53 0.93 0.52 0.9
High slope 0.59 0.41 0.09 15.7% 0.45 0.79 0.65 0.94
Concave
slope

0.95 0.05 0.2 49.7% 0.82 0.63 0.2 0.63

table 2
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an d  is identical to  the  percen t of volumetric flow leaving through th e  s tream  

system .

Finally, so m e  co m m en ts  a re  n eed ed  regarding the  figures that depict 

th ree  mutually perpendicular views (figure 13, p ag e  52) for ea c h  simulation: 

T h e se  figures include one  lengthwise section, three tran sec ts  of the  s tream  

system , an d  the  outline of the  sou rce  a re a  for each  simulation. The lengthwise 

profile is defined by one path line herein referred to a s  the  s tream line of 

symmetry. With re sp ec t to the  sec tions  that a re  perpendicular to the  s tream  

channel, the  middle section is located a c ro ss  the  s tream 's  widest contributing 

a rea ;  an d  the  o ther two tra n sec ts  a re  placed midway betw een  the  widest 

contributing a re a  section an d  the  ex trem es  of the  system . As the  lengths vary 

considerably  for e a c h  simulation, so  do the  positions of the  transec ts .

Effect of surface water body on stream system configuration

The incorporation of a  large w ater  body into the  hypothetical reference 

system  w as  n e c e s sa ry  in o rder to induce a  general, regional gradient in the 

sy s te m s  flow field. The effect of the  w ater  body on the system  is s im ulated by 

simply setting the  n o d es  at the  lower en d  of the  model to a  low con s tan t-h ead  

value. U nder th e s e  conditions recharge  tha t is continuously applied over the  

aquifer would c a u s e  th e  free surface  to  mound, the  h e a d s  of which would be 

everyw here  higher than  h e a d s  of the su rface  w ater body (assum ing sufficient 

recharge). W hen a  s tream  system  is included in the  simulation, g roundw ater is 

diverted to the  s tream s . Although s tre a m s  lower the  gradients of the  w ater  table,
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a  flow field is, n ev erth e less , c re a ted  w hereby groundw ater is draw n to  both th e  

w ater body an d  th e  s tream s. T he com bined effect of th e  two sinks work together 

to c rea te  a  boundary  su rface  around  s tream  su b -sy stem  flow th a t is unique to 

this sy stem . T he s tream  su b -sy stem  configuration is a  s ignatu re  th a t is, in part, a  

hydraulic re sp o n se  to th e  specific boundary conditions of this sy stem . It will be 

show n how th e  alteration of different a sp e c ts  of th e se  boundaries (a s  well a s  

so m e  aquifer properties) will tran sla te  into a  different s tream  system  

configuration.

B ec au se  th e  su rface-w ater body ex erts  significant control over th e  flow in 

th e  system , its effect on th e  s tream  system  n e e d s  to  be  evaluated . In o rder to 

evalua te  th e  nature  of this effect a  sim ulation w as m ade of a  d ra in ag e  system  

without th e  w ater body. F igures 32 through 35 show  hydrologic an d  geom etric 

fea tu res  of su ch  a  hypothetical system , herein referred to a s  th e  ’no-flow' 

system . This system  is identical to that of the reference system  in all o ther 

re sp ec ts . Although this system  is ra ther contrived, inasm uch a s  th e re  a re  no 

regional d isch arg e  outlets, it d em o n stra te s  pertinent hydrologic co n cep ts  for 

sy s te m s  of this study. For this 'no-flow' system  the  s tream  configuration is 

co n stra in ed  by five s id es  of a  rectangle, each  s ide  represen ting  a  no-flow 

boundary.

Intuitively, it would a p p e a r  that e ach  s tream  su b -system  flow dom ain 

should  occupy abou t one third th e  volum e of the  aquifer sy stem  (the middle 

s tream  sy stem  actually occup ies  a  sm aller volum e due  to discretization effects). 

The lateral and  bottom  boundaries  of e ach  s tream  system  should  be  flat a s  they



Figure 32--Bounding surfaces containing three stream sub-system flow domains 
in a rectangular aquifer in which surface-water body (constant-head sink) is not 
simulated.
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,65.0

ffi.Q

60.0

.55.0

Figure 33--Map view showing lines of equal elevation head for a three stream 
system without a constant-head sink. Hatched pattern indicates source area of 
center stream; blank areas are sources of flow to respective lateral streams.
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1 0 0 . 0
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Stream channel profile 
Head along stream channel 
Head along inter-stream divide
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1.
1.
1.

20 2510 15 305 35 40 45 50 55 60

Distance along stream bed, in th o u san d s of feet

Figure 34a-Profiles of water table along stream channel and inter-stream divide 
for three-stream system without surface-water body.

Figure 34b—Profile of groundwater discharge to center-stream channel (along 
model column 52) for three-stream system without surface-water body.



REFERENCE SYSTEM NO-FLOW

Figure 3 5 -M ap  view of pathlines that en ter the reference and  no-flow 
sy stem s along column one and  column thirty. View is betw een  the 
inter-stream  divides for the cen te r s tream . Solid lines show  flow 
discharging to stream ; dotted lines indicate pathlines that d ischarge to 
th e  w ater body.
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are  constra in ed  by th e  planar, no-flow hydraulic su rfaces. Figure 32 sho w s this 

sim ple s tream  su b -sy stem  geom etry. As in th e  re ference sim ulation th e  free 

su rface  of this sy stem  reflects th e  d isch arg e  along th e  s tream  channel excep t 

th a t th e  contributing a re a  would have a  rectangu lar sh ap e .

T he h ead  distribution of this sim ulation is show n in figures 33 an d  34a. In 

the  a re a  from th e  divide to  th e  middle of th e  system  the  w ater tab le  a s su m e s  the 

characteristic  sh a p e  of unconfined flow but, b e c a u se  th ere  is no sink a c ro ss  the  

low er en d  of th e  m odel, th e  h e a d  profiles (parallel to th e  y-axis) do not fall off at 

th e  increasing  ra tes  th a t a re  typical of th e  reference sy stem  but, in stead , fall off 

a t d ec reasin g  rates. The b a se  flow, which beg ins a t abou t 0 .23  from the  divide, 

in c re a se s  a t a  d ec reasin g  rate  but then  in c re a se s  up to the  term inus (figure 

34b). H ead profiles along the  y-axis of th e  system  a re  relatively flatter than  for 

th o se  of th e  reference sim ulation. The difference in h ead  betw een  th e  divide and  

s tream  term inus is 60 feet in th e  channel an d  38  feet along the  in ter-stream  

divide in this system ; for th e  reference system  they  a re  76 an d  72 respectively. 

However, n ea r  th e  m outh of the  s tream s in the  direction of th e  no-flow boundary, 

th ere  is a  h e ad  difference of 21 feet betw een  in ter-stream  divide an d  channel 

co m p ared  to  a  3.6 feet d ifference for that of th e  reference  system . T he 21 foot 

d ifference in h e a d s  b e tw een  channel and  in ter-stream  acco u n ts  for high 

d isch a rg e  along the  low er reach  of th e  s tream s. Clearly, the  high h e a d s  in the 

low er en d  of this sy stem  could not develop  ad jacen t to th e  w ater body.

A nother effect th a t th e  no-flow boundary  im parts on the  flow p a tte rn s  of 

the  system  is show n in figure 35. T he figures com pare a  line of path lines
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originating along colum ns 1 an d  30 of both th e  reference  and  no-flow system s. 

P ath  lines term inating in the  w ater body (reference system  only) a re  show n a s  

do tted  lines. P ath  lines in th e  reference system  tend  to be  relatively straight and  

closely sp a c e d  irrespective of their destination. T he lines will converge m ore 

strongly a s  they  approach  th e  d ischarge  zone. P ath  lines of th e  no-flow system , 

how ever, ten d  to m ake strong directional c h a n g e s  a s  they  ap p ro ach  th e  

d ischarge  zone. This is especially  true of path  lines originating c lo sest to the  

in ter-stream  divide. T he spacing  of path  lines is g rea tes t c lo se st to th e  no-flow 

boundary  an d  su g g e s t that g roundw ater velocities n e a r  the  no-flow and  

in ter-stream  boundaries  a re  extrem ely  slow  or virtually s tag n an t.

A nother effect of th e  no-flow boundary  is that flow is forced to d ischarge 

further u pstream  than  is the c a s e  for th e  reference  system . A com parison  of path 

lines on colum n 30 of both sy s tem s  will show  th a t equivalent path  lines th a t 

d ischarge  to the  s tream  system  term inate  a t n o d es  higher on the  s tream  channel 

in the  no-flow system .

O ther a sp e c ts  of flow line geom etry, su ch  a s  the  confluence of shallow  

an d  d e e p  path  lines at com m on points in the  d ischarge  zone, the  concentric  

banding and  nesting of inner s tream  lines d iscu ssed  for the  reference  system , 

hold true for this sy stem  a s  well. Flow lines that originate n ea r th e  divide w rap 

around  the sy stem  and  d ischarge  n ea r the  term inus.

In con trast, th e  bounding su rface  of th e  reference sy stem  is quite 

different. T he upstream  end  of the  reference s tream  su b -sy stem  is sh a p e d  like 

th e  tip of a  spoon . T he path lines that originate in th e  divide an d  co rn er portions
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along th e  in ter-stream  divide becom e en trained  in th e  flow field th a t d isch arg es  

to th e  w ater body. In the  no-flow system  this sa m e  rech arg e  would d isch arg e  to 

th e  s tream s. The outline of the s tream  contributing a re a  and  the s tream  system  

boundary  com prise, in effect, an  interface form ed by flow fields d ischarging to 

different sinks. T he s tream s ' flow system  is constra ined  by th e  boundary of flow 

th a t is part of an o th er sub-system .

T he outline of th e  reference  system  along tra n se c ts  to th e  s tream  (figure 

13) show  that th e  ed g e  is rounded along the  bottom ; th is sh a p e  is, to  so m e 

d eg ree , a  mirror of th e  outline of th e  upstream  ca tch m en t a re a  of th e  s tream  

system . C orresponding irregularities along th e  section  perim eter can  be  traced  

back  to the  ed g e  of the  catchm en t a re a  via connecting path  lines. Therefore, the 

sh a p e  of th e  bottom of th e  s tream  su b -sy stem  re p re se n ts  a  zone of interaction 

betw een  two sinks.

S ections and  perspective views of th e  reference  sy stem  show  a  relatively 

flat side  starting a t abou t 0.51 from th e  divide that b eco m es progressively wider 

with d is tan ce  dow nstream  (figure 15). The width of the  s tream  section  also  

b eco m es  m ore narrow  with d is tan ce  tow ard th e  mouth. T he relative fla tn ess  of 

th e  bounding su rface  in this zo n e  su g g es t that influence from the  hydraulic 

su rfac e s  on the  s tream  sy stem 's  flow configuration b eco m es  m ore dom inant in 

the  lower part of this aquifer sy stem . Thus, the  s tream  su b -system  flow boundary 

a p p e a rs  to be  an  interface betw een  two flow su b -sy stem s in th e  u p p er en d  of the 

aquifer and  influenced m ore by hydraulic su rfaces  tow ard the lower en d  of 

system .
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Anisotropy

The anisotropy of porous m aterial refers to th e  difference in w ater 

transm itting properties betw een  th e  vertical an d  horizontal directions of flow. 

Aquifer conductivity in th e  vertical direction of flow reflects, in part, layered 

deposition and  su b seq u e n t com paction of th e  sed im en ts  that com prise  the 

aquifer. While aquifer conductivity can  vary with azim uthal direction d u e  to 

preferential fracturing or solution of aquifer m aterial, variation betw een  horizontal 

and  vertical directions is regionally m ore prevalent.

Layered aquifer sy stem s can  show  appreciab le  vertical to horizontal 

anisotropy w hen th ere  are  large conductivity co n trasts  betw een  layers. The 

effect of com posite vertical conductivity is typically rep resen ted  a s  'layers in 

se ries ', tha t is, th e  sequentia l alignm ent of two or m ore prism s of m aterial in the 

direction of flow. Layers in se rie s  a re  described  by equivalent co n d u ctan ce  or the  

harm onic m ean . On the  o ther hand, com posite horizontal conductivity is 

rep resen ted  a s  'layers in parallel' that is described  by an  arithm etic m ean. 

B ecau se  layered  aquifer sy s tem s  typically have large contrasting conductivities, 

their arithm etic m ean  is generally  larger than  their harm onic m ean  and, 

therefore, their vertical to horizontal anisotropy is large.

The ratio of horizontal to vertical conductivities can  vary widely. T he 

reference system  a s su m e s  a  33:1 anisotropy an d  falls within th e  range of typical 

va lu es for sand-silt m aterial. T he two sim ulations d iscu ssed  in th is section  w ere 

modified by setting horizontal to vertical conductivities to 1 :1 (isotropic) and  

100:1 respectively. Real isotropic sy stem s a re  rare b e c a u se  all sed im en ts
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com pact in tim e. N evertheless, a  purely isotropic system  w as used  in o rder to 

d em o n stra te  th e  d e g re e  to which th e  anisotropic ratio can  control s tream  

su b -system  geom etry.

A com parison  of the  contributing a re a s  of flow for both sy s tem s  show s 

strongly contrasting geom etries. Figure 36 show s th e  contributing a re a  for 

s tre a m s  of th e  anisotropic system ; s tream  contributing a re a s  a re  w ider an d  have 

le ss  in ter-stream  d istan ce  a t their w idest section  then  for th o se  of th e  reference. 

The m axim um  width of each  a re a  in the  anisotropic sy stem  is 0 .24 with an  

in ter-stream  d istan ce  of 0.09 (com pared  to  0 .18 width an d  0 .15  in ter-stream  

d istan ce  for th e  re ference system ). T he p e rcen tag e  of w ate rsh ed  a re a  tha t form s 

the  contributing a re a  to s tream  is 42% , which is 10% g rea te r than  th a t of th e  

reference  system . Figure 37  show s the  isotropic sy stem 's  long and  narrow  

s tream  so u rce  a re a s  a s  having considerably  m ore d is tan ce  betw een  them . The 

length virtually s p a n s  th e  length of the w ate rsh ed  (0.99). Its m aximum width is 

0 .09  and  in ter-stream  width is 0.24, just the  rev erse  of th e  widths found in the  

an iso tropic system .

Figure 38 sh o w s th e  th ree  mutually perpendicu lar view s of th e  cen te r 

s tream  for th e  anisotropic system . The cross-sectional view s indicate th a t the 

s tream  su b -sy stem  flow d o e s  not p en e tra te  th e  groundw ater zo n e  a s  deep ly  a s  

d o e s  th a t of the  reference system . In contrast, th e  cross-sectional view s of th e  

isotropic sy stem  show n in figure 39 show  that its s tream  system  p en e tra te s  d ee p  

into th e  aquifer, alm ost to the  full depth . The path lines th a t travel d e e p e s t  a re  

constra ined  by th e  aquifer th ickness and  by the  position of the  divide. The



Figure 36--Map view showing lines of equal head and the source 
areas of streams on the free surface for the 'anisotropic' simulation. 
Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is at least partially 
a  source for stream discharge.
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Figure 37-M ap view showing lines of equal head and the source 
areas of stream s on the free surface for the 'isotropic' simulation. 
Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is at least partially 
a  source for stream discharge.
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Figure 38--Profiles of bounding surface for the center stream 
sub-system flow for the 'anisotropic' simulation viewed along each of 
the three Cartesian coordinate axis.

x -z

Figure 39-Profiles of bounding surface for the center stream 
sub-system flow for the 'isotropic ' simulation viewed along each of 
the three Cartesian coordinate axis.
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relatively high vertical conductivity of th e  isotropic aquifer c a u s e s  the s tream  

su b -sy stem  to p ro p ag a te  dow nw ard at th e  ex p e n se  of the  contributing a rea . In 

contrast, th e  low vertical conductivity of the  anisotropic sy stem s inhibits vertical 

p ropagation  of th e  s tream  sy stem  but c a u s e s  areal expansion  n ea r the  free 

su rface . From th e se  sim ulations it a p p e a rs  th a t high anisotropic v a lu es m ay 

contribute to  c o a le sc en ce  of s tream  ca tch m en t a re a s  in multiple s tream  system s.

