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Chapter 1 

INTRODUCTION 

by 

Robert S. Turner 



1.0 INTRODUCTION 

Recent intensive study of the causes o f  surface water ac id i f i ca t ion  has 

l ed  t o  numerous hypothesized controlling mechanisms. h n g  these are the 

salt-effect reduction of a l k a l i n i t y ,  the base cation buffering and sulfate 

adsorption capacities of sojls, ava i lab i l i ty  of weatherable minerals (weather- 

i ng  rates), depth of t i l l ,  macropore flow, and type of forest cover. Correla- 

tive and predictive models have been developed t o  show the relationships ( i f  

any) between the hypothesized controlling mechanisms and surface water ac id i ty ,  

and t o  suggest under w h a t  conditions add i t iona l  surface waters might  become 

acid. The U.S. Environmental Protection Agency (EPA) is interested I n  survey- 

i n g  watershed characteristics to correlate w i t h  predictive model simulations i n  

an effort t o  assess how many surface waters will become acid w i t h i n  certain 

timeframes. This document (Part A )  i s  a review o f  our current knowledge of 

factors and processes control l ing soi l  and surface water acidification, as well 

as an assessment of the adequacy of t h a t  knowledge for making predictions of 

future acidification. Section 2 is a data extensive, conceptual overview of 

how watersheds function. Section 3 is a closer look a t  the theory and evidence 

for the key hypotheses. k c t i o n  4 i s  a review of existing methods of assessing 

system response t o  acidic deposftion. 

. 



Chapter 2 

An Overview of  the Factors /Processes  

Cont ro l  l i n g  Surface Water A c i d i f i c a t i o n  

by 

Robert S. Turner 



2.0 AN OVEKVIEW OF THE FACTOHS/PHUCfSSES CUNTHOtLXNti SURFACE WATER ACIDIFICAT~UN 

2-1 UEFINITION OF TERMS 

The Panel on Processes of take Acidification (PPLA), assembled by the 

National Research Council a t  t h e  request: of EPA, defined t h e  ac id i f ica t ion  of  

1-akes and streams (surface waters) a s  a decrease i n  a l k a l i n i t y  over time. They 

defined soil  ac id i f i ca t ion  a s  a decrease i n  t h e  percent base sa tura t ion  over 

time (PPLA, 1984). Alkal ini ty  is  defined a s  the concentration ( i n  equivalents)  

of (C03'') p l u s  (HCO3-) p l u s  (OH') m i n u s  t h e  concentration o f  (H') i n  solut ion 

( S t m  and Morgan, 1981). 

generally is expressed a s  the concentration of bicarbonate anion (HC03") i n  

mlcroequivalents per liter (ueq/1) of Water and is an index o f  the acid 

neut ra l iz ing  capacjty of t h e  water. Uaters w i t h  less than 200 ueq/l a lka l in i ty  

In eas te rn  United S ta t e s  surface waters a lka l in i ty  

are general ly  considered poten t ia l ly  sensitive t o  ac id i f ica t ion ,  The 

percent base sa tura t ion  of a s o i l  is the concentration ( i n  equivalents)  of 

exchangeable base ca t ions  (Ca*+, F1g2+, K*, Na+) divided by t h e  t o t a l  of  

exchangeable catjons, or cat ion exchange capacity. Forest s o i l s  J n  humid 

regions often a r e  na tura l ly  ac id ic ;  t h a t  is, they have low percent base 

sa tu ra t jon ,  w i t h  more exchangeable Aln+ and H4 than base cations. For reasons 

descri bed bel ow, dra i  nqge through ac id i c  forest soi  1 s does not necessari ly 

result i n  ac id i c  surface waters;  nor does ac ld i f ica t i im of sur face  waters 

necessar i ly  require ac id i f i ca t ion  of soils, 

2.2- HYPOTHESIZED CO?4TRL)LS ON SOIL AND WATER AClUIFICATfON 

In Conceptualizing how and a t  what rate S a i l s  and surface waters may 

become ac id i f i ed  i t  i s  useful t o  follow t h e  f l a w  paths o f  water and associated 

mater ia ls  through different watersheds and observe wbat biogeochemical pro- 

cesses occur along t h e  way, By comparing t h e  outcome i n  watersheds t h a t  have 
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l i t t l e  atmospheric input  of strong mineral acids w i th  watersheds t h a t  have high 

inputs  of s t rong acids, we may be able t o  i n f e r  t he  r e l a t i v e  rates of a c i d i f i -  

ca t i on  by na tura l  and anthropogenic acids. 

watersheds w i th  s i m i l a r  ac id  loadings but d i f f e r e n t  hydrologic and biogeo- 

chemical - character is t ics ,  we may be able t o  i n f e r  t he  r e l a t i v e  s e n s i t i v i t y  t o  

a c i d i f i c a t i o n  o f  watersheds w i t h  d i f f e r e n t  natura l  character is t ics .  The 

fo l l ow ing  sect ions summarize hypothesized cont ro ls  on a c i d i f i c a t i o n  as water 

passes i n t o  and through t h e  watershed. 

