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GROUNDWATER HYDROLOGY

STUDIES IN THE YARRAGIL

CATCHMENT, WESTERN

AUSTRALIA

by
P. RITSON, E. J. HERBERT and S. R. SHEA

SUMMARY
var ia t ions  in  g round\ ra te r  po ten t io tne t ! i c  head and sa l in i ty  in  18

bores  in  the  Yar lag i l  ca tchnent  were  s tud ied  f rom Mav 1975 lo  Apr i l  19?8.

A fu l tber  9  bores  l te re  e i ther  d rY or  conta ined insu f f i c ien t  ra te r  fo r

sampl ing  dur ing  lhe  s tudy  Per iod '

The lowland deep aqu i fe rs  were  sen i -conf ined.  The!e fo le ,  the

lespons€ t ime ]ag  be tween the  d is lu rbance o f  uP land fo res t  and the

response o f  s t lean sa l in i ty  may be  ]ess  than i f  deep aqu i fe ls  were  a l l

unconf ined.  Th is  has  imPl ica l ions  fo !  cbe  lehab i l i ta l ion  o f  ca tch tn€nts

u i th  a  h igh  sa l in i ty  hazard .  The t ime ava i lab le  to  res to le  the

hydro log ic  ba lance to  P .event  an  adverse  inc lease in  s t ream sa l ln i tv  nav

be less  lhan has  been assumed.

Bore  hydrograPbs showed tha t  g loundwater  Poten t iomet r ic  bead

increased dur ing  la te  w in te r  and spr ing  and decreased du ! ing  sumer  and

autumn.  Th is  seasona l  pa tcern  in  va l ley  bores  was a t l r ibu ted  main lv  !o

seasona l  var ia t ion  in  v ta te r  uPtake by  P lan l  roo ts  f lon  so i l s  con t iguous

wich  the  sa tura ted  zone.  But  the  resu l ts  d id  noL show i {he ther  the  sane

app l ied  lo  mid-s lope and d iv ide  bores  or  whether  seasona l  var ia t ion  in

!a in fa l l  ra te  (and there fore  groundwaler  lecharge ra le )  had g lea ter

e f fec t  in  de te .n in ing  the  shape o f  n id -s loPe and d iv ide  bore  hvdrographs .

sa l in i ty  in  bores  f luc lua led  w ide ly ,  l t i th  d is t inc !  peaks  and t roughs

ev ident  in  a l l  bo les .  There  l 'as  no  obv ious  seasona l  pa t te rn  l vP ica l  o f

s t lean base f low sa l in i ty  was  ca lcu la ted  fo !  subcatcbnents

conta in ing  bores ,  In  subcatchments  t r i th  a  h iqh  s t !€an base f lo t

sa l in i ty ,  bo le  wa le !  sa l in i t y  (a  g roundwate !  sa l in i tv )  was  a lso  h igh  bu !

the  converse  d id  no !  a lsays  aPPIY.
t
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INRODUCTION
H y d r o l o g y  o f  t h e  Y a r r a g i l  C a t c h m e n L ,

wh ich  is  cent ra l l y  l -oca ted  j .n  the
i n t e r m e d i a t e  r a i n f a l l  z o n e  o f  t h e  n o r t h e r n
j a r r a h  ( E u c a l g p L u s  n a . r g i n a c d  S m .  )  f o r e s t
( F i g .  1 )  .  h a s  b e e n  i n L e n s i v e l y  s t u d i e d
s i n c e  1 9 7 3  a s  p a r l  o f  b r o a d s c a l e  s t u d i e s
o f  the  e f fec t  o f  changes in  fo res t
compos i t ion  and s t ruc tu re  on  water  qua l i t y
a n d  y i e l d  ( S h e a  e t  a L . ,  1 9 7 5 ) .

S tud ies  o f  the  groundwater  component
o f  the  hydro log ic  cyc le  commenced in  1975
wi th  the  es tab l i shment  o f  a  ne twork  o f
cored  bore  ho les  to  de tern ine  the
d i s t r i b u t i o n  o f  s o i l  s a l t s  ( t l e r b e r L  e t  a i . ,
1978)  and to  measure  groundwater
p o t e n t i o n e t r  i c  h e a d r  a n d  s a l i n i t y .  T h e
o b j e c t i v e  w a s  t o  c h a r a c t e r l z e  t h e
groundwater  hydro log ic  reg ime under  na t ive
f o r e s t  s o  t h a t  a n y  c h a n g e s  i n  s t r e a m  w a t e r
q u a l i t y  a n c i  y i e l d  c a u s e d  b y  a l t e r a t i o n s  t o
the  fo res t  cou ld  be  more  eas i l v  p red ic ted .

In  th is  paper  we cover  two aspec ts  o f
the  groundwater  s tud ies  in  Yar rag i l
C a t c h m e n t .  F i r s t l y ,  w e  r e p o r t  t h e
var  ia t ion  in  g roundr , /a te r  po ten t iomet r ic
head and sa l in i ty  w i th in  and be tween bores
and d iscuss  the  resu l ts  in  re la t ion  to
fo res t  management .  Second ly ,  we descr ibe
in i t . ia l  a t tenpts  to  es tab l i sh  cor re la t ions
between sa l t  concent ra t ions  in  ca tchnents
( to ta1  sa l t  s to rage per  un i t  a rea  o f
ca tchment  and groundwater  sa l in i ty )  and
s t ream sa l  in  i  t y .

r T h e  p o t e n t i o m e t r i c  h e a d  i s  t h e  h e i g h t  t o
wh ich  water  w i l l  r i se  in  a  we l l  penet ra t ing
an aqu i  fe r  .  I  f  the  aqu i  fe r  i s  unconf ined,
the  po ten t iomet r ic  head,  the  water  tab le
and the  sur face  o f  the  zone o f  sa tura t ion
a l l  c o i n c i d e .  H o w e v e r ,  i f  t h e  a q u i f e r  i s
conf ined or  semi -conf ined under  p ressure
the  r ra te r  tab le  i s  no t  de f ined and the
poten t io rne t r i c  head is  loca ted  above the
s u r f a c e  o f  t h e  z o n e  o f  s a t u r a t i o n  ( s e e

t t q .  o l .