A s e n s e  of the hydraulic behavior of e ach  system  can  be  ga ined  by 

looking at th e  w ater-tab le con tours. Figure 36 sh o w s a  pattern  similar to the 

reference but with con tour lines bending m ore s teep ly  a s  they  c ro ss  the  s tream  

channels . Following the  d iscu ssio n s  for th e  reference  system , th is observation 

su g g e s ts  th a t th e  lateral com ponen t of flow (in th e  x-direction) ad jacen t to the  

s tream  is strong. By com parison , th e  con tour lines of the  isotropic system  (figure 

37) a re  only slightly deflected  a t th e  intersection of th e  channel indicating a  much 

w eak er lateral flow com ponent. T he b a se  flow an d  h ead  profiles of the  s tream  

system  a re  co n sis ten t with this (figures 40  and  41). The b a se  flow curve for the 

anisotropic sy stem  sh o w s higher d isch arg e  over a  longer reach  of s tream  than  

for the  isotropic system ; the  start-of-flow beg ins at about a  third the  w ay from the  

divide (0.3) com pared  to  alm ost halfway dow n (0.45) for th e  isotropic system .

T he m axim um  b a s e  flow for the  anisotropic sim ulation is 0.44 cfs and  occurs 

about 0 .85 from divide w h e re a s  m axim um  b a se  flow for th e  isotropic system  is 

only abou t 0 .27  cfs at 0 .76 from th e  divide.

F igures 4 0 a  and  4 1 a  show  th e  h ead  profiles b a se d  on sim ulation of the 

'non-drainage ' sy stem  for the  corresponding anisotropy values. Following the
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Figure 40a--Profiles of water table along stream channel and 
inter-stream divide for the ’anisotropic' simulation and typical profile 
for corresponding non-drainage simulation.

Figure 40b~Profi!e of groundwater discharge to center-stream channel 
(along model column 52) for 'anisotropic' simulation.
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Figure 41 a-Profiles of water table along stream channel and 
inter-stream divide for the 'isotropic' simulation and typical profile for 
corresponding non-drainage simulation.

Figure 41 b—Profile of groundwater discharge to center-stream channel 
(along model column 52) for 'isotropic' simulation.
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earlier d iscussion  that h ead  profiles rep resen t the  potential energy  in the  system , 

th e  anisotropic sy stem  h a s  a  h igher energy  then  th e  corresponding  sy stem  that 

is isotropic. C onsequently , the  d issipa ted  energy  is g rea te r  in th e  anisotropic 

system  a s  is s e e n  by g rea te r d ifferences betw een  d ra in ag e  system  h e a d s  and  

'non-drainage ' h ead s . This energy  re lea se  is show n in the  model budget which 

ind icates that total flow to the  s tream  system  acco u n ts  for 40%  of recharge  in the 

anisotropic sy stem  but only 20%  in the  isotropic.

R e c h a rg e

T he rech arg e  rate  of 0 .0054 feet/day  u sed  for th e  reference  sim ulation 

re p re se n ts  an  av e ra g e  rech arg e  in Atlantic C oastal Plain a re a s . T he next two 

sim ulations involve increasing an d  reducing this rate by 20% . A s tea d y -s ta te  

sim ulation m ade with either a  20%  recharge reduction or in c rease  would 

rep resen t th e  equilibrium flow configuration resulting from the  continuous, 

s tea d y -s ta te  application of th e se  lower or higher rech arg e  rates.

T he interruptions of av e rag e  recharge  periods by unusually  w et y ea rs  or 

periods of drought a re  not show n by th e se  sim ulations. W et and  dry spells  a re  

clim atic conditions that rep resen t tem porary  d ep artu res  from m ore av erag e , 

p ersis ten t conditions. In reality, if a  system  ex p erien ces  a  departu re  from the  

av e ra g e  recharge , such  a s  would occur during sev era l y ea rs  of drought, the 

aquifer w ould respond  continuously by adjusting its flow; the  system  would tend  

tow ard, and  eventually  attain, a  new  equilibrium s ta te  a s  long a s  the  abnorm al 

rech arg e  rate  persists .



108

Different rech arg e  ra tes affect the  size  and  sh a p e  of the  ca tch m en t a re a  

of flow to  s tre a m s  a s  figures 42 and  43 illustrate. H igher recharge  ra te s  g en era te  

a  longer and  w ider s tream  so u rce  area , that is, a  larger a re a  of th e  w ate rsh ed  

contributes to s tream  flow w hen com pared  to s tre a m s of lower rech arg e  ra tes  

(see  tab le  2). T he s h a p e s  of the  upstream  en d s  of e ach  sy stem  a re  a lso  quite 

different. T he m ost u pstream  stream  recharge  a re a  of the  h igh-recharge system  

is rounded  and  a rch -sh ap ed  co m p ared  to  th e  pointed, V -shape of th e  low 

recharge  system .

In figures 44 an d  45 the  c ross-sectional view s show  th a t th e  

high-recharge sy stem  rea ch es  a  maximum depth  a t alm ost 800 fee t below 

datum  (and constitu tes 0 .65  of aquifer th ickness) w h e re a s  th e  low -recharge 

system  is m ore shallow  going to slightly m ore than  700 feet (0.53 of aquifer 

th ickness). T he longitudinal stream line of sym m etry of each  sy stem  also  

de lin ea tes  a  distinctive profile a t the  upstream  end; th e  low -recharge profile 

form s a  narrow, ta p e re d  w edge a t the  upstream  en d  w h ereas  the  h igh-recharge 

profile is w ider an d  fuller (figure 45).

The larger contributing a re a s  and  their rounder, fuller configurations in the  

h igh-recharge s tream  system  is indicative of s tro n g er d ischarge. Inspection of 

head  contours, h ead  profiles, and  b a se  flows show  this to be th e  c a s e  (figures 

46 an d  47). T able 2 sh o w s that recharge  to s tream s is 37%  for high rech arg e  

co m p ared  to 22%  for the  low -recharge system . The position of th e  start-of-flow 

for th e  h igh-recharge system  is c lo se r to the  divide than  for th e  low er-recharge 

system .
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Figure 42--Map view showing lines of equal head and the source
areas of stream s on the free surface for the 'high recharge' 
simulation. Squares along stream channels indicate where 
groundwater discharge occurs. Octagons indicate that model cell is at 
least partially a source for stream discharge.
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Figure 43--Map view showing lines of equal head and the source
areas of stream s on the free surface for the 'low recharge' simulation.
Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is at least partially 
a source for stream discharge.
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Figure 44--Profiles of bounding surface for the center stream 
sub-system flow for the 'high recharge' simulation viewed along each 
of the three Cartesian coordinate axis.
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Figure 45-Profiles of bounding surface for the center stream 
sub-system flow for the 'low recharge' simulation viewed along each 
of the three Cartesian coordinate axis.
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Figure 46a--Profiles of water table along stream channel and 
inter-stream divide for the 'high recharge' simulation and typical 
profile for corresponding non-drainage simulation.

Figure 46b-Profile of groundwater discharge to center-stream channel 
(along model column 52) for 'high recharge' simulation.
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Figure 47a-Profiles of water table along stream channel and 
inter-stream divide for the ‘low recharge' simulation and typical profile 
for corresponding non-drainage simulation.

Figure 47b-Profile of groundwater discharge to center-stream channel 
(along model column 52) for 'low recharge' simulation.
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The 'non-d ra inage ' profiles for e ach  of th e se  sy s tem s  show  how the  

energy  level is ra ised  o r low ered in e ach  system  sim ilar to th o se  of the 

anisotropic sy stem s. T here is g rea te r  dissipation of energy  in the  h igh-recharge 

sy stem  th an  for th e  low -recharge system . This is not surprising inasm uch a s  

equation  (3) sh o w s tha t aquifer conductivity and  recharge  a re  inversely related.

W h ereas  cap tu re  a re a s  for s tream s contract a t low er rech arg e  rates, 

cap tu re  a re a s  for 'fixed' d ischarge  entities, such  a s  wells, expand  at lower 

recharge  ra tes. This seem ingly  paradoxical behavior of th e  cap tu re  a re a s  is 

explained  by th e  nature of th e  sinks involved. In the  c a s e  of the  s tream , 

d isch arg e  d e p e n d s  on h ead  d ifferences betw een  th e  free su rface  and  the 

s tream b ed  elevation (in a  w ater-tab le aquifer). B ecau se  low er rech arg e  ra tes  

result in lower h ead s , d ischarge  to th e  s tream  is a lso  correspondingly  lower.

T he low er d isch arg e  requires le ss  of a  cap tu re  a re a  a s  is d em o n stra ted  by the  

ab o v e  sim ulations. Wells, in contrast, have a  fixed d ischarge rate. As recharge 

ra te s  a re  low ered, wells m ust tap  larger so u rce  a re a s  to co m p en sa te  for the  

dim inished rech arg e  rate  p er unit a re a  of free su rface  in o rder to insure m ass  

b a lan ce  in th e  system .

Aquifer Thickness

T he th ick n ess  of an  aquifer plays an  im portant part in constraining flow in 

a  system . The analytical solutions of Toth d iscu ssed  earlier show  how the  flow of 

thin sy s tem s  p ro p ag a ted  d e e p e r  into the  aquifer a s  th ickness is in c reased  (Toth, 

1963). C onversely , thin aquifers constrain  the  depth  to which regional flow can
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d e sc e n d  and  c a u se  thin flow su b -sy stem s to ’tap ’ into a  larger ca tch m en t a re a  

on th e  free su rface. Exam ples of thick an d  thin aquifer sy stem s found in the  

Atlantic C oastal Plain is Long Island 's groundw ater system  an d  U pper R an co cas  

D rainage Basin in C entral New Je rsey , respectively. T h ese  sy s tem s  will be 

d iscu ssed  in a  later section.

F igures 48  an d  49 show  th e  contributing a re a s  of flow and  w ater table 

position for a  sim ulated  thin an d  thick system . The thin system  w as s e t a t half 

the  th ick n ess  of the  thick system . T he form er rep re sen ts  a  25%  reduction over 

th e  th ickness of th e  reference sim ulation w h ereas  the  latter is 50%  d eep er.

T he basic  d ifferences in s ize  and  sh a p e  of the  contributing a re a s  found in 

low- an d  h igh-recharge sy s tem s  and  betw een  isotropic and  anisotropic sy stem s 

a re  a lso  evident for th e  thin an d  thick sy stem s. The contributing a re a s  for the  

thin sy stem  are  longer (0.94 of w ate rsh ed  length) and  w ider (0.19) than  for th o se  

of the  thick system , extending up to within 0 .06 feet of the divide. By co n trast the  

thick sy stem  is over 0.33 from th e  divide. Also, the sh a p e  of the  upstream  tip of 

the  thin sy stem  is round and  dom e-like com pared  to the  w edge-like sh a p e  in the 

thick system . A com parison  of p e rcen tag e  of w ater tab le  a re a  that form s the  

contributing a re a  for each  of th e se  sim ulations show s that th e  thin sy stem  is 

virtually double th a t of the  thick sy stem  (se e  tab le  2).

F igures 50 and  51 show  th e  th ree  sectional views. T he sec tio n s  have 

b een  ad ju sted  to show  the  aquifer th ickness u sed  for th e se  sim ulations. T he 

view of the  thin sy stem 's  lengthw ise section indicates that the  s tream  line of 

sym m etry is c lo se  to -700 feet (0.79 of a  900 foot thick aquifer) in th e  aquifer and
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Figure 48--Map view showing lines of equal head and the source
areas of streams on the free surface for the 'thin aquifer' simulation. 
Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is at least partially 
a  source for stream discharge.
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Figure 49--Map view showing lines of equal head and the source
areas of stream s on the free surface for the 'thick aquifer' simulation.
Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is at least partially 
a  source for stream discharge.
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Figure 50--Profiles of bounding surface for thecenter stream sub-system 
flow for the 'thin aquifer' simulation viewed along each of the three 
Cartesian coordinate axis.

Figure 51--Profiles of bounding 
surface for the center stream 
sub-system for the 'thick aquifer' 
simulation viewed along each of 
the three Cartesian coordinate axis. 115
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en te rs  the  system  a t a  s te e p e r  ang le  com pared  to that of the  thick system . The 

s tream  line of sym m etry  for th e  thick system  d e sc e n d s  to about -800 fee t (0.45 

of an  1800 foot thick aquifer) an d  en te rs  th e  system  a t a  shallow er ang le; its 

m axim um  dep th  is found c lo se r to  th e  front of th e  system  w h e rea s  th e  maximum 

depth  of the  thin system  is found c lo se r to th e  divide. T he tra n sv e rse  profiles of 

th e  thin sy stem  show  a  relatively wide an d  fuller sh a p e  w h e re a s  th o se  of the 

thick sy stem  show  narrow, w ed g e -sh ap e  profiles. T he outlines of the  upstream  

e n d s  of th e se  ca tch m en t a re a s  a re  sim ilar in form to th e  profiles of the  

c ross-sec tions.

Although th e  h e a d s  in th e  thick system  a re  lower than  th o se  of th e  thin 

system , th e  lines of equal h ead  on the  w ater tab le  indicate that th e re  is 

appreciab le  lateral flow n ea r th e  dow nstream  end  of the  system . This is also  

indicated by th e  base-flow  profile tha t re a ch es  a  m aximum n ea r th e  term inus of 

s tream . T he start-of-flow for th e  thin sy stem  is abou t 0 .26 of the  basin  length 

from th e  divide w h ereas  that of th e  thick system  is at 0.54. The thin system  b a se  

flow and  h ead  profiles a re  b ro ad er and  uniformly distributed w h ereas  the  thick 

sy stem  profiles a re  strongly p eak ed  n e a r  the  s tream  term inus. T he s tream  

d isch arg e  of each  sy stem  is reflected in th e  d ifferences in the  contributing flow 

a re a s ; the  proportion of s tream  ca tch m en t a re a  to basin  is 0 .4  for th e  thin system  

an d  0.21 for th e  thick system .

Sim ulations for 'non-drainage ' system  w as m ade using the  aquifer­

th ickness c h a n g e s  in this section. The w ater-table profiles a re  show n in figures 

52 and  53. T he difference in h e a d  profile betw een  'non-d rainage ' type thin and
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Figure 52a--Profiles of water table along stream channel and 
inter-stream divide for the 'thin aquifer' simulation and typical profile 
for corresponding non-drainage simulation.