By comparing the  outcome i n  

2 . L I  Inputs 

The amount o f  p r e c i p i t a t i o n  end c 

. 
t r a t  i o n  of d issolved ions received 

by a watershed in f luence the  chemistry of water f low ing  through t h a t  system. 

I n  addit ion, dry  deposi t ion o f  mater ia ls  i n  the  form o f  so lub le p a r t i c l e s  and 

gases a f f e c t  t h e  water chemistry. 

(elevation, slope, aspect), t he  nature o f  the  vegetation cover, and t h e  

l oca t i on  o f  t he  watershed r e l a t i v e  t o  po in t  and regional  sources o f  a i rborne 

mater ia ls  w i l l  determine i n  what forms the  mater ia ls  w i l l  be deposited (wet, 

dry, gaseous, fog, snow), t h e  t o t a l  loading o f  mater ia ls  t o  the  watershed, the  

Climate, t he  physiography o f  t he  area 

seasonal d i s t r i b u t i o n  o f  mater ia l  loading, and the  I n t e n s i t y  of events. The 

t o t a l  amount o f  p rec ip i t a t i on ,  concentrat ions o f  d issolved Ions such as H+, 

NH4+, Hg2+, Ca2*, K+, Na*, SO4*-, NO3", Cl", and HCU3-, plus concentrat ions o f  

a i rborne p a r t i c l e s  and gases, each vary d i f f e r e n t l y  w i t h  t h e  physiographic, 

c l i v t i c ,  and loca t i on  variables. The cont ro ls  on atmospheric mater ia l  inpu ts  

t o  watersheds are indeed complex and poor ly  understood, and the  actual  inputs  

are d i f f i c u l t  t o  measuree 

Nevertheless, reg ional  pat terns i n  mater ia l  deposi t ion have been measured 

and mapped (e.g., U . L  €PA 1984, NADP i n  press), showing wet p r e c i p i t a t i o n  
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i npu ts  of H', NHq', base cations, and strong ac id anions, These data may be 

usefu l  i n  making regional  assessments o f  t he  p o t e n t i a l  f o r  changes i n  surface 

water chemistry, 

i n d i v i d u a l  watersheds, t h a t  l o c a l  elevation, aspect, slope, and mater la l  

However, i t  must be recognized i n  making predic t ions f o r  

s-ources may r a d i c a l l y  a l t e r  t h e  y e a r l y  water budgets and chemical inputs  from 

t h e  regional  norm, and t h a t  no s i m i l a r  regional  data on dry deposi t ion exists.  

2.2-2 Canopy-Atmosphere In te rac t i ons  

The extent t o  which a f o r e s t  canopy w i l l  accelerate o r  delay watershed 

a c i d i f i c a t i o n  depends on t h e  impovtance of two processos mediated by t h e  

canopy: (1) i n p u t  o f  add i t i ona l  amounts o f  a i rborne mater ia ls  t o  t h e  watershed 

(by d r y  deposi t ion and fog o r  c loud water) due t o  i n te rcep t ion  by the  l a rge  

surface area of t h e  canopy, and (2) a l t e r a t i o n  of na te r  chemistry as i t  passes 

through the  canopy. 

The f i r s t  o f  these processes i s  dependent on physical  and phys io log ica l  

c h a r a c t e r i s t i c s  o f  t h e  canopy, Leaf surface area, surface texture,  and stomata 

l o c a t i o n  and function, along w i t h  canopy shape and percent evergreen cover, 

i n t e r a c t  w i t h  meteorologic parameters such as wind speed, turbulence, r e l a t i v e  

humidity, thermal s t a b i l i t y ,  and t i m i n g  o f  p r e c i p i t a t i o n  events t o  con t ro l  t h e  

r a t e  and amount of p a r t i c l e  and gas d ry  deposition, The study of  these i n t e r -  

act ions and dif ferences between canopy types i s  i n  i t s  infancy, bu t  comparisons 

of t h r o u g h f a l l  under deciduous and coniferous canopies suggest greater f n t e r -  

cept ion o f  pa r t i c l es ,  gasses, and fogs by coniferous forests (Mayer and Ulr ich,  

1982; Lindberg e t  al,, 1984). We cannot, a t  present, quantfify re la t ionships 

among species, l ea f  area, and increased deposition on a stand, watershed, o r  

regional  1 eve1 . 
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Complicating the  assessment of add i t iona l  mater ia l  inputs  t o  the  watershed 

i s  t he  f a c t  t h a t  canopies a l t e r  t he  chemistry o f  water passing through them. 

?his a l t e r a t i o n  involves i o n  exchange, chemical reactions, and both passive and 

ac t i ve  uptake of deposited mater ia ls  from atmospheric saurces and from sources 

w i t h i n  D t he  watershed. 

they can be transformed, exchanged, leached, o r  metabolized. 