N

D

A

E
A

N " U R "  o P " "  o *  o R a A
STATE FOFEST

L E G E N D

Bore  ho le  t ransec t

Water  sample  Po in t

Annua l  Ra in la l l  i sohyets

@

I
89Ornm

F I G U R I  1 :  Y a r r a g i l
water  sample  po in ts

|  5 k m  I

Catchment  showing loca t ion  o f
a n d  a n n u a l  r a i n f a l l  i s o h y e t s .

102Omm

bore  ho le  t ransec ts  '



METHODS

Cored bore holes
Tlrenty seven cored bore holes were

dr iUed at  n ine s i tes in  the Catchnent
(see Fig.  1)  .  The s i tes,  the nethods of
drill ing, piezometer enplacement and the
melhod for calculati.ng total soluble salts
vrere descr ibed by Herber t  e t  a- l .  (1978) .

In  the bores tbat  conta ined suf f ic i .ent
water for sampling, g roundvrater
potent iometr ic  head and sal in i ty  were
monitored monthly from May l9?5 to
December 1978.

The water 1evel in the bores was
rneasured with an electric probe and was
assumed !o be groundwater potentiometric
head .

Bore water  sa l in i ty  was est imated f ron
the e lect r ica l  conduct iv i ty  of  ba iLed
samples collected from the top two metres
of  water  ( i f  there was suf f ic ient  water)
us ing the equat ion

q  = - 3 6 . 5 2  +  7 . 0 5  x

w h e r e  y  i s  t h e  s a l i n i t y  i n  m g .  L - 1  t o t a l
d issolved sol ids (TDS) and I  is  the
elect r ica l  conduct iv i ty  of  the h 'ater  sanple
a t  2 5 o c  i n  m s . m - 1  ( H a t c h .  1 9 7 6 ) .

Stream bese f low s.linity
Stream sal in i ty  was neasured weekly

f rom 197{  to  1978 at  48 s i tes in  the
Yarragi l  catchnenl .  Base f low sal in i ty
was calcu lated as the mean of  the last
three weekly  sa l in j . ty  readings taken pr ior
to cessat ion of  s t reamfLow.

Regressiur Analysis
Regression analys j .s  was carr ied out

on pai red data of3

(1)  s t rean base f loh '  sa l in i ty l  (x)
and mean bore water  sa l in i ty
for  a subcatchnent2 ( r )

(2)  mean bore water  sa l ln i ty3 (x)
and tota l  sa l t  s torage4 ( r r ) ,

lBase f low sal in i ty  at  s tat ion nearest  to
and downstrean of  bores (see Fig.  1) .

2Mean of  nean bore water  sa l in i t ies of
bores in subcatchment.
3Mean of  month ly  determinat ions.
ecalcu lated f rom soi t  cores,  methods
descr ibed by Herber t  e t  a- l  .  (1978) .

and in bolh cases

U on x, .Ln q on X,
L n g o n . L n x w e E e

regress ion curves of
q o n l p l a n d

calcu lated.

RESULIS and DISCUSSION
Dry bores

One third of the bore holes r.rere
e i t h e r  d r y  ( h o l e s  1 , 3 ,  3 . 3 ,  4 . 3 ,  6 . L ,  7 . 3 ,
9 . 2 ,  a n d  9 . 3 )  o r  c o n t a i n e d  i n s u f f i c i e n t
water  for  sanpl ing (holes 4.2 and 6.2)
dur ing the study per  iod.

A11 of the dry bores ra'ere located in
d iv ide or  n id-s lope posi t ions.  They
indicate s i tes where there was no water
table (saturated zone)  dur ing the study
per iod.  However,  ephemeral  water  tab les
may forn at  these s i tes dur i .ng per iods of
above-average ra infa l l .  S imple sa l t
ba lance calcu lat ions ind i .cate tha!  there
must  have been at  sone t ime(s)  an output
of  sa l - t  in  la tera l  f lows f rom the s i tes of
lhe dry bores e i ther  in  ephemeral  water
tables or  in  unsalurated f low.  I f  there
ltere no output of salt, the salts stored in
the soi l  could have accumulated in  Iess
t h a n  1 0 0 0  y e a r s  a t  h o l e s  6 . 1 ,  7 . 3  a n A  9 . 2
a n d  l e s s  t h a n  5 0 0 0  y e a r s  a t  h o l e s  1 . 3 ,  3 . 3 ,
4 . 3  a n d  9 . 3 .  ( E s t i n a t e s  w e r e  b a s e d  o n
calcuLat ions of  sa l t  fa l l  by l l ingston and
Gai l i t is  (1976)  and of  sa l t  s torage by
H e r b e r t  e t  a l , ( 1 9 7 8 ) ) .  I t  s e e n s  r e a s o n a b l e
to assune that  sa l t  has been accunulat inq
for  longer  per  iods.

Aquifer confinement
I t  is  apparent  f rom the bore

hydrographs (F ig.  2)  that  the lowland deep
aqui fers were sern i -conf ined under  pressure.

Fi rs t ly ,  the groundwater  potent iometr  ic
h e a d  i n  t h r e e  v a l l e y  b o r e s  ( 2 . 1 ,  3 . 1  a n d
9.1)  rose above the land sur face dur ing the
study per iod,  prov id ing d j " rect  ev idence of
aqui fer  conf inenent .