Figure 52b-Profile of groundwater discharge to center-stream channel 
(along model column 52) for 'thin aquifer' simulation.
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Figure 53a-Profiles of water table along stream channel and 
inter-stream divide for the 'thick aquifer' simulation and typical profile 
for corresponding non-drainage simulation.

Figure 53b—Profile of groundwater discharge to center-stream channel 
(along model column 52) for 'thick aquifer’ simulation.
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thick sy stem s is large; h e ad s  a re  120 feet at the  divide of the thin system  

com pared  to 75 feet at th e  divide for th e  thick system . W hen view ed in te rm s of 

energy  levels, the  thin system  h as  a  m arkedly higher level of potential energy . 

W hen th e se  profiles a re  co m p ared  to th e  corresponding  'd ra inage ' sy stem s, the  

h ead  differences are  larger in th e  thin sy stem  than  in the  thick system . T h e se  

h ead  differences su g g e s t that s tream  sy s tem s  d issipate  m ore energy  in a  thin 

aquifer than in a  thick aquifer.

S tre a m b e d  C o n d u c ta n c e

As d iscu ssed  on p ag e  19, the  s tream b ed  co n d u ctan ce  p a ram ete r is a  

sim ulation term  that com bines several factors affecting resis tan ce  to 

groundw ater d ischarge  along s tream s. R esis tan ce  to d ischarge  along a  reach  of 

s tream  can  be controlled by su ch  factors a s  s tream b ed -d ep o sit th ickness, clay 

con ten t of deposits , narrow ness of channels, or even  clay len se s  in the  aquifer 

itself which a re  close  to th e  s tream  but th a t retard  d isch arg e  to  s tream s. For all 

of th e se  c a s e s  the  resistive effects a re  sim ulated  by simply reducing the 

co n d u c tan ce  term . Although com binations of so m e  or all of the  above  factors a re  

also  sim ulated  by c h an g e s  in conductance , th e  effects attributed to individual 

factors canno t be differentiated a t the sc a le  of discretization u sed  for th e se  

sim ulations.

As tab le  1 show s, th e  conductance  te rm s u sed  for the  high s tream b ed  

co n d u ctan ce  sim ulation w as 50,000 fee t2/day; the  low co n d u ctan ce  simulation
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u sed  a  value of 500 feet2/day. Each value rep resen ts  a  ch an g e  from th e  

reference  by an  o rder of m agnitude.

Figures 54 an d  55 show  th e  extent to which th e  catchm en t a re a s  a re  

affected  by the  ch an g e  in co n d u ctan ce  values. This p aram eter ch an g e  h a s  a  

prom inent effect on the  w idths of th e  contributing a re a s . T he high-conductance 

system  is generally  m uch wider, reaching a  maximum width of 0.22. The 

low -conductance system  is uniformly narrow and  rea c h e s  a  m axim um  width of 

only 0.07. T he h igh-conductance sy stem  is c loser to th e  reference sim ulation in 

te rm s of its general sh a p e  and  hydraulic behavior than  is th e  low -conductance 

system .

F igures 56 and  57 show  th e  th ree  mutually perpendicular v iew s of each  

system . T he lengthw ise profile of the  low -conductance system  rem ains shallow, 

reaching a  maximum depth  of -287 feet which is 0 .24 of aquifer th ickness, 

com pared  to -862 (0.72 of th ickness) for the high- co n d u ctan ce  an d  -720 (.60 of 

th ickness) for the  reference sim ulations.

The b a se  flow of e ach  sim ulation show s a  distinct distribution pattern  

(figures 58 and  59). The start-of-flow for the h igh-conductance sy stem  is at 0.44 

from th e  divide, nearly halfway dow nstream , with a  maximum flow of alm ost 0.6 

cfs a t 0 .8  th e  w ay dow nstream . In this system  the  in ter-stream  h ead  is sim ilar to 

that of th e  reference configuration. The s tream  h eads, how ever, a re  lower and  

m ore b a se  flow occurs a s  th ere  is a  10%  in crease  in flow to  s tream s com pared  

to the  reference sim ulation. In con trast, the  low -conductance system  show s a  

much lower but m ore uniformly distributed b a se  flow, starting a t 0 .22  from the
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Figure 54—Map view showing lines of equal head and the source
areas of streams on the free surface for the 'high stream  
conductance’ simulation. Squares along stream channels indicate 
where groundwater discharge occurs. Octagons indicate that model 
cell is at least partially a  source for stream discharge.
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Figure 55-M ap view showing lines of equal head and the source
areas of streams on the free surface for the ’low-stream 
conductance ' simulation. Squares along stream channels indicate 
where groundwater discharge occurs. Octagons indicate that model 
cell is at least partially a  source for stream discharge.
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Figure 56~Profiles of bounding surface for the center stream 
sub-system flow for the 'high-stream  conductance ' simulation 
viewed along each of the three Cartesian coordinate axis.
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Figure 57-Profiles of bounding surface for the center stream 
sub-system flow for the 'low-stream  conductance ' simulation viewed 
along each of the three Cartesian coordinate axis.
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Figure 58a--Profiles of water table along stream channel and 
inter-stream divide for the 'hfgh-stream conductance ' simulation and 
typical profile for corresponding non-drainage simulation.
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Figure 59a--Profiles of water table along stream channel and 
inter-stream divide for the 'low-stream  conductance ' simulation and 
typical profile for corresponding non-drainage simulation.

Figure 58b--Profile of groundwater discharge to center-stream channel Figure 59b-Profile of groundwater discharge to center-stream channel
(along model column 52) for 'high-stream  conductance’ simulation. (along model column 52) for 'low-stream conductance ' simulation.
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divide but reaching a  m aximum flow of 0.1 cfs a t a  position 0.6 dow nstream  from 

the  divide.

A com parison  show s th a t th e  geom etric an d  hydraulic ch a rac te r  of the  

h igh-conductance system  a re  c lo se r to th o se  of the  reference system  than  are  

th o se  of the  low -conductance system . B ecau se  conductance  v a lu es  in each  

sim ulation w ere s e t an  o rder of m agnitude ap a rt it ap p e a rs  th a t the  sensitivity of 

co n d u ctan ce  v a lu es  relative to th a t u sed  in the  reference  sim ulation in c reases  in 

the  direction of the lower values. In contrast, increasing co n d u ctan ce  h as  a  

progressively  minimal effect. Figure 60 show s a  range  of h ead  and  b a se  flow 

profiles along th e  middle s tream  channel for sim ulations in which the  

co n d u c tan ce  v a lu es  w ere in c reased  by an  o rder of m agnitude in the  range  of 0 

to 500,000 feet2/day. The g rea te s t sensitivity in th is part of th e  sy stem  ap p e a rs  to 

be in the  range  of 500 and  5000 fee t2/day. Figure 60 also  co m p ares  the  b a se  

flow over this sa m e  range. W hen stream  co n d u ctan ce  is small, b a se  flow is 

distributed in sm aller quantity but over a  long reach  of s tream . W hen stream  

co n d u ctan ce  is large, b a se  flow is distributed over a  sh o rte r s tream  reach  but at 

higher d ischarge  rates.

Stream-Channel Slope

D ischarge along s tream  ch an n e ls  is, to a  large d eg ree , sensitive to the 

ch an n e l's  elevation. T he s tream b ed  profile relative to the hydraulic h ead  in the 

aquifer determ ines the  distribution of groundw ater d ischarge. In the  reference 

system  a  co n stan t s lope w as u sed . For regional sca le  coasta l plain m odels this
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Figure 60--Profiles of water table and corresponding base flow along center 
stream channel for simulations of systems with stream conductance values 
ranging from 0 to 500,000 feet2/day.
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s lope  rep re sen ts  an  av e rag e  land su rface  gradient from a  typical divide to a  

base line  a t th e  sh o re . However, s tream  ch an n e ls  a re  m ore realistically 

e x p re sse d  a s  an  exponential function of d is tan ce  from their term inus (Shulits, 

1941; Hack, 1958; Y atsu, 1955). Furtherm ore, a t local s c a le s  the  d ep artu res  

from a  genera l exp ression  of s lope b eco m e m ore com m on and  th e  b a s e  flow or 

s tream  'pickup' a lso  d ep a rts  from th o se  of th e  predicted  expression  an d  vary 

with local perturbations in th e  channel slope.

In o rder to  u n d erstan d  so m e  a sp e c ts  of th e  effect th a t variation in s tream  

channel position h a s  on b a se  flow and , consequently , on th e  s tream s ' character, 

th ree  sim ulations w ere m ade: two involved changing th e  channel ang le  by 0.05 

d e g re e s  le ss  and  g rea te r  than  s lo p es  u se d  in th e  reference sim ulation. In each  

c a s e  th e  channel gradient rem ained  constan t. In a  third sim ulation the  channel 

profile w as  g en e ra ted  according to the  exponential relation (from Shulits, 1941): 

(7) z = (.0058) x (e°098x - 1 ) w here,

z is elevation

x is th e  horizontal d istan ce  from th e  starting point 

of th e  s tream  channel 

e  is th e  exponential 

Equation (7) is one of several form s of the s tream  profile equation.

Although th e  ch an g e  in ang le  for the co n stan t s lo p e  sim ulations w ere 

quite sm all, th e  effects that th e se  s lo p e-ch an g es  had  on flow w ere large. The 

0.05  d e g re e  ch an g e  resu lts in a  50 foot in crease  or d e c re a se  in height at the 

divide and  th u s  helps to explain how subtle  c h a n g e s  in s lope have large effects
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on s tream  pickup. In actuality, co n stan t s lo p es  would not persist a s  equilibrium 

stream -profile configurations but ra ther the  exponential form rep resen ts  a  m ore 

typical equilibrium profile th a t would reflect a  landform re sp o n se  to climatic and  

geologic factors over time.

T he contributing a re a s  to  flow for each  of the  sy s tem s  a re  show n in 

figures 61 through 63. T he low er-slope s tream  sy stem  is longer (0.94 of 

w a te rsh ed  length) and  wider (0.20) then  for th e  h igh-slope system , the  length 

an d  width of which a re  0.59 an d  0 .09 respectively. The total ca tchm en t a re a  of 

th e  low-slope system  is over th ree  tim es that of th e  high-slope system  (0.52 

co m p ared  to 0.16). In general, the  exponential-slope system  show s similar 

d im ensions to that of th e  low er-slope system  although th e re  a re  d ifferences in its 

sh a p e  an d  position of th e  start-of-flow.

T he configurations of th e  contributing a re a s  for th e  low- an d  high-slope 

sy s te m s  a re  generally  similar to th o se  of th e  previous sim ulation pairs with so m e 

d ifferences. T he upstream  end  of th e  low -slope sy stem  h a s  a  broad dom e sh a p e  

an d  beg ins within 0 .02 from th e  divide. Its m aximum width is located  abou t 0.23 

from th e  divide; this is unusual co m p ared  to o ther sim ulations of th is study  a s  the 

a v e rag e  position of maximum-width is located abou t 0 .50 from th e  divide. In 

con trast, th e  high-slope contributing a re a  beg ins at 0 .38  from th e  divide, the 

fa rthest dow nstream  of all sim ulations; th e  short length over which s tream  

d isch arg e  occurs is explained by th e  fact that a  large upstream  reach  of channel 

rem ains above  the  free su rface  d u e  to the  higher channel s lope. The position of
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Figure 61--Map view showing lines of equal head and the source
areas of streams on the free surface for the 'low stream -channel 
slope ' simulation. Squares along stream channels indicate where 
groundwater discharge occurs. Octagons indicate that model cell is at 
least partially a  source for stream discharge.
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Figure 62-M ap view showing lines of equal head and the source 
areas of stream s on the free surface for the 'high stream -channel 
slope ' simulation. Squares along stream channels indicate where 
groundwater discharge occurs. Octagons indicate that model cell is at 
least partially a  source for stream discharge.
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Figure 63-Map view showing lines of equal elevation head and the source areas
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simulation. Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is at least partially a source 
for stream discharge.
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th e  start-of-flow is th u s  shifted far dow nstream . T he upstream  end  of this system  

is w ed g e-sh ap e d  with co n cav e  limbs.

The longitudinal sec tio n s  in figure 64 show  that the  maximum depth  of the 

low-slope system  is -957 feet which is 0.80 of th e  aquifer th ickness an d  a  

d istan ce  of 0 .27  from th e  divide. T he maximum depth  to which the  high-slope 

system  p en e tra te s  th e  g roundw ater zone is -546 feet, which is 0 .45  of th ickness 

at a  d is tan ce  of 0 .79 from divide (figure 65). T he sh a p e s  of each  sy stem 's  

lengthw ise profile a re  a lso  quite different; th e  upstream  end  of the  profile for the 

low-slope system  m akes a  s te e p  ang le  with th e  horizontal lines com pared  to the 

relatively shallow  ang le  of entry  s e e n  for the  high-slope profile. T he tra n se c ts  of 

each  reflect th e  sh a p e  of th e  upstream  en d  of their respective ca tchm en t a re a s .

Figure 66 sh o w s th e  th re e  mutually perpendicu lar view s for the 

exponential-slope system . T he outline of the  upstream  end  of the  catchm ent 

a re a  is b road  and  d o m e-sh ap ed . The discontinuities on either s ide  a re  related to 

irregularities found on th e  tra n sec t profiles th a t coincide with th e  m odel layer 

boundary. They a re  artifacts of a  finite-difference solution. T he w idest section  of 

the  s tream  sy stem  is abou t 0.41 from the divide. T he m aximum depth  show n in 

longitudinal profile is -988 feet an d  is located  at 0 .67 from divide. The 

longitudinal profile m ak es a  s te e p  angle with the  horizontal lines although it d o es  

not follow the  divide a s  closely a s  d o e s  th e  stream line of sym m etry in the  

low -slope system .

The h ead  distribution for e ach  of the th ree  sim ulations is distinctive and  is 

a  distinguishing characteristic  of the  low-slope an d  exponential-slope sy stem s
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Figure 64--Profiles of bounding surface for the center stream 
sub-system flow for the 'low stream -channel slope ' simulation 
viewed along each of the three Cartesian coordinate axis.
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Figure 65-Profiles of bounding surface for the center stream 
sub-system flow for the 'high stream -channel slope ' simulation 
viewed along each of the three Cartesian coordinate axis.
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Figure 66--Profiles of bounding surface for the center stream sub-system flow for 
the 'concave stream-channel slope' simulation viewed along each of the three 
Cartesian coordinate axis.
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which otherw ise have sim ilar lengths, maximum widths, an d  areal extent. The 

con tours of the  low -slope system  show n in figure 61 indicate th a t an  unusually 

strong  com ponent of lateral flow occurs in the  upstream  reach . In con trast, the 

exponentia l-slope sy stem  of figure 63 indicates negligible lateral flow in the  

u pper s tream  re a ch es  which is consisten t with o ther sim ulations.

F igures 67  through 69 show  b a se  flow an d  corresponding  h ead  profiles. A 

look a t th e  b a se  flow an d  h ead  relations in figure 6 7 a  and  67b  show  th a t b a se  

flow for th e  low -slope sy stem  o ccu rs  over virtually th e  entire s tream  length 

(start-of-flow begins a t 0 .04  from divide). A maximum d ischarge  of le ss  than  0.4 

cfs o ccu rs  a t 0 .59 from divide. T he exponential-slope system , how ever, s ta rts  

flowing a t 0 .20 from th e  divide an d  a tta ins a  m aximum d ischarge  of 0 .5  cfs at 

0 .63  dow nstream . D ischarge rises  sharply  and  a tta ins a  maximum rate  much 

c lo se r to the  start-of-flow b e c a u se  of the  exponential drop in channel elevation 

th a t d ev elo p s h igher h e ad  differences within a  sh o rte r d istance  than  for a  linear 

slope.