Trees cyc le  mater ia ls  from t h e  s o i l  t o  t h e  .canopy where 

Trees a lso  

t ransform mater ia ls  sorbed through l e a f  surfaces o r  taken i n  through stomata 

and t rans loca te  them t o  storage s i t e s  w i t h i n  the  t r e e  o r  r e t a i n  them f o r  l a t e r  

leaching. Thus, t h e  d i f ference between t h e  chemistry of inc ident  p r e c i p i t a t i o n  

and th roughfa l l  p lus stemflow i s  due t o  a complex mixture and in te rac t i on  o f  

mater ia ls  deposited from the  atmosphere and mater ia ls  cycled by the  t r e e  from 

t h e  s o i l .  

A net  increase o r  decrease i n  a l k a l i n i t y  o f  incoming p r e c i p i t a t i o n  may 

occur i n  the  canopy, bu t  many fac to rs  determine whether t h i s  represents a net  

change i n  a l k a l i n i t y  f o r  t he  watershed as a whole. For  example, deciduous 

canopies i n  most loca t ions  appear t o  neu t ra l i ze  incoming p r e c i p i t a t i o n  t o  some 

extent. 

canopy, which may requ i re  the  t r e e  t o  take  up add i t iona l  base cat ions through 

t h e  roots, re leas ing H+ t o  the  s o i l  i n  t h e  process, o r  i t  may r e s u l t  from 

protonat ion o f  a f o l i a r  weak base produced by photosynthesis (e.g., HC03' o r  an 

organic anion), thereby reducing the  a l k a l i n i t y  o f  t he  solut ion.  

apparent canopy neu t ra l i za t i on  may o r  may not r e s u l t  i n  l ess  ne t  watershed 

ac id i f i ca t i on .  

and 3.5 below.) 

This may r e s u l t  from exchange o f  H+ f o r  base cat ions (e.g., K+) i n  the  

Thus, t he  

(See a lso  discussion o f  ca t ion  r e d i s t r i b u t i o n  i n  Sections 2.2.3 

Can canopy type s i g n i f i c a n t l y  af fect  t he  r a t e  of watershed a c i d i f i c a t i o n ?  

Results publ ished t o  date seem t o  i nd i ca te  t h a t  coniferous canopies i n te rcep t  

more ac id i c  mater ia ls  than deciduous canopies due t o  greater lea f  area and 
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year-round re ten t i on  o f  fol iage. 

observed d i f ferences i n  th rough fa l l  beneath coniferous and deciduous forests 

a re  due t o  d i f ferences i n  canopy in te rcep t ion  versus dif ferences I n  elemental 

cyc l i ng  by d i f f e r e n t  t r e e  species. 

It i s  not  c lear,  however, t o  what extent 

The canopy in te rac t i ons -d ry  deposi t ion 

quest ion remains an open one. We cannot, a t  t h i s  po int ,  quant i f y  a d i f fe rence 

i n  ra tes  o f  watershed a c i d i f i c a t i o n  due t o  canopy-atmosphere in te rac t ions .  

2.2.3 Soi l  interactions 

2.2.3,l Hydrologic Pathways 

Numerous biogeochemical processes occurr ing i n  s o i l s  may add a l k a l i n i t y  t o  

t h e  water o r  may a c i d i f y  t h e  water passing through them. However, the  extent 

t o  which these processes cont r ibu te  t o  t h e  chemistry of surface water depends 

on t h e  pathways t h e  water takes through t h e  watershed. Water which f a l l s  

d i r e c t l y  on streams or lakes, of course, bypasses these react ions al together,  

and lakes w i t h  h igh  surface area t o  watershed area r a t i o s  my be r a p i d l y  

a c i d i f i e d  by a c i d i c  deposit ion. 

water f lows over or through s o i l s  before en ter ing  surface waters. 

In most watersheds, however, t h e  bulk o f  the  

The chemical cha rac te r i s t i cs  of t h e  s o l l s  through which most water f lows 

w i l l  a f f e c t  t h e  chemistry o f  t h e  water t h a t  reaches surface waters. for 

example, a watershed w i t h  numerous bedrock outcrops and t h i n  s o i l s  may have 

f l ashy  surface water f lows w i t h  a chemistry t h a t  r e f l e c t s  on ly  l i m i t e d  contact 

o r  i n t e r a c t t o n  t ime w i t h  those soi ls.  A watershed w i t h  deep, permeable s o i l s  

might have more contfnuous f lows and water chemistry i n d i c a t i n g  t h a t  numerous 

react ions have occurred s ince the  water l e f t  t h e  atmosphere. That same 

watershed, however, could e x h i b i t  wry d i f f e ren t  chemistry I f  most water f lows 

out o f  i t  dur ing spr ing  snowmelt, when s o i l s  are saturated and t h e  bulk o f  t h e  