Secondly,  F ig.  2  shows the in i t ia l
groundh'ater potentiometric head in all
bores was h igher  than the sur face of  the
saturated zone recorded at  the t ime of
dr i l l ing.  Di f ferences were greatest  in
val ley bores ( range 5.5 to  2.5 m) and least
i n  d i v i d e  b o r e s  ( r a n g e  1 . 4  ! o  0 . 4  m ) .  T h i s
indicates that  va l ley bores in tersected
deep aqui fers semi-conf ined under  pressure
and thal some mid-slope bores a.Lso
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in tersected deep aqui fers which were semi-
conf ined,  but  under  less pressure.  The
cornparat ive ly  smal l  d i f ferences between
the in i t ia l  groundwater  potent iornetr  ic
head and the sur face of  the satura led
zone recorded in  the d iv ide bores
indicates some deep aqui fer  conf inement .
This  is  possib le as the d iv ide bores
intersected deep aqui fers which had
possib le recharge areas upslope a long lhe
l ine of  the d iv ide,  However,  the recorded
di f ferences nay have been due to errors in
determin ing the exact  sur face of  the
saturated zone.

Fur ther  ev idence of  aqui fer  conf inement
is  apparent  f ron conpar isons of  groundvJater
potent iometr ic  head wi th the ver t ica l
pat terns of  sa l t  d is t r ibut ion obta ined
from analys is  of  cores col lected whi le
const luct ing the bore holes.  These core
data have been descr ibed by Herber t  e t  a_I .
( f978) ,  vrho found that  a "sa l t  bu lge ' ,
(accumulation of salt) was conmon above the
saturated zone.  F igure 3 shows a typ ica l

prof i le  h ' i th  a sa l t  bu lge between 5 and 12
netres.  We consider  the comparat ive ly
uni form dis t r ibut ion of  sa l t  be low the
sal t  bu lge to be due to d ispers ion of
sa l ts  j .n  the groundwater .  Prov ided there
has been no najor  recent  forest
d is turbance (and therefore a recent
increased recharge to the deep aqui . fer  due
to a reduct ion in  evapoLranspi  rat  ion
Iosses) ,  the locat ion of  the groundwater
potent ionetr ic  head wi th in or  above the
sal t  bu l ie  eepfQ indicate a semi-
c o n f i n e d  a q u i f e r .  o n l y  a t  s i t e  2 . 5  h a s
there been any najor  recent  forest
d is turbance,  yet  in  a l l  o f  the va1Iey bores
the groundwater  potent iometr ic  head rose
above the sal t  bu lge dur ing the study
per iod.  In  three of  the mid-s lope s i tes
l L 2 ,  2 . 2  a n d  8 . 2 )  t h e  g r o u n d h ' a t e r
potent iometr ic  head rose to wi th in the
sal t  buL9e but  in  a l l  o ther
s i tes groundwater  potent iometr ic  head
rernained below i t .

Seni-confined lowland deep aqu i fer s
may be conf ined below by bedrock,  but  i t  is
not  c lear  what  const i tu tes the upper
conf in ing layer .  Bet tenay et  a- I  ,  (1964)
concluded that  seni -conf ined aqui fers of
pal l id  zone c lay in  the Belka Val tey,
in land of  the nor thern jar rah forest ,  were
conf ined above by an aqu j .c lude of  e i ther
massive c lays or  haldened,  not t led zone
rnater ia l  (cap rock)  .  S i rn i lar  aquic ludes
may const i tu te the upper  conf in ing layer
of  sern i -conf ined aqui fers in  the nor thern
j a r r a h  f o r e s t .

Seasonal variation in groundwater
potentiometric head

Al l  o f  the  bores  showed a  ne t  dec l ine
in  g roundwater  po ten t iomet r ic  head dur ing
t h e  s t u d y  p e r i o d  ( s e e  F i g .  2 ) .  W e
a t t r i b u t e  t h i s  t o  a  d e c l i n e  i n  r a i n f a l l
f ron  above average in  1973 and 1974 to
be low average dur ing  each year  o f  the  s tudy
p e r i o d  ( 1 9 7 5  t o  1 9 7 8 ) .

Super j .nposed on  the  t rend o f  a  ne t
dec l ine ,  the  bore  hydrographs  (see F ig ,  2 )
a lso  show a  genera l  inc rease in  g roundwater
po ten t j .omet r ic  head in  la te  w in te r  and
spring followed by a decline in surnmer and
autumn.  Th is  pa t te rn  cou ld  be  exp la ined
by  seasona l  var ia t ion  o f  e i ther  d ischarge
f ron ,  o r  recharge to ,  the  groundwater .

Discharge f rom the groundwater  could
vary wi th the rate of  h 'a ter  uptake by p lant
roots f rom the soi l  cont iguous wi th the

t
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F I G U R E  3 :  V e r t i c a l  d i s t r i b u t i o n
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groundwater .  S tud ies  o f  the  water
r e l a t i o n s  o f  j a r r a h  b y  G r i e v e  ( 1 9 5 6 )  a n d
D o l e y  ( 1 9 6 7 )  i n d i c a t e  t h a t  j a r r a h  i s  a
prod ig ious  water  user  wh ich  main ta ins  o r
inc reases  t ransp i ra t ion  ra tes  f rom spr ing
in to  summer  desp i te  a  cons iderab le  dec l ine
in  sur face  so i l  rno is tu re  dur ing  th is
p e r i o d .  w a t e r  u p t a k e  b y  j a r r a h  r o o t s
f ro rn  deep in  the  so j . l  wou ld  there fore  be
greates t  in  sunmer  ( i .e .  when groundwater
po ten t iomet r ic  head j .n  bores  fa l l s )  and
l e a s t  i n  w i n t e r  ( i , e .  w h e n  g r o u n d w a t e r
p o t e n t i o m e t r i c  h e a d  i n  b o r e s  r i s e s ) .  T h e
c o n c l u s i o n  t h a t  j a r r a h  i s  c a p a b l e  o f
w i thdrawing  water  f rom deep in  the  so i l  was
c o n f i r m e d  b y  K i n b e r ' s  ( 1 9 7 4 )  o b s e r v a t i o n s
o f  j a r r a h  r o o t s  i n  b a u x i t e  m i n e  p i t  f a c e s
and so i l  excavat ion  t renches .