The h ead  contour m ap of the high-slope sy stem  (figure 62) sh o w s that 

lateral flow is restricted  to th e  lower reach  of the  s tream  and  that h e a d s  rem ain 

high n e a r  the  divide. This is explained by flow starting a t 0 .65  from the  divide 

with p eak  flow of 0 .34  cfs occurring a t 0 .94 from th e  divide n ea r the  s tream  

term inus. As m entioned previously, the  sm all in crease  in channel ang le  c a u s e s  it 

to  in tersect th e  free  su rface  a t a  position far from th e  divide and , therefore , 

p rec ludes flow to m uch of th e  channel.
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Figure 67a--Profiles of water table along stream  channel and 
inter-stream divide for the 'low stream -channel s lo p e ’ simulation and 
typical profile for corresponding non-drainage simulation.

Figure 67b--Profile of groundwater discharge to center-stream  channel 
(along model column 52) for 'low stream -channel co n d u c ta n ce ’ 
simulation.
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Figure 68a--Profiles of water table along stream  channel and 
inter-stream divide for the 'high stream -channe! slo p e ' simulation 
and typical profile for corresponding non-drainage simulation.

Figure 68b--Profile of groundwater discharge to center-stream  channel 
(along model column 52) for 'high stream -channel s lo p e ’ simulation.
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Figure 69a--Profiles of water table along stream channel and inter-stream divide 
for the 'concave stream-channel slope' simulation and typical profile for 
corresponding non-drainage simulation.

Figure 69b—Profile of groundwater discharge to center-stream channel (along 
model column 52) for 'concave stream-channel slope' simulation.
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Stream Density

S tream  density, or total s tream  length p er given a re a  of w atershed , is one 

of several linear m easu re s  u se d  in quantitative basin  analysis  to charac terize  the 

c lo se n e ss  of spac ing  of ch an n e ls  an d  for com paring topographic fea tu res  

(Strahler, 1956). D rainage density  is controlled by interaction betw een  clim ate 

an d  geology and , therefore, v aries  widely from region to region. In general, 

resistan t su rface  m aterials or th o se  with high infiltration capacities have widely 

sp a c e d  s tream s or low dra inage  density. As resis tan ce  or su rface  perm eability 

d e c re a se , runoff is rem oved in a  g rea te r num ber of closely sp a c e d  channels. 

S tream  density  ra ises  q u estio n s  a s  to w hat d eg re e  s tre a m s  will mutually 

interfere or modify each  o thers flow patte rns and  w hether contributing a re a s  of 

ad jacen t s tream s m eet or co a le sce  in high s tream  density  basins. A nother 

related  question  is w hat effects do boundary  conditions have on s tream  system s.

Single stream systems and boundary effects

In this section  four sim ulations with different s tream  density  configurations 

a re  considered . Figure 70 sho w s th e  contributing a re a  for a  single s tream  

positioned along the  cen te r  of th e  system , otherw ise all o ther p a ram e te rs  a re  

kept identical to  th o se  of the  reference  system . An interesting featu re is the 

in c reased  s ize  of th e  contributing a re a  w hen com pared  to  th e  reference s tream  

system . T he length, width an d  a re a  for the  o n e-stream  sy stem  is 0.93, 0.28, and  

16.8%  com pared  with 0.84, 0.16, and  10.3%  of the  reference system  

respectively.



.1 c .7 showing lines of equal head and the source areas of 
the free surface for the 'single stream ' simulation. Squares 
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Figure 71-Profiles of bounding surface for the center stream sub-system 
flow for the 'single stream ' simulation viewed along each of the three 
Cartesian coordinate axis.
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The d ifference in th e  s h a p e s  from each  of th e  th ree  mutually 

perpend icu lar v iew s is a lso  evident w hen com paring figure 71 to  figure 13. The 

upstream  en d  of th e  s ing le-stream  sy stem  h as  a  broader, rounder sh a p e  

co m p ared  to th e  longer ta p e re d  a rch -sh ap e  of th e  reference system . Also the 

m axim um  dep th  of th e  s ing le-stream  system  is 0 .73 of total dep th  (0.60 for the 

reference). T here  is a lso  a  difference in h ead  con tours an d  b a se  flow. The 

con tours for th e  sing le-stream  sy stem  indicate th a t a  stro n g er lateral flow occurs 

in th e  u pstream  rea c h es ; the  start-of-flow is only 0 .27  from th e  divide for this 

sy stem  co m p ared  to  0 .37  in th e  reference c a se .

The com parison  of a  sing le-stream  sy stem  to th e  th ree -s tream  reference 

c a s e  sho w s how severa l s tre a m s in a  com m on flow field will affect e a ch  o thers 

configuration an d  flow. Thus, th e  central s tream  of the reference would increase  

in s ize  an d  in quantity  of d isch arg e  if th e  two lateral s tre am s  w ere elim inated or 

m oved further aw ay. T he flow an d  geom etry  of the  sing le-stream  sy stem  is itself 

constra in ed  by the  lateral no-flow boundaries im posed  on th e  system . Implicit 

with th e  u se  of the  two lateral no-flow boundaries is th a t the  w a te rsh ed  is 

s itu a ted  ad jacen t to sim ilar w a te rsh ed  sy s tem s  and , thus, th e  no-flow boundary 

is a  s tream  su rface  com m on to two ad jacen t w ate rsh ed s .

If th e  s ing le-stream  system  is not restricted  by lateral hydraulic su rfaces, 

th en  its s tream  sy stem  should  in c rease  its s ize  an d  d ischarge  to an  ev en  g rea te r 

d eg ree . Figure 72 sho w s the  ce n te r  section  of the  sim ulated flow sy stem  that 

con ta in s a  single s tream . The lateral boundaries of this sy stem  ex tend  nearly 

five-hundred colum ns in the  x-coordinate direction. The aquifer is ten  tim es the



Figure 72--Map view showing lines of equal head and the source areas of 
stream s on the free surface for the 'single stream  in wide w atershed’ 
simulation. Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is a t least partially a  
source for stream discharge.

Figure 73--Profiles of bounding surface for the center stream  sub-system 
flow for the 'single stream  in wide w atershed ' simulation viewed along 
each of the three Cartesian coordinate axis. 138
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width of the  reference system  an d  is equivalent to a  ninety-five-mile wide 

w a te rsh ed  with a  single s tream  in the  cen ter. It w as  n e cessa ry  to ex tend  the  

aquifer this far in o rder to reduce th e  x-com ponent of flow from the  ex trem e 

colum ns to  negligible am ounts. This w as d o n e  in o rder to insure that potential 

lateral flow to th e  s tream  w as not restricted by placing no-flow boundaries  too 

c lo se  to  th e  s tream . T he head  profiles of th e se  end  colum ns approach  th e  

configuration of th e  'non-drainage ' profile (note in ter-stream  head  and  

'non-drainage ' h ead  profiles in figure 79a).

Figure 73 show s th e  contributing a re a  to th e  s tream  for this system . It is 

evident that s ize  and  sh a p e  have ad justed  to the  additional lateral flow into the  

s tream  system . The outline of th e  lower section  of the  contributing a re a  is similar 

to sh a p e s  in previous sim ulations a s  this region is strongly controlled by the  

co n stan t h ead  boundary. However, the  e d g e s  of th e  upstream  section  of the  

s tream  catchm en t a re a  parallel the  straight lateral boundaries. T he upper tip is 

a lso  straight an d  parallel to th e  divide. T h e se  linear fea tu res  su g g e s t th a t th e  

bounding su rface  of the  s tream  sub-system  is controlled, in part, by the  

geom etry  of th e  aquifer boundaries w hen no o ther interference is p resen t. For 

this sy stem  th e  rectilinear outline of the aquifer boundaries is reflected in the 

contributing-area outline.

Multiple stream systems

It is evident tha t multiple s tream s in a  w atershed  system  m ust g en e ra te  

flow geom etries  tha t vary depending  on the  num ber of s tre a m s  p re sen t in a
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system . This is d em onstra ted  by th e  five-stream  and  sev en -s tream  sy s tem s  

show n in figures 74 through 76. In the  five-stream  sy stem  although the  total 

contributing a re a  of flow in c re a se s  to 37.9% , the  av e rag e  a re a  is only 7.6%  for 

each  s tream . The a re a  for one s tream  is le ss  than  half th e  a re a  of the  

o n e-stream  sy stem  (16.8% ) an d  3%  sm aller than  for th e  av e rag e  s tream  in the  

reference sim ulation (10.3% ). All of th e se  s tre a m s in th e  five-stream  system  

have correspondingly sm aller leng ths and  widths, they  a re  m ore shallow  and  

show  th e  characteristic  w ed g e -sh ap e  of the upstream  en d  th a t h a s  becom e 

asso c ia te d  with relatively w eaker-d ischarge sy s tem s  (see  figure 75).

T he total contributing a re a  for th e  seven -s tream  system  in c re a se s  to 

42.5% , but e a ch  s tream  covers an  a re a  slightly m ore th an  6%. All o ther s tream  

m easu rem en ts  a lso  d e c re a se . An exam ination of all the  geom etrical and  

hydraulic fea tu res  of the  sim ulations involving th e  one, th ree , five an d  sev en  

stream  sy s te m s  show  that non-linear d e c re a se s  of lengths, w idths and  a re a s  

result with additional s tre am s ad d e d  to th e  system  (figures 7 6 a  an d  76b). For the  

th ree- five- and  sev en - s tream  sy s tem s  the  inter-stream  d istan ce  is 0.15, 0.08, 

an d  0.03 respectively. In a  n ine-stream  system  the s tream  ca tchm en t a re a s  

would still not co a lesce , although th e  inter-stream  d istan ce  would be  betw een  

0.01 and  0.015.

In figure 77 th e  variations of several s tream  flow system  topology 

m easu rem en ts  a re  show n a s  a  function of d ra inage density. T he plots a re  b a sed  

on the topologies of 7 different s tream  sy stem s, 4  odd-num bered  s tream  

sy stem s previously d iscu ssed , an d  3 even-num bered  s tream -sy stem  sim ulations
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Figure 74-M ap view showing lines of equal head and the source 
—  areas of streams on the free surface for the 'five stream ’ simulation. 

Squares along stream channels indicate where groundwater 
discharge occurs. Octagons indicate that model cell is at least partially 
a  source for stream discharge.
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Figure 75-M ap view showing lines of equal head and the source
areas of stream s on the free surface for the 'seven stream ' 
simulation. Squares along stream channels indicate where 
groundwater discharge occurs. Octagons indicate that model cell is at 
least partially a  source for stream discharge.
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Figure 76a--Profiles of bounding surface for the center stream sub-system 
flow for the 'five stream ' simulation viewed along each of the three 
Cartesian coordinate axis.

Figure 76b-Profiles of bounding surface for the center stream sub-system 
flow for the 'seven  stream ' simulation viewed along each of the three 
Cartesian coordinate axis.
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Figure 77--L ine-graphs showing non-linear relations 
betw een  d ra in ag e  density  and  geom etric  charac teris tics  
of the  system .
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not d isc u ssed  in th is study. T he upper plot of figure 77 sho w s th e  cap tu re  a re a  of 

all s tre a m s  an d  of a  single s tream  in e a c h  system  a s  a  decim al fraction of 

w a te rsh ed  a rea . T he cap tu re  a re a s  vary asym ptotically with increasing drainage 

density . T here  is a  nearly-inverse relation betw een  total s tream  an d  individual 

s tream  cap tu re  a re a s . T he lower plot of figure 77 sh o w s th e  relation betw een 

d ra in ag e  density  and  m axim um  dep ths, th e  in ter-stream  widths, and  the  

d is ta n ce s  betw een  divide an d  upstream  e n d s  of s tream  cap tu re  a re a s . T h ese  

d is tan ce s  a lso  vary asym ptotically with increasing d ra inage  density.

It a p p e a rs  that th e  m agnitude of ch a n g e  in topological m e a su re s  of the  

s tream  sy s te m s  d im inishes with in c reased  d ra inage  density . S ize an d  sh a p e  

c h a n g e s  a re  g re a te s t betw een  sy stem s of low dra inage  density  but becom e 

negligible b e tw een  sy s te m s  of high d ra inage  density. This m ay relate to 

previously d isc u ssed  co n cep ts  of energy  levels in th e  aquifer system : increasing 

th e  num ber of d ischarge  outlets in a  system  that h as  few outlets c a u s e s  larger 

d rops in the  potential energy  of th e  system  w h ereas  increasing  the  num ber of 

d isch a rg e  outlets in a  system  w here m any outlets a lready  exist h a s  negligible 

effects on th e  potential energy. The energy  d rops a re  s e e n  here  a s  m agnitudes 

of c h a n g e  in the  s ize  an d  sh a p e  of the s tream  sub-sy tem  flow.

F igures 78 through 81 show  the b a s e  flows an d  h ead  profiles for the 

entire su ite  of sim ulations from the  ex tended-boundary  to th e  sev en -s tream  

system . E ach sh o w s a  p rogressive d e c re a se  in maxim um  b a se  flow and  

in c rease  in d is tan ce  of s ta rt of flow from th e  divide.
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Figure 78b--ProfiIe of groundwater discharge to center-stream channel 
(along model column 52) for 'single stream ' simulation.
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Figure 80b-Profi!e of groundwater discharge to center-stream channel 
(along model column 52) for 'five stream ' simulation.
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Figure 81 b—Profile of groundwater discharge to center-stream channel 
(along model column 52) for 'seven  stream ' simulation.
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Weak- and strong-discharge type systems

T here a re  severa l generaliza tions th a t can  be m ade from all th e  previous 

sim ulations; th e  flow ch aracteris tics  a re  controlled not only by the  nature of the  

line-sink boundary  but, to a  large extent, by the boundaries  of the  aquifer system  

itself. T he su rface  w ater body plays a  role in shap ing  th e  nature  of th e  interface 

be tw een  th e  d eep er, regional flow and  s tream  su b -sy stem  flow particularly in th e  

u p stream  dom ain. T he sh a p e  of th e  'hull' of the  system  is affected  by dep th  of 

aquifer and  proximity of s tream  su b -sy stem  to it. This sh a p e  is reflected in the  

sh a p e  of th e  ca tchm en t a rea . Also, th e  proximity and  sh a p e  of s tream  su rfaces  

th a t border the  sy stem  will control so m e s tream  properties.

B ecau se  all of th e se  hypothetical sy s tem s  involve sym m etrical, rectilinear 

geom etry, th e  s tream  su b -sy stem  flow h a s  a  high d e g ree  of sym m etry and  its 

boundaries  a re  sm ooth  an d  regular. In real sy s tem s w here all of th e se  

boundaries  a re  quite irregular, th e  s tream  system  configuration m ust, 

necessarily , reflect irregularities of aquifer boundaries (see  sim ulation of 

real-world aquifer system s).

T here a re  generally  two ty p es  of sy stem s in which th e se  sim ulations can  

b e  grouped, th o se  with strong d ischarge  an d  th o se  with relatively w eak 

d ischarge  characteristics. S trong d ischarge  sy stem s have fuller ca tchm ent 

a re a s , th a t is, they  are  long and  wide and  occupy larger p e rc en ta g e s  of 

w a te rsh ed  a rea . They also  a re  d e e p e r  with rounder s h a p e s  a t the  upstream  end. 