water f lows over t h e  surface or through only  the  shal low so i ls ,  Lfkewise, a 
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deep s o i l  w i t h  a shallow r e s t r i c t i v e  layer  such as a c lay hor izon or hardpan 

could produce surface . w a t e r  w i th  a very d i f f e r e n t  chemistry than would be 

predic ted from t h e  charac ter is t i cs  o f  t he  deep so i ls ,  

Ident f  f y i  ng hydro1 ogi  6 pathways and quant i f y ing  f 1 ow rates through 

watersheds i s  a young and present ly  very dynamic f i e l d  o f  study. Several 

modeling approaches and f i e l d  experiments are being tested. Although the  

conceptual re la t ionsh ips  between water t ransport ,  season, watershed physio- 

graphy, and s o i l  depth and tex tu re  are f a i r l y  clear, a va l idated model t h a t  i s  

t rans ferab le  t o  other  types o f  watersheds does not y e t  exist .  

59.2.3.2 Cation Leaching and t h e  S a l t  E f f e c t  

U n t i l  recent ly  t he  mechanism responsible fo r  a c i d i f i c a t i o n  o f  surface 

waters was thought t o  requ i re  the  p r i o r  a c i d i f i c a t i o n  of watershed s o i l s  

through replacement o f  base cat ions by H+ (ca t ion  exchange bu f fe r i ng )  and 

subsequent leaching of base cat ions and p r o t o l y t i c  cat ions (e.g., H+, Al3+) i n  

associat ion with t h e  s t rong ac id  anions. S o i l  s c i e n t i s t s  argued t h a t  t h i s  s o i l  

a c i d i f i c a t i o n  was not  poss ib le  given the  current  l e v e l s  o f  ac id i c  inputs  and 

t h e  immense buffer ing capaci ty of t he  s o i l ,  y e t  aquat ic sc ien t i s t s  i n s i s t e d  

surface waters were being ac id i f ied .  The apparent c o n f l i c t  was resolved when 

i t  was recognized t h a t  i n  ac id  so i l s ,  t h e  increased st rong ac id anion concen- 

t r a t i o n  can depress the  a l k a l i n i t y  o f  t he  so lu t i on  v i a  the  s a l t  e f f e c t  (Seip, 

1980; Reuss and Johnson, 1985). 

whereby Hf and Al3+ concentrat ions i n  s o i l  so lu t i on  increase i n  response t o  an 

increase i n  t o t a l  mineral ac id  anion concentration. This a l k a l i n i t y  depression 

may be accompanied by l i t t l e  reduct ion i n  s o i l  so lu t i on  pH due t o  ca t i on  

exchange i n  the  s o i l ,  bu t  may r e s u l t  i n  a major reduct ion i n  surfaee water pH. 

Because S o i l  C o p  pressures are greater than atmospheric pressure, s o i l  

The s a l t  e f fec t  describes the  phenomenon 

A.2.6 



water t h a t  has some a l k a l i n i t y  degasses CD2 when i t  emerges in to  surface 

waters, and pH r ises.  Soil water t h a t  bas zero or negative a l k a l i n i t y  does n o t  

'experience a pH r i s e  upon degassing when i t  reaches atmospheric pCO2 condi- 

t b n s ,  and remains near t h e  pH it was i n  t h e  so i l .  Higher Al3+ mobility and 

surface water ac id i f i ca t ion  result, 

Although t h e  s a l t  e f f e c t  and base cat ion leaching mechanisms are  not 

mutually exclusive,  t h e  fundamental differences between them form one hypothe- 

sited bas is  f o r  t h e  categorizat ion of  watersheds i n t o  those which respond 

immediately t o  ac id i c  deposit ion ( s a l t  e f f e c t ) ,  and those which respond only 

a f t e r  some delay (base cat ion leaching),  Both mechanisms a re  inherent i n  

several  of the current models t h a t  descr ibe t h e  chemical effects of  ac id i c  

depos9tlon on s o i l  and water chemistry (Reuss, 1980; Christophersen - et -* a1 ' 
1982; Chen -- et a l . ,  1983; Reufs, 1983; Reuss and Johnson, 1985), (See Section 

3.4 f o r  further discussion of the theory and data  requirements o f  t h e  cation 

exchange 

2.2.3.3 

and s a l t  e f f e c t  methani sms ) 

Anion Mobility 

Several f a c t o r s  control the magnitude of t h e  s a l t  effect and r a t e  of 

cat ion leaching. Most important among these i s  t h e  concentration of anions i n  

solut ion,  A l l  humid-region s o i l s  w i l l  ac id i fy  na tura l ly  over time, due t o  

l eaching  of  base cat ions I n  associat ion w i t h  HCD3' and organic anions t h a t  a r e  

produced na tura l ly  i n  t h e  so i l .  This  natural  s o i l  ac id j f i ca t ion  i s  self 

l i m i t i n g ,  however, because these anions protonate t o  form weak acids t h a t  wi l l  

not d i s soc ia t e  a t  low pH. Addition of s t rong acid anions i n  ac id i c  deposit ion,  

hawever, allows t h e  cat ion leachinglsoi l  ac id i f i ca t ion  process t o  continue 

unchecked i f  anions a r e  mobile and causes t h e  s a l t e f f e c t  a l k a l i n l t y  depression 



t h a t  a c i d i f i e s  surface waters. 

determining how r a p i d l y  surface waters and s o i l s  w i l l  ac id i fy.  