However .  da ta  p resented  by  Wi l l iamson
and Bet tenay  ( ]979)  show tha t .  i f  fo res t
cover  in  a  ca tchment  i s  rep laced by  sha l tow
rooted  grasses  the  response o f  g roundwater
p o L e n L i o m e t r i c  h e a d  i n  d e e p  b o r e s  m a y
s ! i 1 1  s h o w  d i s t i n c t  s e a s o n a l  r i s e s  a n d
f a l l s .  T h i s  i n d i c a t e s  a  r e s p o n s e  o f
groundwater  po ten t iomet r ic  head to  seasonaL
var i -a t ion  in  ra in fa l l -  (and there fore  so i l
water  recharge)  .

There  was a  t ime lag  be tween max inunr
r a i n f a l l  ( w i n t e r  m o n t h s )  a n d  t h e  p e r i o d
when the  groundwater  po ten t iomet r ic  head
i n  t h e  b o r e s  r o s e  ( s e e  F i g .  2 ) .  T h e  t i m e
1ags,  ca lcu la ted  f ro rn  bores  w i th  a
pronounced seasona l  r i se  and fa l l  in
g r o u n d w a t e r  p o t e n t  i o n e L r  i c  h e a d ,  w e r e
genera l l y  less  than two months ,  the  average
t ime lag  be ing  J -ess  than one month .

T i m e  l a g s  o f  s i m i l a r  d u r a t i o n  h a v e
been-  recorded in  o ther  s tud ies  in  the
nor thern  ja r rah  fo res t .  There  is  ev idence
tha t  th is  rap id  response to  ra in fa l f  o f
g roundwater  po ten t iomet r ic  head in  some
bores may be due to rapid downward movenent
o f  water  in  roo t  channe ls  (D.  Hur le  ,
persona l  cornnun ica  t  ion  )  ,

However ,  i f  low land deep aqu i fe rs  a re
semi -conf ined under  p ressure ,  ver  ! i ca1
downward  recharge to  low land deep aqu i fe rs
v ia  roo t  channe ls  wou ld  no t  be  poss ib le .
Recharge nus t  occur  by  la te ra l  f low f rom
ups lope.  Thus ,  va l ley  bores  woufd  have
responded to  seasona l  recharge a f te r  mid-
s lope bores .  But  g roundwater

Poten t iomet r ic  head rose  and fe l l  a t  about
the  same t ime in  va1 ley  bores  and mid-s lope
b o r e s .  T h i s  i n d i c a t e s  t h a t  d i s c h a r q e  d u e

to water uptake by plant roots was more
inpor tant  than var ia t ion in  recharge rate
in detern in ing the shape of  va l ley bore
hydrographs.  Our data do not  show which
of  the two processes (d ischarge or
recharge)  were of  greater  ef fect  in
determin ing the shape of  mid-s lope and
div ide bore hydrographs.

Groundwater sal inity
wate . r  samples  were  co l lec ted  f ron  the

bores  to  ob ta in  representa t ive  samples  o f
g roundwater .  However ,  p iezorneters  were
s l i t ted  to  above the  sa tura ted  zone and,
w h e r e  d e e p  a q u i f e r s  w e r e  s e m i - c o n f i n e d ,
water  leve ls  in  bores  wou ld  have been
above the  sa tura ted  zone.  There fore ,  sa l ts
s to red  above the  sa tura ted  zone cou ld  have
been leached in to  the  bores  and i t  rnay  no t
be  reasonab le  to  assume tha t  the  sa l in i ty
o f  b a i l e d  s a m p l e s  w a s  r e p r e s e n t a t i v e  o f
g roundwater  sa l in i ty .  For  th is  reason
resu l ts  a re  quoted  as  bore  v ra te r  sa l in i ty
and no t  g round!^ ra te r  sa l  in  i  t y .

Tab le  I  sho ! . rs  tha t ,  n i th  the  except ion
of  the  bores  in  the  s i . te  3  t ransec t ,  bore
w a t e r  s a l i n i t y  i n c r e a s e d  w i t h  p r o g r e s s i o n
ups lope.  Th is  t rend was matche l l  by  a
t rend o f  inc reas ing  to ta l  sa l t  s to rage in
s o i l s  w i t h  p r o g r e s s i o n  u p s l o p e  ( H e r b e r t
e t  a 1 . ,  L 9 7 8 \ .  R e v e r s e  t r e n d s  h a v e  b e e n
found in  o ther  par ts  o f  sou th-western
Aust ra l ia ,  va l leys  be ing  more  sa l ine  than
u p l a n d s  ( J o h n s t o n  e t  a l  . ,  1 9 8 0 ) .

As  shown in  F igure  2 ,  bore  water
s a l i n i t y  f l u c t u a t e d  w i d e l y :  d i s t i n c t  p e a k s
and t roughs  were  recorded in  a l l  bores .
Th is  may have been due to  pa tches  o f
sa l ine  and f resh  water  mov inq  pas t  bores .

I n  s o m e  b o r e s  ( I . 1 ,  2 . 2 ,  2 . 3 ,  3 . L ,
5 . I  a n d  5 . 2 )  s a l i n i t y  t e n d e d  t o  b e  a t  a
nax imum at  the  end o f  summer  (February /
March)  and a  min imurn  a f te r  the  w in te r  ra ins .
In  the  remain ing  bores .  however ,  there  was
no obv ious  seasona l  pa t te rn  o f  var ia t ion
in  bore  water  saL in  i  t y .

Relationship between stream base f low
salinity, bore water sal inity and total storai
Strearn base fTow saf in i t t l  v  h. - r . '  L 'erar
saf in i tg

.  St ream base f low sal in i ty  p lot ted
against  rnean bore water  sa l in i ty  (F ig.  4)
shows that  rnean bore water  sa l in i ty  in
each subcatchment  was e i ther  greater  than
or  near ly  equal  to  s t ream base f low sal in i ty



TABLE I

Bore  $ra ter  sa l in i ty  and to ta l  sa l t  s to rage

B o r e h o l e
NO

Topographic Mean bore 1 'atea

( n 9 . L - ' a . D . s . )  I

Mean bore \ ,ater
sal  in i  ty  fo.