In th e se  sy s tem s  th e  start-of-flow an d  point of m aximum b a se  flow occur c lo ser 

to th e  divide.
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The w eak  d ischarge  sy s tem s  a re  shorter, their start-of-flow occurs farther 

from th e  divide, they  a re  narrow er, and  have w ider in ter-stream  d is tan ces; also  

their contributing a re a s  tap  into le ss  of th e  w ater tab le. Their upstream  en d s  a re  

V -shaped  which reflects their c ross-sectional profiles.

C h an g e s  in recharge  ra tes, anisotropy, s tream b ed  co n d u c tan ce  or profile, 

d ra inage  density , and  aquifer th ickness can  all potentially restrict or in c rease  the  

h ead  difference betw een  the  aquifer an d  th e  s tream  channel. T h e se  factors will, 

in turn, directly affect th e  quantity of b a se  flow. G rea te r d ischarge  to s tre a m s  

implies that m ore of the  free su rface  m ust provide a  so u rce  a re a  of s tream  flow 

w h ereas  le ss  s tream  d ischarge  m ean s le ss  a rea . C onsequently , th e re  is no 

unique p a ram ete r th a t will in c rease  or d e c re a se  catchm en t a rea . All of the 

p a ram e te rs  u sed  previously c an  be ad ju sted  to sim ulate large or sm all 

c a tch m en t-a rea  sy stem s, although not in an  identical way.

Coalescence of Catchment Areas

The c o a le sc e n c e  of ca tchm en t a re a s  is herein defined a s  th e  partial or 

com plete  m erging of ca tchm ent a re a s  of ad jacen t s tream s. In effect, parts  of the  

perim eter of two ad jacen t s tream  so u rce  a re a s  ac t a s  a  com m on divide to both 

sy stem s. T hus far, for all sim ulations, ca tchm en t a re a s  c o a le sced  only in the 

sy stem  without the  su rface-w ater body. All o ther sy s tem s  show  a re a s  of varying 

s iz e s  betw een  ad jacen t s tre a m s  that a re  so u rce  a re a s  to flow for th e  su rface  

w ater body. It m ay a p p e a r  that th e  p a ram ete r c h an g e s  of previous sim ulations 

w ere not of sufficient m agnitude to induce co a le scen ce . However, for th e



149

hypothetical sy s tem s  of th is study, co a le sce n c e  actually re la tes  to the  d eg re e  of 

control th a t the  su rface-w ater body h as  on s tream  su b -sy stem  flow.

Two additional flow m odels w ere developed  in which p a ram ete rs  w ere 

purposely  m anipulated to induce co a le sc en c e  of s tream -so u rce  a re a . Of the  

p a ram e te rs  that w ere u sed  in previous sim ulations to exam ine cause-and -effec t 

relations, only anisotropy and  aquifer th ickness w ere found to  affect so u rc e -a re a  

configuration to a  significant d eg ree . Both of th e se  p a ram e te rs  constrain  the 

dep th  to which th e  s tream  system  will d escen d . In creased  anisotropy limits the  

vertical direction of s tream  system  propagation b e c a u se  it im p o ses in creased  

preferential re s is tan ce  to recharge . A thin aquifer sy stem  limits th e  s p a c e  of 

propagation . T he re sp o n se s  of the  contributing a re a s  to shallow ing an d  in crease  

of aniso tropy a re  sim ilar although not identical.

For both of th e  additional sim ulations the  rate  of recharge , horizontal 

aquifer conductivity, and  position of th e  th ree  s tre a m s  w ere th e  sa m e  a s  th o se  

u se d  in the  reference  sim ulation. Also, the  boundary conditions and  a re a  w ere 

th e  sam e . However, an  exponential- in stead  of co nstan t-ang le  profile w as used , 

the  highest elevation of which w as  ad justed  to 95 feet ab o v e  s e a  level n e a r  the  

divide. In addition, s tream  co n d u ctan ce  v a lu es w ere se t to 10,000 fee t2/day. 

T h e se  m odifications w ere m ade  to the s tre a m s in o rder to  in crease  s tream  

d isch arg e  and  catchm en t width n ea r upper reach es . The anisotropy ratio w as 

s e t to 1 :1000 for th e  first sim ulation. For the  seco n d  sim ulation the anisotropy 

ratio w as resto red  to 1 :33, but th e  aquifer th ickness w as d e c re a se d  to 300 feet.
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An inspection of th e  ca tch m en t a re a s  of th e  two sim ulations (figures 82 

an d  83) show  that, although both p aram eter ad justm en ts  su c c e e d e d  in 

significantly increasing stream -catchm en t a re a s , true co a le sce n ce  actually 

occurs only in the  thin system  simulation.

T he first highly anisotropic system  show s that s tream  so u rce  a re a s  in the 

zo n e  next to the  divide a re  nearly  co a lescen t but a re  s e p a ra te d  by a  narrow  line 

of flow lines th a t form part of th e  so u rce  of flow to the su rface-w ater body. 

Furtherm ore, the  upstream  en d  form s a  broadly rounded border with a  

contributing a re a  of flow to the  w ater body. In creases  in the  anisotropy ratio 

c a u se  further in c rease  in contributing a re a  but do  not induce true co a lescen ce .

In th e  anisotropic system  th e  s tream  su b -system  flow h a s  b een  restricted 

to th e  shallow  dom ain of th e  aquifer; flow to the  su rface  w ater body h a s  am ple 

s p a c e  in which to in teract with flow to th e  s tream  sub -system  and , thus, influence 

its boundary  configuration. T he th ickness of this system  is 1200 feet and  allows 

for developm ent of a  so u rce  a re a  of flow in rem ote parts of th e  w ate rsh ed  

system  th a t ultimately d isch arg e  to the  w ater body.

In th e  thin aquifer system  the  th ree  s tream s co a lesce  in their upperm ost 

re a ch e s  without th e  so u rce  a re a  of flow to th e  regional sink sep ara tin g  them . 

C o a le scen ce  is d iscontinued after a  short d istance  from the  divide. T he th inness 

of the  aquifer limits the  influence that the  'regional' sink h a s  on th e  m ost d istant 

part of th e  s tream  system . In th is simulation the  sh a p e  of th e  s tream  catchm en t 

a re a  in th e  divide zo n e  is rectangular an d  tak es  on the  sh a p e  of the  constraining 

aquifer boundaries  a s  th e re  is no regional sink to affect th e  flow field and
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interaction with th e  s tream  su b -sy stem  flow. Sim ulations of p rogressive  

d e c re a se s  in aquifer th ickness would show  progressive in c rease  of so u rce -a rea  

c o a le sc en ce  propagating  dow nstream , while th e  influence of th e  w ater body is 

p rogressively  restricted  to th e  dow nstream  end  of th e  system .

Clearly, th e  th ickness of the  aquifer h as  g rea te r  control than  anisotropy 

ratio over limiting th e  influence of th e  regional sink on s tream  su b -sy stem  flow for 

th e se  sim ulations. Although the  p aram ete rs  listed in tab le  1 affect s tream  

ca tchm en t s ize  to varying d e g ree s , they  will not d am pen  the  effect of th e  

regional sink a s  well a s  th e  aquifer-th ickness p a ram ete r for th is sy stem . This 

observation  su g g e s ts  th a t only factors that affect th e  relative streng th  of outflow 

induced by a  regional sink will significantly affect the  s tream  system  

configuration.

SIMULATION O F A REAL-WORLD AQUIFER SYSTEM

Many sim plifications w ere built into th e  generic  m odels with re sp ec t to 

aquifer hom ogeneity  an d  geom etry  in o rder to m ake c lear th e  cau se-an d -effec t 

relations betw een  hydraulic p h en o m en a  sim ulated in th e  s tream  system  and  the  

factors that contribute to their occurrence. Yet the analysis would be of little 

value u n less  it could be dem o n stra ted  tha t the  flow pa tte rn s  an d  hydraulics 

produced  in sim ple, hypothetical sy s tem s are, to so m e  d eg ree , valid for real 

sy stem s.

In this section  a  finite-difference flow model of an  actual sy stem  is 

d escribed  and  co m p ared  to the  hypothetical reference  m odel in o rder to
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determ ine th e  sim ilarities an d  differences of each . The differences a re  an  

im portant a sp e c t of evaluation inasm uch a s  they  show  how boundary  

irregularities and  variations in w ater transm itting p roperties of real-world sy stem s 

can  alter th e  cau se-an d -effec t relations o b se rv ed  in sim ulations of highly 

simplified hypothetical sy stem s.

It is worth noting that even  though th e  finite-difference formulation of flow 

is p a tte rn ed  after th e  m ore com plicated geom etric an d  hydraulic p roperties of an 

actual sy stem , th e  flow m odel of a  real sy stem  is, neverthe less , still a  

simplification. For exam ple, th e  U pper R an co cas  system , d escrib ed  in detail in 

this section , is calibrated  to  h e a d s  in observation wells an d  s tream -g ag e  d a ta  at 

sev era l benchm ark  s ta tions. O n a  w a te rsh ed -sca le  th e se  d a ta  provide a  way to 

determ ine how closely w ater m a ss  is es tim ated  by th e  m odel. However, it is not 

practical to determ ine the  d isch arg e  along e a ch  individual tributary of th e  

d ra inage  sy stem  a s  a  prohibitively ex tensive stream -gag ing  netw ork would be 

n e e d e d  for th is pu rpose . Therefore, sim ulated d ischarge  te n d s  to be  hypothetical 

on a  m ore local sca le . In fact, it is generally  im possible to ad eq u a te ly  rep resen t 

all spatial variations in a  real system .

Upper R an cocas flow system

Physiography o f the Upper Rancocas drainage system

A three-d im ensional, s tead y -s ta te  flow m odel of U pper R an co cas  

d ra in ag e  sy stem  of Central New Je rse y  w as developed . The m odeled  a re a  

e n c o m p a sse s  a  part of the  P ine B arrens an d  is within th e  Atlantic C oasta l Plain
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physiographic province. T he landform is charac terized  by low relief; the  highest 

e levations a re  abou t 235 feet an d  a re  located  along th e  topographic divide which 

m ean d ers  in th e  north-south direction (see  figure 84). D rainage within th e  upper 

R an c o cas  sy stem  is to the w est of th e  divide tow ard the  D elaw are River. Surface 

s lo p e s  typically vary betw een  2 to 10 feet/mile. B ecau se  of th e  low relief, 

sw am ps, im poundm ents, an d  w etlands a re  w idesp read  fea tu re s  of the  

lan d scap e .

Hydrogeology

T he U pper R an c o cas  w a te rsh ed  drains a  portion of the  

K irkw ood-C ohansey aquifer system ; the  units com prising th e  system  a re  part of 

a  layered  s e q u e n c e  of unconso lidated  m arine d ep o sits  of Tertiary a g e  th a t dip to 

th e  ea s t-so u th e a s t. Figure 85 sho w s a  generalized  section  of th e  hydrogeologic 

units tha t im m ediately underlie th e  w atershed . The C o h an sey  S and , th e  upper 

portion of th e  aquifer system , is predom inantly a  quartz  s a n d  tha t con ta ins minor 

am oun ts  of pebbly san d , silty an d  clayey san d , and  in ter-bedded  clay. T he 

Kirkwood Form ation form s the low er part of the  aquifer sy stem  an d  co n s is ts  of 

fine to  m edium  sa n d  and  silty san d . T he Kirkwood g rad es  down to  a  m assive 

clay a t the  b a se  of the  system  an d  functions a s  an  aquiclude below  th e  aquifer. 

T he P iney Point Aquifer underlies part of th e  Kirkwood and  is se p a ra te d  from the 

overlying aquifer by 50 to 100 feet of basal Kirkwood clay. It underlies the  

e a s te rn  boundary  of the  m odeled a re a  under the  divide. In con trast, th e  w estern  

boundary  of the  m odeled a re a  is underlain by th e  ea s te rn  m argin of the
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Figure 84--Map of New Jersey showing primary drainage network, drainage 
divide and outline of the Upper Rancocas drainage basin.
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\  Baŝ <  
\ Ba . ,n a 0 o ^
•• c o n ^ ' n9

Piney Point Aquifer

Vincentown-Manasquan Confining Unit

Navesink-Homerstown Confining unit 

Wenonah-Mount Laurai Aquifer

SC^e

s e c ^
sVao'

. nMd<oQe° 
|\M^9

,\oQ'c
AUf©5

o t ^ e \3p P e t

P\PurenL s  ^ptaac00



158

Vincentown aquifer; it is se p a ra te d  from th e  overlying K irkw ood-Cohansey 

aquifer by about 200 feet of th e  V incentow n-M anasquan Confining unit 

(R hodeham el, 1973, Z apecza , 1989).

T he top  layers of the  Kirkwood Form ation a re  hydraulically con n ec ted  to 

the  overlying C o h an sey  sa n d s . The th ickness of the  m odeled system  varies from 

abou t 360 feet, under the divide, to 0 at th e  updip limit to th e  w est w here the  

b asa l layers of the  Kirkwood crop out. Flow in the  aquifer is unconfined, although 

in ter-bedded  clays c rea te  locally confined flow conditions.

Finite-difference Formulation

Figure 86 show s the  horizontal division of the aquifer an d  sim ulated 

d ra in ag e  network of the  system . The m odeled aquifer is divided into two layers 

of even ly -spaced  blocks 1500 x 1500 feet. The perim eter of th e  model 

rep re sen ts  th e  trace  of hydraulic su rfaces; the dash -doub le-do tted  lines a re  

w a te rsh ed  boundaries and  include a  seg m e n t of the  regional d ra inage  divide. 

The solid line along th e  top rep re sen ts  the  updip ex tent of the  outcrop of the  

Kirkwood Formation. The d ra inage network is sim ulated  a t cells show n with 

o c tag o n s  within the  blocks; th e se  cells function a s  h ead -d ep en d en t s e e p a g e  

boundaries. T he s tream s in th e  system  are  effluent, and  th e  s tream  network 

se rv e s  a s  th e  sy stem 's  m ajor sink. The bottom  of th e  system  is m odeled a s  a  

h ead -d ep en d en t s e e p a g e  boundary  in o rder to sim ulate s e e p a g e  to the  Piney 

Point aquifer an d  s e e p a g e  from the Vincentown Aquifer to th e  north. T h ese  

aquifers w ere not explicitly rep resen ted  in th e  model.
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Figure 86--Horizontal discretization of aquifer and drainage network. Grid spacing is 
1500 X 1500 feet. Octagons represent cells that function as drains. Dash double-dot 
lines indicate watershed boundaries. Thick solid line shows updip extent of Kirkwood 
Formation in modeled area. Dashed rectangle is sub-area of model analysed in 
detail (see figures 92a and 92b); area includes McDonalds and Middle Branch 
basins and part of the regional drainage divide.
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Figure 87 show s th e  vertical division in a  generalized  section  of the  

sy stem  from th e  divide to  outcrop of th e  Kirkwood. T he two lithologic 

co m p o n en ts  of the  K irkw ood-Cohansey hydrologic unit a re  rep re sen ted  by 

s e p a ra te  m odel layers excep t along the  zone w here the  Kirkwood cro p s  out. The 

th ick n ess  of th e  C o h an sey  S an d  is a ssu m e d  to be tw o-thirds of th e  total aquifer 

th ickness. D ata from geophysical logs on th e  altitude of the  b a se  of the  Kirkwood 

form ation w as  u sed  to determ ine total aquifer th ickness (Z apecza , 1989). In 

actuality, th e re  is no distinct con tac t nor m arker-bed  that s e p a ra te s  the  lithologic 

units. However, th e  w ater transm itting properties of the  C o h an sey  S a n d  a re  

co n sid e red  to be  g rea te r  then  th o se  of the  Kirkwood Form ation an d  are , 

therefore , rep resen ted  by different layers in o rder to assig n  distinct conductivity 

v a lu es  to  e a c h  unit.