Controls on anion m o b i l i t y  thus are c r i t i c a l  i n  

The major anion i n  a c i d i c  deposi t ion i s  s u l f a t e  (S042-), and most scien- 

t P f i c  and p o l i c y  a t t e n t i o n  has been devoted t o  it. So i l s  adsorb' S042' accord- 

i-ng t o  a concentrat iondependent funct ion;  t h a t  i s ,  a given s o i l  w i l l  continue 

sorbing S042' unt  i 1 the  concent r a t i o n  o f  adsorbed SU4" reaches an equi 1 i b r i  um 

w i t h  S042' i n  solut ion. Sul fate concentrat ion i n  output so lu t i on  w i l l  increase 

as the  concentrat ion of sorbed S042' increases, a t  a r a t e  t h a t  depends on S042' 

loading, not  s o l e l y  on i npu t  SOq2' concentration. I n  some s o i l s  t he  e q u i l i b -  

rium, o r  r a t i o  of adsorbed SOq2' t o  S042' i n  solut ion,  i s  much higher than 

others (i.e., some s o i l s  have higher su l fa te  adsorption capaci t ies than 

others). 

i s  reached, thus re ta rd ing  t h e  r a t e  o f  increased S042' concentrat ion i n  s o i l  

s o l u t i o n  and associated ca t i on  leaching or s a l t e f f e c t  a l k a l i n i t y  depression. 

S042' adsorption capaci ty i s  thought t o  be p o s i t i v e l y  corre la ted w i t h  f ree  i r o n  

and aluminum oxides i n  s o i l  and inverse ly  corre la ted w i t h  organic matter 

content o f  t he  s o i l  (Johnson and Todd, 1983). though Singh (1984a,b,c,d) has 

These s o i l s  w i l l  sorb S042' f o r  a longer t ime before the  equ i l i b r i um 

shown t h a t  t he  s i t u a t i o n  may be more complex. These cha rac te r i s t i cs  vary 

w i t h i n  so l  1 prof 1 les, surface so i  1 s havi ng 1 ow SO4'' adsorpti  on capacity and 

subsoi ls having higher capacity. 

h i g h l y  weathered sot 1s o f  t he  Southeast general l y  havi ng higher SOq2' adsorp- 

t i o n  capacity than s o i l s  o f  t h e  Northeast. 

These fac to rs  a l so  vary between regions, t he  

Because t h e  amount of S042' adsorbed i s  dependent on the  concentrat ion of 

solut ion,  it also may be affected by hydro log ic /c l imat ic  factors. For ~ 0 ~ 2 0  i n  

example, 

adsorb a 

t r a t  i ons 

a watershed w i t h  high evapotranspirat ion (ET) and dry  summers might 

1 incoming S042" dur ing that  season due t o  high s o i l  so lu t i on  concen- 

I n  contrast, a wet ter  watershed w i t h  s o i l s  o f  t he  same SO420 adsorp- 
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t i o n  capacity would not reach the  same so lu t i on  concentrations, and less S042' 

would be immobilized. To the  extent t h a t  t he  S042 sorbed by the  former wates- 

shed does not desorb dur ing a wetter season, t h a t  watershed would have a more 

delayed response than the  l a t t e r .  I f  the  SO4* does desorb during the spr ing 

wet season, a strong ac id i c  pulse could occur. This ET di f ference-could occur, 

f o r  example, between watersheds i n  the  southeast (high ET) and the  northeast 

(low ET), o r  between watersheds i n  t h e  same region but w i th  south-facing aspect 

(high ET) o r  north-facing aspect' (low ET), a l l  other fac to rs  being equal. 

F ina l l y ,  t h e  hydrologic pathway t h a t  water fo l lows through a watershed may 

determine the  amount of S042' adsorbed. Shallow throughflow o f  water p r imar i l y  

through low-adsorption-capaci t y  surf ace tioi 1 s coul d r e s u l t  i n  surf  ace water 

a c i d i f i c a t i o n  even though the  deeper s o i l s  had high sorpt ion capacity. 