( n 9 . L - r T . D . s . ) r

s a l t  s t o r a g e
(  k g . i n - 2 T .  D ,  s .  )

Mean sal  t  s torage
tor  subcatchrnent

( k g . m - 2 T . D . s . )

Strean base f loe
s a t i n i t y

{ m 9 .  L _  l T .  D .  s .  )

r . l
L . 2

2 . L
2 . 2
2 . 3
2 . 1

3 . 2

5 , 2
5 . 3

7 . r
1 . 2

L l
3 , 2
8 . 3

v a l l e y
M i d - s 1 o p e

v a l l e y
M i d - s I o p e
D i v i d e
Mid-s lope
v a l l e y

va l ley
Mid-stope

val1ey
Mid-sIope
D i v i d e

vaI Iey
Mid-s lop€

val ley
Mid-sIope
D  i  v i d e

va t ley

'7 2\
8 0 9

7 4 5
1"6 91
3 0 3 5

9 7 t
l 5 l

l 3  5 0
7 5 4

1 3 6
529
8 2 8

l 4 {
266

127
269

1 8 1 2

r 0 6 4

7 6 5

r 8 2 4 ' ?

t4s2)

1 0 5 2

5 6 4

2 0 5

1 3 6

r 0 6 4

6 . 3
8 . 7

8 . 9
2 4 . 1
4 1 . 6
2 5  . 6

5 , 1

r 0 . l
3 8  . 9

1 4  - 2
3 3 . 9
2 0 . 5

4 . 1
8 . 9

5 - l

1 5 . ?

3 0 . 0

, _ t

2 4 . 3 t

,o_ t

2 2 . 9

5 . 5

1 0  . 0

,r-o

259

7 9 5

{ r 6

230

€ 5 0

6 5 7

N O T E r  O n l y  d a t a  f r o n  b o ! e s  v h i c h  c o n t a i n e d  s u f f i c i e n t

r M e a n  o f  m o n t h l y  s a l r n i r y  d e L e r m i n . r ; o n s
? M e a n ,  H o l e s  2 . 1 ,  2 . 2  a n d  2 . 3

' .  3 u e a n ,  H o l e s  2 . 3 , 2 . 4 ,  a n d  2 . 5

ca lcu la ted  fo r  the  same subcatchnent .
Th is  ind ica tes  tha t ,  i . f  s t ream base f low
s a l i n i t y  i s  h i g h ,  b o r e  w a t e r  s a l i n i t y
(and there fore  groundwater  sa l in i ty )  w iJ_ l
a lso  be  h igh .  However ,  the  da ta  in
F igure  4  a l "so  show tha t  the  converse  nay
not  app ly .

S t r . o m  b o ' G  f l o w  r o l i n i l y  t - 9 . t - t  l . O  S t

w d l e r  f o r  s a m p l i n q  a r e  i n c l u d e d  i n  t h i s  t a b l e .

Of the  four  regress ton  curves
c a l c u l a t e d ,  t h e  r e g r e s s i o n  c u r v e  o f  L n  q
o n  L n  X  g a v e  t h e  b e s t  f i t  ( r  =  0 . 8 8 ) .  w i t t ,
one po in t  exc luded f rom the  ana lys is  ,  the
regress ion  equat ion  ca lcu l_a ted  was
q  =  o ' 2 3 4  x r '  2 5 8 .  w e  c o n s i d e r  t h a t  t h e
po in t  exc luded f rom the  regress ion  ana lys i : r
represents  daLa ob ta ined f rom a  subcatch-
menL where  groundwater  does  no !  con t r ibu te
s i g n i f i c a n t l y  t o  s t r e a m f l o w .

More  da ta  a re  needed be fore  we can
a t t e m p t  t o  e s t a b l i s h  a  r e g r e s s i o n  c u r v e
tha t  cou ld  reasonab ly  be  used to  p red ic t
g roundwater  sa l in i ty  f rom s t rean base f low
s a l i n i t y .  E v e n  t h e n ,  g r o s s  e r r o r s  i n
pred ic t ion  cou ld  resu l t  i f  the  curve  i ^ /e re
app l ied  to  a reas  where  groundwater  does  no t
cont r ibu te  s ign i f i can t ly  to  s t reamf low.
Th is  appears  to  be  corunon in  und is tu rbed
1ow ra in fa l l  (<1000 mm per  annun)  a reas
of  the  Dar l ing  Range.

La  Sa la  (1967)  and p inder  and Jones
(1969)  used s t ream base f low sa l in i tv  to
es t imate  groundwater  sa t in i ty  in  sorn l
Nor th  Amer ican ca tchmenes.  However ,  i f
we assune tha t  s t rean base f low sa l in j . t y
is  equa l  to  g roundh 'a te r  sa l in i ty
(q  =  x  i ,n  r ig .  4 )  we wou ld  tend to
underes t ina te  g round water  sa l in i tv  and

FIGURE 4 :  S t ream base f low sa l in i tv  vs
b o r e  w a t e r  s a l i n i . t y .
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the underest imate raould increase vr i th
increasing groundwater  sa l in i ty .
B a r e  w a t e r  s a f i n i t g  v  t a t a f  s a l X
s X o r a g e

Mean bore water  sa l in i ty  is  p lot ted
a g a i n s t  t o L a l  s a l t  s t o r a g e  i n  F i g u r e  5 .
Of  the four  regress ion curves calcuLated,
the regress ion curve of  Ln q on Ln X gave
t h e  b e s t  f i t  ( r = 0 . 6 8 )  .  T h e  r e g r e s s i o n
e g u a t i o n  c a l c u l a t e d  \ t a s  q  =  0 . 1 5 6 X 0 ' 6 8 6 .
Var iat ion f rom the calcu lated regress ion
curve tended to increase wi th increasing
s a l i n i t y .  H e n c e ,  u s e  o f  t h e  r e g r e s s i o n
curve to predic t  to ta l  sa l t  s torage f rorn
bore water  sa l in i ty  could lead to gross
e r r o r s .  E v e n  g r e a t e r  e r r o r s  m a y  r e s u l t  i f
Lhe same nethod of  predic t ion were appl ied
to areas outs ide the Yarraqi l  Catchnent ,

1000 2000 3000
M.on  8o . .  *o t . r  ' o t i n i t y  (m9 . r l  tOS . )

FIGURE 5 :  Mean bore  water  sa l in i ty  vs  to ta l
s a l t  s t o r a g e .