An aquifer te s t  w as perform ed in th e  W harton Tract a re a  in 1960, about 

2 .5  miles sou th  of Batsto, for th e  pu rpose  of determ ining th e  effects of induced 

infiltration from th e  Mullica River on the  ad jacen t aquifer (Lang and  

R hodelham el, 1963). The te s t indicated a  transm issivity of abou t 20 ,000  ft2/day  

an d  w as thought to rep resen t v a lu es  for the  entire K irkw ood-C ohansey aquifer. 

However, well logs from the  study  an d  ad jacen t a re a s  indicate that C o h an sey  

s a n d s  have higher conductivities than  the Kirkwood Form ation. C onsequently , a  

conductivity value of 120 ft2/day  w as u sed  for the  C o h an sey  S an d  and  a  value of 

60 ft2/day  w as  u sed  for th e  Kirkwood Form ation. A horizontal to vertical 

an iso tropy ratio of 10 to 1 w as a ssu m e d  for each  unit. T he conductivity an d  

rech arg e  v a lu es  w ere ad justed  by trial and  error until h ead  v a lu es  and  b a se
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GENERALIZED SECTION SHOWING VERTICAL 
DISCRETIZATION OF AQUIFERS

Explanation

C o h an sey  S an d
Not to scale

Kirkwood Fm

Model cells

Figure 87--G eneralized  section showing relation of aquifer units and  m odel 
layering in U pper R an co cas  flow model.
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flows m atched  values recorded  in wells an d  gaging sta tions within th e  a rea . 

T able 3 show s hydraulic p a ram ete rs  u sed  in the  calibrated  sim ulation:

Flow Operations of the System

Figure 88 illustrates the genera l flow patte rns in a  rep resen ta tive  c ro ss  

section  of the  system . About 50%  of the  av erag e  precipitation in th e  a re a  (45 

inches p er year) rech arg es  the system . R echarge  that en te rs  th e  system  at the  

divide m oves vertically dow nw ard tow ard the  b a se ; so m e g roundw ater s e e p s  

through the  basal clays and  into th e  Piney Point aquifer. Most groundw ater 

travels  horizontally aw ay from th e  divide to th e  w est and  eas t; for th e  m odeled 

a re a  flow m oves to the w est in th e  updip direction. D eep er groundw ater rises 

and  m ixes with shallow  groundw ater, an d  finally s e e p s  to local su rface  

d ep ress io n s  o r d isch a rg es  into s tream s. A sm all quantity of groundw ater s e e p s  

upw ards from the  Vincentown Aquifer n ea r th e  w estern  border of the  system .

Comparison of Rancocas and hypothetical systems

Major Dissimilarities

It is c lea r th a t th e  irregularity of boundaries, variations in aquifer 

th ickness, an d  d rainage characteristics in the R an co cas  system  induce a  

different flow situation than  for tha t of th e  hypothetical model. For th is sy stem  

asym m etrical flow is the norm; the  nearly perfect bilateral sym m etry that 

facilitated the  evaluation of cause-and-effec t relationships of the generic  system
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HYDRAULIC PARAMETERS USED IN UPPER RANCOCAS FLOW
SIMULATION

HYDRAULIC CONDUCTIVITY (IN FEET/DAY):

Unit Horizontal Vertical

Aquifers

K irkw ood-Cohancey
u pper 8 0 - 1 2 0 8 - 1 2
lower 60 6

Confinina Units

B asal Kirkwood - 2x1 O’4 -5x1 O'3
V incentow n-M anasquan - 5x1 O'4 - 2 .5x10'3
N avesink-H ornerstow n - 3x1 O'6 - 3x1 O'5

RECHARGE (IN INCHES/YEAR):

1 5 .0 -2 0 .0

Table 3



V in cen tow n  Aquifer

Kirkwood-Cohansey
Aquifer

Piney Point Aquifer

Figure 88--Generalized section of Upper Rancocas hydrologic system and flow 
operations in aquifer.
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is practically non-existent in th e  real-system  sim ulation. T he hydrologic divide 

h a s  an  irregular an d  m eandering trend  that follows the topographic highs. Flow 

ad jacen t to th e  divide a re a  m oves in d ivergent p a th s  aw ay from the  divide; the  

horizontal co m p o n en ts  of velocity, rep resen ted  a s  vecto rs in figure 89, show  that 

flow directions vary considerably  within th e  m odeled section . Flow directions 

range  from w est to so u th w est over a  relatively short d istan ce  n e a r  th e  divide 

a rea .

T he w ed g e -sh ap e d  th ickness of the  R an co cas  system  is unlike the  

uniform th ick n ess  of th e  hypothetical system ; th e  tapering  th ick n ess  of aquifer 

affects the  p a th s  an d  mixing of d e e p e r  flow and  of shallow  flow a t d ischarge  

a re a s .

A nother m ajor distinction betw een  the  two sy s tem s  is found in th e  

d ra in ag e  pattern . In th e  reference  system  th e  d ra inage  'netw ork' is rep resen ted  

a s  s ing le-stream  sy stem s with perfectly straight channels . Clearly, th e se  a re  

over-sim plifications of real d ra inage sy stem s but w ere u sed  to estab lish  

cau se-an d -effec t relations that would otherw ise not be  ap p aren t in m odels b a se d  

on actual sy s tem s. Flow in each  s tream  su b -system  of th e  hypothetical 

sim ulation is constra ined  by th e  d e e p e r  flow to the  su rface  body. In con trast, the 

d ra in ag e  pattern  of th e  R an co cas  system  is a  bifurcating s tream  network. In 

a re a s  w here  sm aller o rder s tre a m s join larger m em bers, th e  s tream  boundaries  

mutually interfere an d  affect the  sh a p e  of their flow su b -sy stem s. T he 

co n v erg en ce  of vec to rs  and  their in crease  in m agnitude n ea r the  d ra inage  

network is a lso  evident in figure 89.



166

1 2 3 Miles

Kilometers

Figure 89--Map view of horizontal velocity components represented as vectors 
in upper layer of modeled watershed area.
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Base flow and water-table profiles

T he sim ulated  b a se  flow along s tre a m s  in the  R an co cas  system  can  

ch an g e  abruptly from point to point an d  is unlike th e  sm ooth  parabolic pattern  of 

th e  hypothetical sim ulations. T he saw -tooth pattern  show n in figure 90 for South 

Branch sho w s a  typical base-flow  profile of the  system  (m ap view show n in 

figure 92b). T he pattern  is partly attributed to the  inability of the  finite-difference 

m odel to rep resen t the  continuous variation of s tream  channel s lo p es  a t larger 

sca le s . N odes th a t com prise th e  d ra inage network a re  s e t to  a  s tream -channel 

elevation. Only an  av e rag e  value of elevation can  be  specified for th e  s tream  

reach  rep resen ted  by th e  length of the  block. S teep  g rad ien ts along th e  s tream  

a re  approxim ated in s te p s ; s tream  grad ien ts over short re a c h e s  canno t be 

rep resen ted  w hen they  a re  sm aller than  the s ize  of blocks. H ence, the  m ore 

sub tle  an d  continuous variations in b a se  flow elude th e  finite-difference 

formulation a t a  c o a rse  sca le . B ecau se  c h an g e s  in s tream  channel profiles in the 

hypothetical sy stem  w ere sim ple and  m ore finely discretized  than th o se  of the 

R an c o cas  system , a  be tte r approxim ation of th e  continuous variation of b a se  

flow w as ach ieved .

Figure 90 also  show s oscillations of b a se  flow and  corresponding head  

profiles along th e  s tream  channel. B ase  flow of s tre a m s  can  d e c re a se  locally 

d u e  to natural diversion of groundw ater c a u se d  by com peting s tream  sy stem s or 

o ther s inks in th e  aquifer or even  b e ca u se  of local in c reases  in aquifer 

conductivity. S tream s m ay also  experience su rg e s  due  to local constriction in the 

aquifer. In all c a s e s , how ever, th e  b a se  flow is still proportional to the  difference



Ba
se

 
flo

w
, 

in 
cfs

 
H

ea
d,

 i
n 

fe
et

168

140.0

1 2 0 . 0

1 0 0 . 0

80.0

60.0

40.0

Stream channel profile 
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Distance along streambed, in hundreds of feet

Figure 90-Simulated groundwater discharge along reach of South Branch.
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in h ead  betw een  aquifer and  s tream b ed . In the  hypothetical sy s tem s  stream  

co n d u ctan ce  v a lu es for all n o d es  w ere uniform. In th e  R an co cas  system  the  

co n d u c tan ce  v a lu es a re  generally  quite variable a s  a  result of the  m odel 

calibration. T he d ischarge irregularities a re  effected  by th e se  co n d u c tan ce  

variations.

T he sh a p e  of the w ater tab le  for th e  R an co cas  system  is sim ilar to th a t of 

the  reference system  in sp ite  of the  d ra inage  and  aquifer heterogeneities. H ead 

v a lu es traced  along in ter-stream  positions a re  higher th an  for s tream  channels. 

Figure 91 show  th e  profile and  location of section  AA'; th e  familiar parabolic 

sh a p e  along th e  w ater tab le  is evident.

Source Areas of Flow to Streams

T he d ra inage  system  of th e  U pper R an co cas  com prises  th e  predom inant 

system  sink for the  surficial aquifer (92%); th e  rest of th e  groundw ater s e e p s  into 

the  P iney Point aquifer (se e  tab le  4). In m ost a re a s  of th e  basin  the  recharge  

a re a  co n sis ts  of a  m osaic of so u rce  a re a s  of flow that d ischarge  to different parts 

of th e  s tream  network. B ecau se  the  m odeled system  is d e e p e s t n e a r  th e  divide, 

th ere  is opportunity for d e e p e r  flow to  develop  there. S om e of this groundw ater 

s e e p s  into th e  underlying aquifer. However, m ost groundw ater traveling d e e p e r  

into the system  flows under the  local shallow  flow sy s tem s  above an d  m oves 

tow ard th e  su rface  to a  m ore d istan t part of th e  surficial aquifer. C onsequently , 

th e  recharge zo n e  n e a r  the  divide co n sis ts  of a  m osaic of so u rce  a re a s  of flow 

th a t d isch arg e  to th e  Piney Point, to local s tream s, o r to  h igher order s tream s
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GROUND-WATER BUDGET FOR UPPER RANCOCAS FLOW MODEL

P ercen t MGD1

In:

S urface  w ater
bodies 0.5 1.1

R ech arg e 98.3 195.3

Bottom leakage 1.2 2.4

O ut:

S urface  w ater
bodies 4.6 9.2

S tream s 87.3 173.5

Bottom leakage 8.1 16.1

1 Millions of G allons p er Day

Table 4
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Figure 91a--Lines of equal head in upper layer of modeled watershed area. 
Contour interval is 5 feet.

Figure 91 b--Water-table profile from divide to confluence at Rancocas Creek 
along A-A'.
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in a  m ore rem ote part of th e  s tream  network. In contrast, rech arg e  a re a s  n ea r 

the  divide of the  reference  sim ulation a re  so u rce s  of flow for the  su rface  w ater at 

th e  far en d  of th e  system  and  to  th e  rem ote part of th e  s tream  c h a n n e l .

Figure 9 2 a  is a  particle tracking sim ulation th a t sho w s th e  points of origin 

of flowlines that constitu te  the  contributing a re a s  of flow to  s tream  n o d es  located 

within a  su b -a re a  of th e  m odel {sub-area is show n a s  grey rectang le in figure 

86). T he contributing a re a  of flow that s e e p s  to the  P iney Point is a lso  show n. 

A reas that a re  blank a re  th e  so u rce  a re a s  to flow to s tre a m s  out of th e  su b -a re a  

in th e  system . Flow to s tre a m s  of different o rders and  to th e  P iney Point are  

differentiated by different sym bols. T here a re  so m e  similarities betw een  the  

s h a p e s  of th e  so u rce  a re a s  to s tre a m s  in this sim ulation an d  the  reference 

sim ulations. T he trailing-off u pstream  e n d s  of th e  s tre a m s  a re  evident in both 

sy stem s. T he seco n d  o rder s tre a m s  engulf the  first o rder s tream s. In general, 

th e  ca tchm en t a re a s  for h igher o rder s tream s a re  further dow nstream  and  will 

envelop lower o rder s tre a m s  to the d e g re e  that the  aquifer th ickness will permit. 

T he s tream  sy stem  Tibbs Branch on the left s ide  of figure 9 2 a  is an  exam ple. 

Also note th e  s e p a ra te  co m ponen ts  of the so u rce  a re a s  for South Branch.

B ecau se  of the  changing  co u rse  of the  groundw ater divide, flow d iverges 

aw ay from the  divide in a  range of directions from due  w est to due  south . This is 

evident in th e  varying orientations an d  bending of the  ca tchm en t a re a s . Also, the  

a re a s  a re  not evenly apportioned  around  the  s tream  ch an n e ls  a s  is the  c a s e  for 

th e  highly sym m etric reference m odel. Note the skew ed  apportionm ent of sou rce  

a re a s  along South an d  Middle Branch ch an n e ls  (see  figure 92b).
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E xplanation

S3 capture a rea  of first order stream s 
4- capture a rea  of second order stream s 
A capture a rea  of third order stream s 
X capture a rea  of seep ag e  to the Piney Point Aquifer 
□  node that behaves a s  sink in simulation

Figure 92a--Source a reas  of flow to first three orders of stream s and to Piney 
Point Aquifer within sub-area of modeled system. (Location of sub -area  is shown in 
figure 86. N am es of stream s is shown in figure 92b.)
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Figure 92b--Map of stream  system  within a  forty-eight square mile a rea  of the 
Upper R ancocas drainage system  near the regional divide. (Location shown in 
figure 86.)
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T h e se  d ep a rtu re s  from sym m etry  can  b e  attributed to the  varying proximity of a  

s tream  to  neighboring s tre am s an d  to varying d e g re e s  of channel sinuosity. In 

reality th e se  variations in s tream  channel distribution develop  in re sp o n se  to 

h e terogeneities  in aquifer m edia  an d  landform. However, the  m odel sho w s only 

th e  effect of s tream  channel distribution on th e  w atershed . T he local variations in 

aquifer m aterial a re  not m odeled  a t th e  regional sca le .

The R an c o cas  flow m odel a lso  d em o n stra te s  relations betw een  

contributing a re a s  of sm all-order s tream s and  basin s  in which they  occur. A 

b asin 's  physiographic bo rders do  not necessarily  coincide with th e  borders of 

so u rce  a re a s  of flow to  its s tream s. An exam ple is the  M cD onald's Branch basin. 