Sulfate, adsorption capaci ty 1s another important hypothesized basis f o r  

t h e  categor izat ion o f  watersheds i n t o  ones t h a t  w i l l  respond qu ick ly  and ones 

t h a t  w i l l  e x h i b i t  a delayed response. Unfortunately, laboratory and f i e l d  data 

on the S042' adsorpt ion capaci ty of r o i l  are very meager. The use o f  adsorp- 

t i o n  cha rac te r i s t i cs  determined from laboratory  columns as inputs  t o  models i s  

hazardous because we do not  know the  re la t ionsh ips  between those character is-  

t i c s  i n  d is turbed laboratory  columns and i n  the  f i e l d .  

f u r t h e r  discussion o f  SO4*' adsorption. 1 
(See Section 3.3 f o r  

N i t r a t e  (NOg-) 3s the  other  important strong ac id  anion i n  ac id i c  deposi- 

f n  contrast  t o  Sod2-, which enters watersheds i n  amounts greater than t ion .  

b i o l o g i c a l  demands, most NOg- (and NH4+, which could be converted t o  NO3-) i s  

e f f i c i e n t l y  incorporated i n t o  biomass i n  most watersheds. Recent evidence, 

however, suggests t h a t  some watersheds are not re ta in ing  NOg- {Todd c- e t  al., 

1975; Hart in,  1979). These appear t o  be watersheds w i th  mature vegetation w i th  

a r e l a t i v e l y  low ni t rogen reqUir@i~nt. More work 15 needed t o  determine the 
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extent o f  forests/watersheds which release NU3', t he  r a t e  o f  increase o f  such 

areas as f o r e s t s  mature, whether t h e  N03- export i s  a seasonal phenomenon tha t  

occurs only when b i o l o g i c a l  uptake i s  low o r  only along shallow hydrologic 

pathways, and whether t h e  NU3' concentrat ions are high enough or.wi11 become 

h igh enough alone o r  i n  conjunct ion w i t h  SO4*' t o  cause substant ia l  ca t i on  

leaching or a l k a l i n i t y  depression v ia  the  s a l t  effect. 

2.2,3.4 Cation Withdrawal, Redistr ibut ion,  and Replenishment 

Other fac to rs  t h a t  a f f e c t  ca t i on  leaching and the  s a l t  e f f e c t  inc lude 

ca t i on  withdrawal and r e d i s t r i b u t i o n  w i t h i n  the  S o i l  p r o f i l e  by vegetation, and 

replenishment of cat ions t o  t h e  exchange complex by atmospheric inputs  and 

weathering of minerals w i t h i n  the  s o i l  p ro f i l e ,  These fac to rs  do not  d i r e c t l y  

a f f e c t  t h e  absolute amount o f  ca t i on  leaching, but cont ro l  t he  d i s t r i b u t i o n  o f  

i n d i v i d u a l  i o n i c  species and determine whether the  s o i l  w i l l  a c i d i f y  o r  

maintain an equ i l i b r i um between cat ions l o s t  and cat ions resupplied by weather- 

i n g  of primary minerals. 

t i o n ,  may determine how delayed a watershed's response w i l l  be, 

In  e f fec t ,  these factors, along w i t h  S042' adsorp- 

Aggrading (growing) f o r e s t s  accumulate n u t r i e n t s  I n  t h e i r  biomass each 

year, and a l so  cyc le  l a r g e r  q u a n t i t i e s  o f  n u t r i e n t s  from the  so i l s ,  through 

t h e i r  fo l iage,  back t o  t h e  s o i l s  ( i n  th rough fa l l  and l i t t e r f a l l ) .  The yea r l y  

accumulation r e s u l t s  i n  a net a c i d i f i c a t i o n  o f  t he  s o i l  due t o  uptake o f  excess 

cat ions over anions, which the  t r e e  balances by expor t ing H+ ions through the 

roots.  This can r e s u l t  i n  a c i d i f i c a t i o n  of some s o i l s  comparable t o  yea r l y  

leaching by a c i d i c  deposi t ion (Alban, 1982; Johnson and Richter, 1984). and can 

r e s u l t  i n  permanent a c i d i f i c a t i o n  if the  t rees  are harvested from the  s i t e .  

The yea r l y  cyc l i ng  o f  n u t r i e n t s  o r  eventual death and decomposition o f  the 

t rees  on s i t e  re turns the  cat ions t o  the  surface s o i l ,  r e s u l t i n g  i n  no net  
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ac id i f i ca t ion ,  b u t  ra ther  i n  a red is t r ibu t ion  of nutrients w i t h i n  the soil 

prof i le .  

acce le ra te  ac id i f i ca t ion  of some s o i l s  an the 10 t o  100 year time s t a l e  t h a t  we 

Thus,  cat ion withdrawal and storage i n  vegetation may s ign i f i can t ly  

ace in t e re s t ed  i n .  

s o f l s  cont ro ls  the abundance of base cat ions i n  those s o i l s ,  and re ta rds  

ac id i f i ca t ion  of the surface s o i l s  a t  the expense of deeper s o i l s ,  Some 

i n fomat ion  is ava i lab le  on nutrient d i s t r ibu t ion  and cycling i n  major fo re s t  

types, bu t  l i t t l e  is known about changes i n  requirements or cycling as f o r e s t s  

mature, about re la t ionships  w i t h  h i s t o r i c  land management prac t ices ,  about 

linkages w i t h  hydrologic pathways, o r  re la t ionships  t o  differing s o i l  charac- 

teristics and climate. The var ia t ion i n  d i s t r ibu t ion  and cyclfng of nut r ien ts ,  

between watersheds w i t h i n  a region o r  between regions f o r  a given f o r e s t  type, 

i s  unknown. 