MAN,dGEMENT IMPLICATIONS
Assessment of the salinity hazard

A n  a s s e s s m e n t  o f  s a l i n i t y  h a z a r d  i s
necessary  in  the  fo rmula t ion  o f  nanagenent
p lans  to  op t im ize  the  y ie ld  o f  acceptab le
qua l i t y  water  f ron  ja r rah  fo res t  ca tchnents .
w h e r e  t h e  s a l i n i t y  h a z a r d  i s  l o w  i t  r n a y
be des i rab le  to  th in  the  fo res t  to  inc rease
water  y ie ld .  Converse ly ,  where  the  sa l in i ty
hazard  is  h igh  i t  i s  i rnpor tan t  to  ma in ta in
fu l l  fo res t  cover  (Shea,  e t  a ]  . t  L975 ' ) .

Tbe sa l in i ty  hazard  o f  a  ca tchnent  w i l l
depend on sal"t concentratjon in the soil
and the -resporse Xine J.ag between forest
d is tu rbance and change in  s t ream sa l in i ty .

SalX concentraXion

We were  no t  ab le  to  use  s t ream base
f low sa l in i ty  to  de tern ine  a  genera l
re la t ionsh ip  tha t  cou ld  be  used to  re l iab ly
pred ic t  sa l t  concent ra t ion  in  ja r rah  fo res t
ca tchments .  However ,  the  ana lys is  d id
ind ica te  tha t  ca tchnents  v r i th  a  h igh  s t rean
base f low sa l in i ty  con ta in  a reas  w i th  h igh
sa l t  concent ra t ions .  Th is  in fo rna t ion  on
s m a l l  ( f i r s t  o r d e r )  c a t c h m e n t s  m a y  b e
suf f i c ien t  fo r  some managenent  and land-use
dec is ions .  However ,  i f  base f low sa l in i ty
is  low,  r 'nore  work  to  de termine sa l t
concent ra t ion  j .n  bhe ca tchment  nay  be
necessary .  A t  p resent  the  on ly  re l iab le
nethod to  de termine sa l t  concent ra t ion
in  ca tchments  i s  by  the  h igh ly  expens ive
procedures  o f  d r i l l i ng  and ana lys is  o f  so i l
cores  and measurer f len t  o f  q roundwater

s a l i n i t y  i n  b o r e s .

Response tine .7ags

Aqu i fe r  con f inement  may have an
i rnpor tan t  e f fec t  on  response t ime lags .
R e s u l t s  o f  t h i s  s t u d y  s h o w  t h a t ,  i n  t h e
Yar rag i l  Catchment ,  low land deep aqu i fe rs
are  semi -conf ined.  In  th is  case,  the
ef fec t  o f  an  inc rease in  recharge to  the
u p l a n d  u n c o n f i n e d  p a r t  o f  a  d e e p  a q u i f e r
nay  be  rap id ly  t ransmi t ted  to  the  low land
sern i -conf ined par t  o f  the  deep aqu i fe r  as
an increase in  p ressure  wh ich  w i l l  inc rease
t h e  r a t e  o f  v e r t i c a l  d i s c h a r g e  o f
g r o u n d w a t e r  ( F i g .  6 ) .  A s  g r o u n d w a t e r s
i n  j a r r a h  f o r e s t  c a t c h m e n t s  a r e  g e n e r a l l y
n o r e  s a l i n e  t h a n  s t r e a n  w a t e r s , s t r e a m
s a l i n i t y  w i l l  i n c r e a s e .  T h e  r e s p o n s e  t i F
lag  be tneen up land fo res t  d is tu rbance
and increases  in  g roundwater  d ischarge may
b e  q u i t e  s h o r t .  f n  c o n t r a s t r  i f  l o w l a n d
deep aqu i fe rs  a re  unconf ined the
equ iva len t  response t ime lag  may be  longer .
As  a  gu ide  to  the  d i f fe rences  tha t  can  be
expected ,  Peck  and Bet tenay  (1976)  ca lcu la ted

t h a t  t h e  c h a r a c t e r i s t i c  t i n e  o f  r e s p o n s e  o f
deep aqu i fe rs  in  the  Dar l i .ng  Range (wh ich

i n c l u d e s  t h e  n o r t h e r n  j a r r a h  f o r e s t )  r r a y
be about  one year  fo r  sern i -conf ined
aqu i fe rs  conpared w i th  about  ten  years  fo r
unconf i .ned aqu i fe rs .  No neasurements  o f
response t ine  lags  in  ca tchrnents  o f  the
n o r t h e r n  j a r r a h  f o r e s t  a r e  a v a i . l a b l e  y e t .

Rehabil i tat ion of disturbed forest
Maintenance of  potable \ , ra ter  in  f resh

streans in  undis turbed jar rah forest
catchments,  despi te  the presence of  h igh



+ + +
+ + +
+ + +
+ + +
+ + r

+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ + - r '

+ + + + + -
+ + + + + -
+ + + + + -
+ + + + + -
+ + r  '  '

groundwalo,

c o n c e n t r a t i o n s  o f  s a l t  i n  t h e  s o i l  a n d
s u b s o i l ,  i s  d e p e n d e n t  o n  t h e  c a p a c i t y  o f
t h e  n a t i v e  v e g e t a t i o n  t o  t r a n s p i r e  a  l a r g e
p r o p o r t i o n  o f  r a i n f a l l .  ( A n a l y s i s  o f  d a t a
. r e s e n t e d  b y  P u b l i c  W o r k s  D e p a r t m e n t  o f

e s t e r n  A u s t r a l i a  ( 1 9 7 5 )  s h o w s  t h a t
e v a p o t r a n s p i r a t i o n  f r o m  f u  1 l - y  f o r e s t e d
c a t c b m e n t s  o f  t h e  n o r t h e r n  j a r r a h  f o r e s t