H ere th e  s tream  so u rce  a re a  ex ten d s  over its northern basin  boundary. In fact, 

flow to o th er first-order s tream s can  be traced  to recharge  a re a s  within the  

confines of M cD onald's branch basin, (see  C oopers  and  th e  left-bottom). This is 

true in sensitive parts  of the  w ate rsh ed  w here flow directions ch an g e  over 

relatively sho rt d istances.

The so u rce  a re a  of flow to  th e  Piney Point is ad jacen t to  so u rce  a re a s  of 

first and  sec o n d  o rder s tream s; the  p re se n c e  of this flow su b -sy stem  affects the  

sh a p e  of flow in the  ad jacen t s tream  sy stem s. An indication of this observation 

can  be s e e n  a t the  upstream  end  of South B ranch 's ca tchm en t a rea . T he so u rce  

a re a  to th e  P iney Point em b ay s part of the  so u rce  a re a  of th e  nearby  s tream  

system s.

Figure 93 sho w s an  exploded view of the  limiting path lines that define the 

catchm en t a re a s  of flow to th e  P iney Point, M cDonald's Branch an d  South
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Figure 93--Exploded view of flowlines from source areas to Piney Point Aquifer, 
McDonald's Branch, and South Branch streams.
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Branch. In e a c h  flow su b -sy stem  th e  s h a p e s  a re  controlled both by th e  flow 

dynam ics within th e  su b -sy stem  and  mutual effects of th e se  an d  o ther sy stem s 

not show n.

RESIDENCE TIM ES AND GROUNDW ATER MIXING

The capability of determ ining residence  tim e of g roundw ater is im portant 

to applied hydrology, especially  with re sp ec t to determ ining how long it tak es  a  

constituen t that is introduced into an  aquifer system  to  reach  a  d ischarge  

boundary. B ec au se  s tre a m s  function a s  natural sink netw orks for portions of the 

aquifer sy stem  (and in so m e  sy s tem s  for significantly large portions), th e  issue  of 

g roundw ater resid en ce  tim es in s tream  sy s tem s  is of in terest to s tu d ie s  involving 

so lu te  transport.

F igures 23 an d  27  d em o n stra ted  how d isch arg e  to  a  point on the  s tream  

channel could originate from widely different so u rce  localities within the  s tream 's  

ca tchm en t a rea . The flow p a th s  that converged  a t a  point on the  channel 

originated from both shallow  an d  d ee p  parts of the  s tream  system . In genera l the  

travel tim es of g roundw ater a re  related  to the  length of flow p a th s  a s  w as show n 

in figure 27. Short flow p a th s  typical of shallow  flow usually m ean  short 

resid en ce  tim es w h ereas  long flow p a th s  of the  d e e p e r  sy stem  a re  e q u a ted  to 

longer resid en ce  tim es. This observation  is, to so m e  d eg ree , an  

oversimplification b e c a u se  sho rt flow p a th s  in o r n ea r stagna tion  zo n e s  can  

travel a t exceedingly  slow  ra tes  d u e  to low gradients.
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Relation between residence time and stream-source area

D ischarges to a  point on th e  s tream  channel will have a  range of 

resid en ce  tim es. Figure 9 4 a  illustrates the  configuration of contributing a re a s  

a sso c ia ted  with two points of d ischarge  on the  channel. T he first d isch arg e  point 

is located  abou t 1.3 miles dow nstream  from the  start-of-flow. T he so u rce  a re a  for 

this point is the  sm aller, innerm ost, concentric  band. Its range of resid en ce  tim es 

v aries  from g rea te r  than  zero  to  abou t 89 years. In this upstream  section  of the  

s tream  channel the  residence-tim e range  is not ex trem e b e c a u se  m ost flowlines 

a re  relatively short an d  restricted to th e  shallow  system . In figure 22 they  are  

rep resen ted  by the  sm allest 'n e s te d  shell' of flow lines.

The se co n d  d ischarge  point is located a t 5.1 miles dow nstream  from the  

start-of-flow. Its contributing a re a  is th e  outer, larger band. T he range  of 

resid en ce  tim es a t this point v aries  from g rea te r than  0 to abou t 272 years. Flow 

that orig inates from rem ote localities within the  s tre a m 's  ca tchm en t a re a  travel 

longer and  d e e p e r  p a th s  in the  system ; w hen so m e of th e se  eventually 

d isch arg e  a t point two, they  mix with shallow  flow that a lso  d isch a rg es  to this 

point. In figure 24 th e se  flow lines would be em b ed d ed  in the  relatively larger 

'n e s te d  shells '. The range  of resid en ce  tim es for point two is w ider than  that of 

point one.

Points of d ischarge  located  n e a r  the  s tream 's  term inus would show  the 

w idest range  of residence  tim es b e c a u se  the limiting flow lines originating 

c lo ses t to th e  divide d ischarge  to this point along with the  ad jacen t shallow  flow.

It is ap p aren t th a t the  range of resid en ce  tim es for any  point along th e  s tream
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start-of-flow

Figure 94a--Contributing areas of flow to nodes 60 and 100 of the center stream 
in the 'Reference' system. Residence times of flow that discharges to node 60 
range up to 89 years whereas those of node 100 range up to 272 years.

Figure 94b-Contributing areas of flow to nodes 60 and 100 of the center stream 
in the 'Thin Aquifer' system. Residence times of flow that discharges to node 60 
range up to 164 years whereas those of node 100 range up to 357 years.
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channel is a  function of position betw een  th e  start-of-flow and  th e  s tream  

term inus, with higher ran g es  a sso c ia ted  with increasing d is tan ce s  from 

start-of-flow.

It should  be  em p h asized  that, in practice, it is difficult to define o r quantify 

w hat constitu tes shallow  and  d e e p  flow. In fact, resid en ce  tim es are  sensitive to 

sy stem  p aram ete rs  and  boundaries. In figure 94b an  identical resid en ce  time 

determ ination w as m ade for th e  shallow -system  sim ulation. A com parison  of the  

resid en ce  tim es of ca tchm en t a re a s  for the  sa m e  two d isch arg e  points show  how 

a  shallow  system  affects their distribution. Although the  sy stem  h a s  a  relatively 

shallow  aquifer, th e  flow lines a re  m ade to travel longer d is tan ce s  and  h en ce  

groundw ater residence  tim es for d ischarge  to th e  s a m e  points have a  higher 

range that for the  reference system . T he range of tim e is from g rea te r  than  zero 

to 164 y ea rs  for th e  d ischarge  point c lo se st to the start-of-flow, and  from g rea te r 

than  zero  to 357 y ea rs  for th e  point further dow nstream .

Temporal relations in sections of stream sub-system

The previous d iscussion  focused  on areal relations with re sp ec t to groundw ater 

rech arg e -d isch arg e  locations and  the  asso c ia ted  residence  tim es.

C ro ss-sec tio n s  also  reveal information regarding the  distribution of travel tim es in 

different parts of the  s tream  sub-system . The ch an g e  in distribution of travel 

tim es with d is tan ce  along the  s tream  is clearly d em onstra ted  by tra n se c ts  

show ing lines of equal a g e  ac ro ss  th e  s tream  channel (figure 95).
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Figure 9 5 -L in es  of equal a g e  along th ree  tra n sec ts  betw een inter-stream  
divides of the  cen te r stream  for the reference system .
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The tra n se c t from row 4 7  is located 500 feet dow nstream  from the  

start-of-flow. Lines of equal a g e  of up to 500 y ea rs  a re  show n. T he a g e  con tours 

a re  generally  parallel to the  su rface  but bulge slightly upw ard u n d er th e  s tream . 

The line of equal a g e  c lo sest to  th e  free su rface  is ten  y ears. T he a g e  of 

g roundw ater d ischarging to th e  channel is relatively young, abou t ten  y e a rs  or 

less , with no mixing of o lder w aters.

T he section  along row 60, located  1.3 miles from th e  start-of-flow, is 

similar to th a t of the  previous section  excep t that lines of equal a g e  from 100 

y ea rs  and  le ss  a re  deflected  upw ard directly under th e  channel. Also, all a g e  

lines a re  slightly c lo se r to th e  su rface . The section  indicates th a t sm all quantities 

of o lder w ater in th e  range  of 10 to 25 y ears  old d ischarge  with th e  younger 

w ater. T he ten -y ea r line of equal a g e  is b reach ed  at the  s tream  channel.

T he section  along row 100 is located  abou t 5.1 m iles further dow nstream  

from th e  start-of-flow. Along th e  s id es  of the  section  th e re  is a  d ec reasin g  ag e  

grad ien t from the  bottom  upw ard; here  a g e s  in c rease  m ore rapidly with dep th . 

Directly under the  s tream , how ever, the  lines of equal ag e  a re  deflected  upw ard 

in a  spike-like m anner. This ind icates that 'older' g roundw ater rises  upw ard at 

the  c e n te r  of the  s tream . 'Y ounger' w ater d isch a rg es  ad jacen t to th e  o lder w ater. 

The ag e  gradient within th e  narrow  width of th e  s tream  bottom  is extrem ely 

s te e p  and , at the term inus, ran g es  from g rea te r  than  zero to ab o u t 360 y ea rs  

old. T he sp ike of o lder w ater c re a te s  a  discontinuity in section  a c ro ss  the  s tream . 

Therefore, d isch arg e  along this reach  would consist of a  range of a g e s  from 

about 250 y ea rs  a t th e  cen te r  to le ss  then  10 y ea rs  n e a r  th e  ed g es .
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This a g e  discontinuity is a lso  ap p aren t in th e  m ap view of a  su rface  of 

equal a g e  show n in figure 96. T he su rface  is approxim ated  by points on 

path lines th a t indicate 20 y ears  of travel within th e  surficial aquifer for particles 

originating on th e  w ater tab le. T he pathlines w ere g e n e ra ted  from four evenly 

sp a c e d  particles for each  cell on the  w ater tab le  within the  ce n te r  s tream  area . 

T h e se  points a re  show n a s  a  projection to th e  top of th e  m odel. From th e  figure it 

is evident th a t a  b reach  beg ins 25,000 feet from the  divide an d  continues to 

w iden with d istan ce  dow nstream . Within this b reach ed  a re a  'older' groundw ater 

s e e p s  upw ard an d  d isch a rg es  to  th e  s tream  ch an n el a s  show n in th e  tran sec ts .

If a  line of wells w ere s c re e n e d  a t regular horizontal and  vertical positions 

along a  tra n sec t to a  s tream  a t so m e  d is tan ce  from th e  start-of-flow, it should  be 

possib le  to m ap groundw ater a g e s  in a  m an n er sim ilar to figure 95 if 

g roundw ater sam p le s  from e ac h  well could be dated . Such  an  analysis  would 

indicate possib le  ran g es  of a g e s  for g roundw ater d ischarging to  a  limited a re a  

an d  a  s e n s e  of mixing would, thus, be gained . In practice, how ever, th e re  a re  

so m e  limitations. V arious dating tech n iq u es  rely on different chem ical principles 

for their effective application; a  given aquifer system  m ay not have the 

p rerequisite  chem ical environm ent. Also, dating s tra teg ie s  have various tem poral 

s c a le s  of application which m ay not be  su itab le in a  particular section.

(O ne exam ple of a  potentially useful techn ique is dating iso topes that 

naturally occur in groundw ater su ch  a s  14C. B ecau se  the  half-life of the  isotope is 

5730 y ea rs  14C is su itab le for dating relatively old w ater. G roundw ater ag e  is 

corre la ted  to the  rate  a t which th e  activity of 14C d e c re a se  with tim e. T he ag e
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refers to th e  period of tim e th a t h a s  e lap se d  s ince  w ater h a s  traveled  into the  

aquifer sy stem  so  a s  to be iso lated  from the a tm osphere , the  p resu m ed  so u rce  

of th e  14C. T he techn ique a s su m e s  that the  groundw ater system  is c losed  

relative to o ther so u rce  of C arbon. This approach , of co u rse , b eco m es 

problem atic w hen an o th er so u rce  of C arbon m ixes with atm ospheric  C arbon, 

su ch  a s  the  dissolution of lim estone or from oxidation of organic m aterial. In 

such  c a s e s , an  ad justm en t factor m ust be u sed  if th e  so u rce  of th e  additional 

C arbon can  be determ ined . T he resid en ce  tim e-source a re a  relations that w ere 

heretofore d isc u ssed  would be useful for determ ining o ther C arbon so u rces .)

A nother perspective on a g e  relations in s tream  su b -sy stem s can  be  se e n  

by determ ining th e  relative proportions of 'younger' an d  'older' w ater that 

d isch arg e  along th e  s tream  channel. A ssum ing, for the  m om ent, th a t in this 

sy stem  resid en ce  tim es of 20 y ea rs  or le ss  a re  young an d  resid en ce  tim es 

g rea te r  th en  200 y ea rs  a re  old, then  it can  be s e e n  that o lder groundw ater 

b eco m es  a  progressively  larger com ponent of d isch arg e  with d istance  

dow nstream .

The variation in th e  proportion of young w ater to o lder w ater is show n in a  

plot (figure 97a) of base-flow  distribution along the  s tream  channel. T he divisions 

in this plot a s su m e  that young w ater is le ss  than  20 y ea rs  of a g e  an d  very old 

w ater is g rea te r  th an  200 y ea rs  of ag e . Thus, th e re  a re  th ree  a g e  groups for 

w ater. The plots a re  actually a  tally of th e  maximum travel tim es of path lines, 

u se d  in the  sim ulation, that term inate  along the  s tream  channel. Their 

distribution reflects th e  parabolic variation of d ischarge  from start-of-flow to
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§H <20 years 

>20 <200 years 

IH >200 years

D istan ce  along  s tre a m  from start-of-flow  to  s tre a m  te rm in u s  
( in c rem en ts  a re  5 0 0  fe e t w ide)

Figure 97a--Distribution of base flow in terms of number of pathlines that 
discharge along stream channel shown as proportions of ’young’, ’middle-aged’, 
and ’old’ water.

Figure 97b-Distribution of base flow in terms of normalized number of pathlines 
that discharge along stream channel shown as normalized proportions of 
’young’, ’middle-aged’, and ’old’ water.
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stream  term inus sim ulated  by th e  flow model. The proportion of young w ater 

along th e  s tre a m 's  length follows th e  parabolic sh a p e  of total b a s e  flow along the 

s a m e  length. However, co m p ared  to the  o lder w ater, young w ater m ak es  up a  

progressively  d ec reasin g  fraction of s tream  d ischarge  with d is tan ce  dow nstream . 

Very old w ater d o e s  not begin to d ischarge  until abou t 3 .4  m iles from the  

start-of-flow. Figure 97b sho w s a  norm alized version of th e  sa m e  ag e  

distribution.