Yearly cycling and red is t r ibu t ion  o f  cations- t o  the surface 

Net base cat ion replenishment t o  the s o i l  exchange complex can occur 

through two processes: (1) i n p u t s  from the atmosphere, and (2)  from mineral 

weathering. Both o f  these are s t ra ight fa rnard  i n  concept but extremely d i f f i -  

cult t o  measure. 

National Atmospheric Deposition Program (NADP) measurements provide an 

estimate of ca t ions  deposited i n  wet deposit ion,  but do not inc lude  dry depost- 

t l o n  which may be subs tan t ia l  for some elements, pa r t i cu la r ly  base cations.  

Wet and dry deposit ion have i n d u s t r i a l ,  t e r r e s t r i a l ,  and marine sources, and 

vary grea t ly  w i t h  t he  ordgin of t h e  airmass. 1IIAUP data  can provide a t  l ea s t  a 

min imum value of  atmospheric i n p u t  of CatlOnS t o  watersheds (g iven  t h e  caveats 

mentioned i n  Section 2.2.1). A survey of local s i t e s  t h a t  monitor wet and dry 

deposit ion m i g h t  a id  i n  obtaining b e t t e r  i n p u t  numbers, but I t  must be renem- 

bered t h a t  no widely accepted methods exist f o r  monitoring dry deposit ion t o  

watersheds, 
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Measuring the  r a t e  of base cat ion resupply from mineral weathering i s  a 

more d i  f f i  c u l t  problem. 

of base cat ions can only be accomplished over a long per iod o f  t i m e  by using 

kiss-balance techniques i n  lysimeter-plot  o r  watershed-level studies and d i r e c t  

measurement o f  t he  change i n  exchangeable cat ions i n  the  s o i l s  a t  t h e  beginning 

and end o f  t he  t ime in te rva l .  

D i  r e c t  measurements o f  weathering rates and resupply 

Even t h i s  technique has wide margins o f  e r r o r  

due t o  unce r ta in t i es  i n  quan t i f y i ng  wet-dry inputs, f l u x  o f  water past t he  

lysimeter o r  out o f  t h e  watershed i n  stream and groundwater, uptake by vegeta- 

t i o n ,  and a probable small change i n  exchangeable cat ions measured as the  

d i f f e rence  between two la rge  numbers w i t h  h igh variance, 

Other techniques t h a t  could be used t o  estimate mineral weathering 

include: 

t h e  surface waters from which weathering rates may be calculated, knowing the  

mineral types and abundance i n  the  watershed; (2)  study o f  mineral g ra in  

etching, weathering r i nds  (secondary minerals t h a t  form on t h e  surface o f  

primary mineral grains as they weather), and mineral abundance i n  t h e  watershed 

t o  ca l cu la te  weathering rates; and (3)  1 aboratory studies o f  mineral weathering 

extrapolated t o  the  f i e l d .  

p l i s h  on a survey basis, 

measured i n  t h e  f i e l d  must not undergo b i o l o g i c  uptake o r  be involved i n  cat ion 

exchange, s o i l  adsorption, or secondary mineral formation i n  e i t h e r  t h e  

t e r r e s t r i a l  system o r  surface waters. Also, i t  must have zero o r  well-known 

atmospheric input. 

so an unknown amount o f  uncer ta in ty  i s  added t o  the calculat ion,  Calculat ing a 

r a t e  from a surface water measurement a lso does not t e l l  you where the  weather- 

i n g  occurred, e.g., w i t h i n  t h e  r o o t i n g  zone (where i t  could replenish t h e  

exchange complex) or deep w i t h i n , t h e  till o r  regol i th .  

(I) measurement o f  weathering products sueh as s i l i c a  o r  ch lo r i de  i n  

The f i r s t  o f  these might be the  easiest  t o  accom- 

I t s  biggest problem i s  t h a t  t h e  element t o  be 

Few o r  no commonly measured ions meet these requirements, 

Only a knowledge o f  the 
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r e l a t i v e  contr ibut ions of different hydrologic pathways and d i s t r ibu t ion  of the 

mineral types could h e l p  loca te  t h e  weathering zone. 

Study of mineral grain e tch ing  and weathering r inds could show important 

weatheri ng d i  f f erences w i t h i n  a soi 1 prof i 1 e and between watersheds t h a t  have  

s imi l a r  mineralogy but different aspectr hydrologic pathways, and vegetation 

types, f o r  example. 

above, b u t  is  very labor  intensive and involves some gross estimates and 

I t  could be used alone o r  i n  conjunction w i t h  the method 

assumptions, 

increase i n  cat ion resupply r a t e s  u s i n g  this  method, because the technique 

analyzes mineral a l t e r a t i o n s  t h a t  occur over thousands of years  or longer. 