, , - - t  - - r' L ' o l  u e  o s  , ,  r Y , r  a >  r f  w u  ' L U r L . y !

t o  b e t w e e n  8 5  a n d  9 7 9  o f  t h e  r a i n f a l l ) ,

T o  r e v e r s e  a n y  a d v e r s e  t r e n d  c a u s e d
b y  a n  i n c r e a s e  i n  s t r e a m  s a l i n i s a t i o n ,
rep lacement  vegeta t ion  woufd  need the
c a p a c i t y  t o  d u p l i c a t e  t h e  h i g h
t r a n s p i r a t i o n  r a t e s  o f  t h e  o r i g i n a l  j a r r a h
f o r e s t .  I f  l o w l a n d  d e e p  a q u i f e r s  a r e
s e m i - c o n f i n e d  s o  t h a t  t h e  r e s p o n s e  t . i m e
l a g  b e t w e e n  d i s t u r b a n c e  a n d  a n  i n c r e a s e  i n
s t r e a m  s a l i n i t y  i s  s h o r t  ,  t h e n  t h e  t i n e
a v a i l a b l e  f o r  r e p l a c e m e n t  v e g e t a L i o n  t o
r e s t o r e  t h e  b a l a n c e  m a y  a l s o  b e  s h o r t .

I f  a  s y s t e m  o f  r o o t  c h a n n e l s  a l l o w s
r a p i d  r e c h a r g e  t o  d e e p  a q u i f e r s  i n  t h e

bed rock

A - B doop aqullgr somiconfinod

B - C dgep aquilor unconfinod

u p l a n d  ( m i d - s l o p e  a n d  d i v i d e )  a r e a s  o f  a
ca tchment .  rep lacenent  vegeta t ion  rnay  a lso
need the  capac i ty  to  deve lop  a  deep roo t
s y s t e m .  I t  i s  t h e o r e t i c a l l y  p o s s i b l e  f o r
s h a 1 l o v ,  r o o t e d  v e g e t a t i o n  t o  t r a n s p i r e
a  h i g h  p r o p o r t i o n  o f  r a i n f a l l .  H o w e v e r .
w a t e r  e n t e r i n g  t h e  s o i l  m a y  e f f e c t i v e l y
bypass  the  sha l low roo ts  by  rap id
t r a n s m i s s i o n  t o  d e e p  i n  t h e  s o i l  v i a  o l d
roo t  channe ls  fo rned pr io r  to  any  fo res t
d is tu rbance.  On ly  deep- roo ted  vegeta  t ion
cou ld  d raw on th is  i , ra te r .

L ,a  L  !  r t - f ,acement  vegeta t l .on
u s e d  t o  r e h a b i l i t a t e  d i s t u r b e d  u p l a n d
j a r r a h  f o r e s t  i n  c a t c h m e n t s  w i t h  a  h i g h
s a l i n i t y  h a z a r d  m a y  n e e d  t h e  c a p a c i t y  t o
rap id ly  deve lop  bo th  a  deep roo t  sys tem and
a  c a n o p y  d e n s e  e n o u g h  t o  L r a n s p i r e  a t  t h e
r a t e  o f  t h e  o r i g i n a l  f o r e s t .

ACKNOWLEDGEMENTS
We wish  to  thank  the  techn ica l  s ta f f

o f  t h e  D w e l l i n g u p  a n d  C o m o  f o r e s t r y
r e s e a r c h  s t a t i o n s  f o r  t h e i r  a s s i s t a n c e .

Perchod
wr te r  {
t a b l 6 '

G .oundwa to r  {
t

*
+
+
+
+
+

+
+
+

+

4..1
t 4
+ +

+ +
+ +

+ + +
+ + +
+ + +
+ + +
+ + +

+ + +
+ + +
+ + +
+ + +
+ + f

+
+
+

+
+
t
+
+

+
+

+
+

:: : :
+
+
+
+
+

+
+
+
+
+

L E G  E N D

- )  d i r oc l i on  o l waler mov6m9nt

polentiomelr ic hoad

FIGURE 6 :  Mode l  o f  water  novement  in  typ ica l  nor thern  ja r rah  fo res t  so i l .  I , Ja te r  up take
by  p lan ts  i s  no t  shown.  The deep aqu i fe r  cons is ts  o f  the  mj .dd le  and lower  por t ion  o f  the
pa l -1 id  zone .



M r .  D . H .  H u r l e  ( t h e n  C S I R o ,  D i v i s i o n  o f  K I M B E R ,  P . C '  ( 1 9 7 4 ) .  T h e  r o o t  s y s t e m  o f
L a n d  R e s o u r c e s  M a n a g e n e n t ,  P e r t h ,  n o w  j a r r a h  ( E u c a - Z g p t u s  n a r g i n a t a \  .
H y d r o s c i e n c e  P t y .  L t d . ,  P e r t h )  a n d  R e s e a r c h  P a p e r  I 0 ,  F o r e s t s  D e p a r t m e n t
M r .  R . H . B .  H e b b e r t  ( D e p a r t m e n t  o f  C i v i l  o f  W e s t e r n  A u s t r a l i a .
E n g i n e e r i n g ,  U n i v e r s i t y  o f  w . A . )  p r o v i d e d  L A  S A L A ,  A . M .  ( 1 9 6 7 ) .  N e w  a p p r o a c h e s  t o
h e l p f u l  c r i t i c i s m s  o f  a  d r a f t  o f  t h i s  w a t e r  r e s o u r c e  i n v e s t i g a t i o n  i n
p a p e r .  u p s t a t e  N e w  Y o r k .  G r o u n d  W a t e r  5 ,

6 - t l .
REFERENCES pEcK,  A .J .  and  REr rENAy ,  E .  (1926) .