Fate and residence times of contaminants

T he ab o v e  m odels of ca tch m en t a re a  and  resid en ce  tim e for s tream  

sy s tem s  can  be  u sed  for w ater quality m an ag em en t p u rp o ses  to d em o n stra te  

different sce n a rio s  for the fate an d  natural flushing tim es of con tam inated  

so u rc e s  in which constituen ts b eh av e  a s  conservative  tracers. T he following 

dem onstration  is p red icated  on th e  concep t of plug flow w here constituen ts 

in troduced into th e  g roundw ater sy stem  are  transpo rted  advectively:

C onsider th e  two hypothetical con tam inated  a re a s  labeled  A and  B in 

figure 98. It is a s su m e d  th a t th e se  con tam inants a re  conservative, and  a re  

introduced into th e  system  a t so m e  point in time within th e  a re a s  show n and  a re  

continuously re le a se d  thereafter. B ecau se  con tam inated  a re a  A is s tradd led  over 

the  ed g e  of th e  s tream  ca tchm en t a rea , part of th e  con tam inated  g roundw ater 

will d isch arg e  to th e  w ater body. T he a re a  that lies within th e  s tream  catchm ent 

a re a  will d isch arg e  along abou t 7.2 miles of s tream  channel beginning abou t



N
um

be
r 

of 
st

re
am

lin
es

 
th

at
 

te
rm

in
at

e 
at 

's
tr

ea
m

’ c
el

ls 600-t

500-

400-

300-

200 -

100-

D istance  a long  s tre a m  from  start-of-flow  to s tre a m  te rm in u s

m PLUME A

□ PLUME B

□ FRESH WATER

( in c rem en ts  a re  500  fee t w ide)

Figure 98--Relative proportions of contaminant A and B mixing with fresh 
groundwater along center stream channel if source areas A and B are 
continuous.
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3500 feet from th e  start-of-flow (node 46) to th e  term inus. However, th e  highest 

proportions will d ischarge  within a  1.6 mile reach  (betw een nodes 82 and  99).

In con tam inated  a re a  B, b e c a u se  it lies entirely within th e  s tream  

ca tch m en t a rea , it will eventually d ischarge to th e  s tream  along th e  reach  

betw een  3500 feet from th e  start-of-flow to node 72, abou t 2 .4  miles. T he 

h ighest concen tra tions will occur within a  1500 foot reach  (betw een n o d es  54 

an d  57). C ontam inant so u rce  B is c lo ser to the  s tream  than  is contam inant 

so u rce  A; its pathlines a re  sh o rte r and  le ss  d isp e rsed  than  th o se  from so u rce  

a re a  A.

Figure 98 sh o w s the  relative proportions of con tam inants an d  fresh 

g roundw ater th a t will d ischarge  to each  node along the  s tream  assum ing  

continuous s e e p a g e . Clearly, the  con tam inants m ake up relatively small 

proportions of d ischarge  even  a t their peak  quantities.

M aintaining the  assum ption  that con tam inan ts A and  B a re  continuously 

re le a se d  into th e  groundw ater system  after their initial introduction a t s ite s  A and 

B, it would tak e  abou t 92 y ea rs  for contam inant A to first a p p e a r  in the  s tream  

system  an d  abou t 245 y ears  for a  s tead y  s ta te  so lu te  transport condition to 

develop  with re sp ec t to the  s tream . It would take  over 252 y ears  for all flowlines 

originating at th e  A-site to com pletely sw eep  through th e  system  an d  d ischarge 

to both the  s tream  an d  su rface  w ater body. It would take  abou t 7 y ears  for 

con tam inant B to first ap p ea r  in th e  s tream  system  but abou t 84 y ea rs  for a  

s te a d y  s ta te  condition to develop.
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If th e  con tam inan ts a re  introduced into the  system  an d  then  d iscontinued 

after a  short interval of time, th e  con tam inants would m ove through the  system  

a s  a  plug th a t would flush out of th e  system  at different tim es and  to  different 

re a ch e s  along the  stream . T he con tam inan ts would reside  longer in the  aquifer if 

th ey  followed pathlines d ischarging farther dow nstream . Also the  fresh 

groundw ater th a t m ixes in would have a  w ider range of resid en ce  tim es.

For exam ple, an  analysis  of th e  path lines discharging to node 89, a s  

illustrated in figure 98, would show  th a t abou t 5%  of flow would originate from 

so u rce  A. However, b e c a u se  their resid en ce  tim es range from 150 to 200 years  

the  p e rcen tag e  of con tam inated  flow would be  lower than  that a t any  instan t in 

time. The fresh  w ater that d isch a rg es  with th e  con tam inant would range in a g e  

from a  little g rea te r  than  0 to well over 200 years.

Mixing of groundw ater from different so u rce  a re a s  is im portant for 

determ ining th e  fate of so lu tes  tha t a re  transpo rted  in th e  system . T he s tream  

su b -sy stem  functions a s  an  effective mixing m echanism  especially  in th e  lower 

reach es . C oncen tra tions of a  constituen t introduced in the  system  m ay be 

a tten u a ted  b e c a u se  of mixing with fresh water.

S om e controlling factors on groundwater resid en ce tim es

Age pa tte rn s  in aquifer sy stem s a re  greatly affected  by aquifer th ickness, 

th e  p re se n c e  of confining units, an d  o ther factors. An exam ple of how residence 

tim es of g roundw ater a re  controlled by geom etric properties of aquifers is s e e n
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from evaluation of m odels of two different sy stem s, Long Island 's aquifer system  

and  the  U pper R an c o cas  system .

Long Island aquifer system

Figure 99 sho w s th e  lines of equal a g e  for a  rep resen ta tive  section  of 

Long Island 's aquifer sy stem  (Buxton and  Modica, 1992). T he system  co n sis ts  of 

th ree  aquifers and  two confining units. T he total th ickness v aries  from abou t 400 

feet a t th e  North S hore  to  well over 2000  feet n ea r an d  b en ea th  the  Atlantic 

O cean . B ec au se  of th e  g rea t th ickness an d  th e  retarding effect th a t clay deposits  

have on g roundw ater m ovem ent, g roundw ater a g e s  on the  o rder of th o u sa n d s  of 

y ea rs  a re  found in th e  system . G roundw ater tha t m oves through the  Raritan 

Confining Unit and  into th e  sou thern  portion of the  Lloyd Aquifer travels for 

ex trem e durations of g rea te r than  8000 y ears. However, a g e s  of ground w ater in 

the  M agothy ex ceed  2000  y e a rs  in the  off-shore a rea , even  though ground w ater 

d o esn 't p a s s  through the  Raritan Clay. An interesting p h en o m en a  is tha t the 

Raritan Confining Unit g e n e ra te s  an  a g e  discontinuity in the  M agothy Aquifer 

along th e  limiting stream line of flow n ea r th e  sou thern  shoreline; this stream line 

is a  hydraulic boundary  that s e p a ra te s  flow th a t s tay s  in the  M agothy from flow 

that m oves through the  confining unit.

Upper Rancocas aquifer system

The d ep o sits  in the  Atlantic C oastal Plain of New Je rse y  a re  m ore 

extensive, having m ore se q u e n c e s  of aquifers and  inter-layered confining units,
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Figure 99--Lines of equal age for representative cross-section of Long Island's 
aquifer system (after Buxton and Modica, 1992).
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th an  th e  d ep o sits  b en ea th  Long Island. At the  regional sca le  g roundw ater could 

attain g rea t a g e s , p e rh ap s  exceed ing  th o se  of Long Island 's sy stem , d u e  to the  

p re se n c e  and  g rea t th ick n ess  of confining units. T he U pper R an c o cas  S ystem  

constitu tes  a  relatively sm all su b -sy stem  of this larger com plex. Therefore , the  

sca le  an d  ex ten t of th e  R an co cas  m odel a re  not strictly com parab le  to Long 

Island 's m odel.

T he m odeled  portion of th e  R an c o cas  system  d o e s  not contain  ex tensive 

confining units excep t a t its b a se . T he m odeled aquifer h a s  a  m aximum dep th  of 

abou t 360 feet. Clearly, the  sh a llo w n ess  of th e  system  and  lack of confining units 

p reclude th e  propagation  of very  d e e p  pathlines and, consequently , long travel 

tim es. Figure 100 sho w s lines of equal residence  tim es. R ech arg e  originating 

along th e  respective tim e lines would tak e  th e  length of tim e indicated to travel 

through the  system . T he maximum tim e is abou t 200 y ea rs  (excluding ground 

w ater traveling through s tagna tion  z o n es  such  a s  might occur n e a r  hydraulic 

su rfaces).

Figure 101 sho w s th e  locations along path lines to w here partic les would 

tak e  20 an d  80 y ea rs  to travel through th e  groundw ater zo n e  w hen they  originate 

from a  line of partic les on colum n 42. B ec au se  the  R an co cas  m odel is 

th ree-d im ensional, the  a g e s  can  only be  show n a s  projections. T he tim e sym bols 

ten d  to d em arca te  lines of equal ag e . However, the  tim e lines show n are  

d iscontinuous. T he discontinuities rep resen t an  a b se n c e  of ran g es  of residence  

tim es in different locations an d  would a p p e a r  a s  holes in a  tim e su rface  sim ilar to 

that illustrated in figure 96.
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Figure 100--Map view of lines of equal residence time for recharge locations 
on the free surface in the Upper Rancocas system. Lines shown represent 20, 
80 and 140 year residence-time intervals.
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1 0 0 0 0  2 0 0 0 0  F E E T

Figure101--Path lines from column 42 of Upper Rancocas model projected to 
(A) map and, (B) cross-sectional views. Circles indicate 20 years of travel along 
path lines. Crosses indicate 80 years of travel.
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SUMMARY AND CONCLUSIONS

S everal hydrologic co n cep ts  that a re  specific to s tream  su b-system  flow 

and  its interaction with the  d e e p e r  g roundw ater zone have em erg ed  from an  

analysis of th e  hypothetical an d  real-world flow m odels. T he m odels u sed  in this 

study  involved num erical solutions to three-dim ensional, s tea d y -s ta te , 

unconfined flow sy stem s. Numerical solutions provide a  convenien t and  effective 

vehicle with which to analyze  com plex flow problem s tha t would not be possib le 

with analytical ap p ro ach es.

The co n cep ts  of s tream  su b -sy stem  flow and  interaction with the  regional 

flow can  be  applied to problem s involving th e  fate an d  advective transport of 

con tam inants an d  the  confluence of g roundw ater of different so u rce  a re a s  along 

s tream s. G roundw ater residence  tim es an d  ag e  distributions in aquifer sy stem s 

th a t have m ajor d ra inage  netw orks a re  also  understood  through an  analysis of 

flow pa tte rn s  in the  system . T he basic  hydrologic co n cep ts  derived from this 

study  can  be  sum m arized  a s  follows:

Bounding su rfaces  of s tream  su b -sy stem s d em arca te  z o n es  of interaction 

betw een  ad jacen t su b -system  flow regim es. T he su rfaces  a re  generally  not 

hydraulic su rfaces  excep t along the w ater table. In c a s e s  of flow sym m etry, 

s tream  lines can  coincide with bounding su rfaces  d e e p e r  in the  groundw ater 

zone. Bounding su rfaces  can n o t be  uniquely defined inasm uch a s  their position 

is sensitive to th e  sh a p e  and  position of the  flow -system  boundaries, w ater 

transm itting properties of th e  aquifer and  s tream , recharge , s tream  channel 

geom etry, an d  th e  disposition of o ther hydraulic sinks in the  system .
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Although hydraulic p a ram e te rs  affect s tream  su b -sy stem  flow in different 

w ays, the  following generalities can  be s ta te d  regarding s tream  sub -system  

geom etry: s tream  so u rce  a re a s  will tend  to be  sh o rte r and  narrow er in sy stem s 

w here hydraulic p aram ete rs  restrict d ischarge, and  flow lines will not p ropagate  

a s  deep ly  into th e  g roundw ater zone. C onversely, so u rce  a re a s  will be longer, 

w ider with rounder sh a p e s , an d  asso c ia ted  stream lines will p ropagate  d e e p e r  

into th e  aquifer in sy s tem s w here  hydraulic p a ram e te rs  c a u se  higher ra te s  of 

s tream  d ischarge. F acto rs th a t tend  to control s tream  d isch arg e  a re  recharge, 

s tream  s lo p e s  an d  profiles, channel geom etry  and  s tream b ed  deposits , and  

num ber of s tre a m s  in a  given w atersh ed  area . In creased  anisotropy in a  system  

will c a u se  so u rce  a re a s  to expand  over larger a re a s  of th e  free su rface  while 

limiting the  depth  of flow.

Thin aquifers constrain  vertical propagation of s tream  su b -sy stem  flow 

an d  c a u se  their so u rce  a re a s  to  tap  into larger a re a s  of th e  free su rface . Thin 

aquifer sy stem s limit the  developm ent of flow to m ore rem ote sinks or s inks that 

se rv e  a s  com m on d ischarge outlets for much of th e  w ate rsh ed  system . Regional 

divide a re a s  that a re  underlain by such  aquifers ten d  to have limited deep er, 

'regional' flow. Thick aquifers allow for developm ent of d e e p e r  flow sy stem s 

u nder local s tream  su b -sy stem s. Divide a re a s  in thick aquifer sy s tem s  generally 

contain  so u rce  a re a s  to rem ote d ischarge  outlets jux taposed  with local sou rce  

a re a s  of flow.

B ase  flow along a  gaining s tream  is related to th e  difference in h ead  in the 

aquifer and  th e  elevation of th e  s tream  channel. In an  unconfined system  a
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base-flow  profile a s su m e s  the  parabolic form of the  w ater tab le  for co n stan t or 

co n cav e  channel s lo p es . T he w ater tab le  is a  reflection of the  sy s tem 's  potential 

energy. S tream s low er the  w ater-table position an d  reflect the  d e g ree  to which 

they  d issipa te  en erg y  from th e  system .

T he lateral com ponen t of flow b eco m es  increasingly significant in zo n es  

ad jacen t to  th e  s tream  an d  with d is tan ce  dow nstream  from the  start-of-flow. The 

horizontal com ponen t of flow, in th e  direction aw ay from th e  m ajor hydrologic 

divide, in c re a se s  in m agnitude with d istan ce  down gradient especially  if th e re  is 

a  m ajor regional sink. Horizontal flow te n d s  to  b e  w eak er n ea r th e  divide. 

D ownward flow co m p o n en ts  a re  m ore significant n e a r  th e  divide a re a  in that 

horizontal flow is le ss  dom inant.

S tream s b eh av e  a s  line-sinks; they  induce com plex flow patte rns in a  flow 

field w hereby  flow from n ea r  an d  far so u rce  a re a s  a re  draw n into com m on 

d isch arg e  locations. Any point along the  s tream  tha t is dow nstream  from the  

start-of-flow rece iv es flow from a  rech arg e  a re a  s h a p e d  like an  e lo n g a ted  loop. 

T he rech arg e  a re a s  to points further dow nstream  a re  larger an d  en c o m p ass  

upstream  loops. T he flow field to each  su cc e ss iv e  reach  along a  s tream  a p p e a rs  

a s  nested , shell-like z o n e s  of flow that a re  interm ingled. Flow traveling from the 

perim eter of th e  so u rce  a re a  n e a re s t to the  divide travels the  longest, d e e p e s t 

path  in th e  s tream  su b-system  an d  d isch a rg es  a t th e  s tream  term inus.

The a g e  range  of g roundw ater that d isch a rg es  along the  s tream  v aries  a s  

a  function of d is tan ce  dow nstream  from the start-of-flow. T he ag e  of 

g roundw ater d ischarging just below  the  start-of-flow is relatively young and
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h o m o g en eo u s in a g e  but sh o w s increasing  range in a g e  dow nstream . D ischarge 

with th e  o ldest resid en ce  tim es in the  s tream  su b -sy stem  a re  found a t the  s tream  

term inus. R ech arg e  th a t en te rs  th e  s tream  sy stem  c lo se  to  th e  channel h a s  short 

resid en ce  tim es but m ixes with m uch older g roundw ater along th e  s tream .
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