BETTENAY,  E . .  BLACKMORE,  A,V.  and HINGSTON,  Hydro log ic  and geornorph ic  background
F . J .  ( 1 9 6 4 ) .  A s p e c t s  o f  t h e  t o  p r o b l e m s  o f  l a n d  r n a n a g e i n e n t  a n d
h y d r o l o g i c  c y c L e  a n d  r e l a t e d  s a l i n i t y  w a t e r  q u a l i t y  i n  t h e  D a r l i n g  R a n g e .
in  the  Be lka  Va l ley ,  Western  Land Management  and Water  Oua l i t y :  A
A u s t r a l i a .  A u s t r a l i a n  J o u r n a l  o f  s e r n i n a r  o n  c u r r e n t  r e s e a r c h  i n t o  t h e
S o i l  R e s e a r c h  2 ,  L 8 1 - 2 1 O .  e f f e c t s  o f  l a n d  u s e  o n  s t r e a n  s a l i n i t y

D O L E Y ,  D .  1 1 9 6 1 ) .  W a t e r  r e l a t i o n s  o f  a n d  t u r b i d i t y  i n  s o u t h  W e s t e r n
E u c < t - L g p t u s  n d t g t n a t a  S m .  u n d e r  A u s t r a l i a .  D e p a r t m e o t  o f  C o n s e r v a t i o n
n a t u r a l  c o n d i t i o n s .  J o u r n a l  o f  a n d  E n v i r o n m e n t ,  W e s t e r n  A u s t r a l i a .
E c o l o g y  5 5 ,  5 9 7 - 6 1 4 .  P I N D E R ,  G . F .  a n d  J O N E S ,  J . F .  ( 1 9 6 9 ) .

G R I E V E ,  B . J .  ( 1 9 5 6 )  .  S t u d i . e s  i n  t h e  D e t e r m i n a t i o n  o f  t h e  g r o u n d - w a t e r
w a t e r  r e l a t i o n s  o f  p l a n t s .  c o m p o n e n t  o f  p e a k  d i s c h a r g e  f r o r n  t h e
I .  T r a n s p i r a t - i o n  o f  W e s L e r n  A u s t r a l i a n  c h e m i s t r y  o f  t o t a l  r u n o f f .  W a t e r
( S w a n  P l a i n )  s c l e r o p h y l l s .  J o u r n a l  R e s o u r c e s  R e s e a r c h  5 ,  4 3 8 - 4 4 5 .
o f  the  Roya l  Soc ie ty ,  Western  PUBLIC WORKS DEPARTMENT OF WESTERN
A u s t r a l i a  4 0 ,  1 5 - 3 0 .  A U S T F A L I A  ( 1 9 7 5 ) .  S t r e a m f l c w  r e c o r d s

l l A T C H ,  A , B .  ( 1 9 7 6 )  .  S o m e  c h e m i c a l  o f  W e s t e r n . A u s t r a l i a  t o  1 9 7 5 .
p r o p e r t i e s  o f  f o r e s t  s t r e a m  w a t e r s  i n  S H E A .  S .  R . ,  H A T C H ,  A . B . ,  H A V E L ,  J . J ,  a n d
W e s t e r n  A u s t r a l i a ,  B u l l e t i n  8 9 ,  R I T S O N '  P .  ( 1 9 7 5 )  ,  T h e  e f f e c t  o f
F o r e s t s  D e p a r t m e n L  o f  W e s t e r n  c h a n g e s  i n  f o r e s t  s t r u c t u r e  a n d
A u s t r a l i a .  c o m p o s i t i o n  o n  w a t e r  q u a l i t y  a n d

H I N G S T O N ,  F . J .  a n d  G A I L I T I S ,  V .  ( 1 9 7 6 ) .  y i e l d  f r o m  t h e  n o r t h e r n  j a r r a h  f o r e s L ,
T h e  g e o g r a p h i c  v a r i a t i o n  o f  s a l t  M a n a g i n g  T e r r e s t r i a l  E c o s y s t e m s :
prec ip i ta ted  over  western  Aus t ra l ia .  Proceed ings  o f  the  Eco log ica l  Soc ie ty
A u s f r a l i a n  J o u r n a l  o f  S o i l  R e s e a r c h  o f  A u s t r a l i a  9 ,  5 8 - 7 3 .
1 4 ,  3 1 9 - 3 3 5 .  W I L L I A M S O N ,  D . R .  a n d  B E T T E N A Y ,  E .  ( 1 9 7 9 ) .

H E R B E R T .  E , J . ,  S H E A ,  S . R .  a n d  H A T C H ,  A . B .  A g r i c u l t u r a l  l a n d  u s e  a n d  i t s  e f f e c t
( 1 9 7 8 ) ,  S a l t  c o n l e n t  o f  l a t e r i t i . c  o n  c a t c h m e n t  o u t p u t  o f  s a l t  a n d
pro f i les  j .n  the  Yar rag i l  Catchnent ,  water  -  ev idence f rom southern
W e s t e r n  A u s t r a l i a .  R e s e a r c h  A u s L r a 1 i a .  P a p e r  i r e s e n t e d  a t  t h e
Paper  32 ,  Fores ts  Depar tment  o f  In te rna t iona l  Conference on  , 'The

W e s t e r n  A u s t r a l i a .  A g r i c u l t u r a l  I n d u s t r y  a n d  i t s  E f f e c t
JOI INSON,  C.D. .  MCARTHUR,  W.M.  and PECK,  on  Water  Qua l i t y " ,  Hami l ton ,  Nee,

A . J .  ( 1 9 8 0 )  .  D i s t r i b u t i o n  o f  s o l u b l e  z e a l a n d f  1 5 - 1 8  M a y ,  1 9 7 9 .  p u b l i s h e d

sa l ts  and water  in  so i l s  o f  the  p- rogress  in  water  Techno jogg Vo l .  11 ,
M a n j i m u p  W o o d c h i p  L i c e n c e  A r e a ,  N o .  6 .  4 6 3 - 4 8 0 .  P e r g a m o n  P r e s s .
W e s t e r n  A u s t r a l i a .  T e c h n i c a l  P a p e r
No.  5  D iv is ion  o f  Land Resources
M a n a g e m e n t ,  C S I R O ,  A u s t r a l i a ,