I t  would be very d i f f icu l t .  or  Smpossible t o  discern any recent 

The 1 a s t  technique, of fseasuri ng weathering r a t e s  under t on t  ro l l  ed 1 abora- 

tory conditions, i s  Useful a s  a comparative tool  t o  test r e l a t i v e  weather- 

a b i l i t y  of different soils. However, a measuremnt of abrasion pH (pH measured 

on fresh, f ine ly  ground soi l )  might give a s  good an index. With neither of 

these techniques i s  it known how the results r e l a t e  t o  f i e ld  conditions. A 

s o i l  core, even If taken t o  the laboratory w i t h  a m i n i m u m  of disturbance, will 

have a l t e r ed  i n p u t  ra tes ,  water content, CO2 content, temperature, and a 

mul t i t ude  of b i o t i c  processcfs. These fac to r s  a r e  a l l  c r f t i c a l  determinants o f  

weathertng ra tes ,  and t h e  results o f  such studies are d i f f i c u l t  t o  interpret i n  

the context of assessing resupply o f  base cat ions t o  exchange sites o r  the 

l eng th  of  delayed response a watershed might exhib i t .  

To summartre, an easy, inexpensfve, sure technique of measuring weather- 

ing/c;ation resupply rates, and differences between watersheds w i t h i n  a region, 

does not exist. 

survey data  and s o i l  minerals sampled from every watershed t o  develop a rough 

estimate of weathering r a t e s  and differences between watersheds. The uncer- 

t a i n t y  of measurement would be very h i g h ,  however, and l ikely would not h e f p  

Some general izat ions and aS5umptiOnS could be made u s i n g  lake 
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d is t i ngu ish  between watershed response delays o f  10 or 100 years. 

edge o f  ca t ion  withdrawal, red i s t r i bu t i on ,  and replenishment i s  discussed i n  

greater  d e t a i l  i n  Sections 3.5 and 3.6.) 

(Our knowl- 

2.2.4 In-Stream and In-Lake Processes 

Streams and lakes are both (1 )  receptors o f  d issolved and p a r t i c u l a t e  

mater ia ls  t ransported from the  surrounding watershed and deposited d i r e c t l y  

from t h e  atmosphere, and (2) biogeochemical reactors t h a t  f u r t h e r  t ransform 

these materials. An assessment of t he  charac ter is t i cs  t h a t  con t ro l  whether a 

l ake  w i l l  respond t o  a c i d i c  deposi t ion immediately o r  w i t h  a delay thus must 

inc lude not  on ly  a determinat ion o f  con t ro ls  on f luxes o f  a l k a l i n i t y ,  ac id i t y ,  

and associated cat ions and anions from t h e  t e r r e s t r i a l  t o  the  aquat ic system, 

but a lso  i n t e r n a l  hydro log ic  and biogeochemical processes t h a t  mediate the  

concentrations, transformations, and f luxes  o f  these mater ia ls  w i t h i n  the  

surface waters. 

Spat ia l  and temporal v a r i a b i l i t y  of inputs  to, and mixing of, streams and 

lakes Inf luences the  f l u x  o f  mater ia ls  and extent o f  react ions t h a t  can take 

place. Geochemical (e.g. , ca t ion  exchange, weathering, S042' adsorption) and 

b i o l o g i c a l  processes (e.g., n i t r a t e  and s u l f a t e  reduction, primary produc- 

t i v i t y )  w i t h i n  the  sediments and water column generate a l k a l i n i t y  and ac id i ty .  

The a c i d i f i c a t i o n  o f  t h e  waters may inf luence t h e  rates a t  which these i n t e r n a l  

processes take place, w l t h  p o s i t i v e  and negative feedbacks possible. Enough i s  

known about these processes f o r  several lakes t o  know t h a t  they are important 

i n  making the  d i rect /de layed assessment (e.g., Hongve, 1978; Cook and 

Schindler, 1983; K e l l y  e t  al., 1982; Wright, 1983; Goldstein and Ghetini,  

1984), and a t  l e a s t  one of t h e  current  models incorporates in- lake processes i n  

I t s  p ro jec t ions  (Chen e t  al., 1983). The pro jec t  needs t o  be designed t o  
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c o l l e c t  and incorporate t h e  appropriate lake data  i n  addi t ion t o  t h e  terres- - 
t r i a l  ecosystem data. 

2;3 MATEHSHED CLASSIFICATION 

2.3.1 Continuum of  Response , and Di rect/Oel ayed fCapati t y  Protected Categories 

Due t o  the mul t ip le  hypothesized mechanisms (and possibly a lso some 

unrecognized ones), and due t o  t h e  great  variabi 1 i t y  of watershed character i  s- 

tics w i t h i n  the eas te rn  United S ta tes ,  i t  i s  reasonable t o  expect t h a t  there 

will  be a continuum o f  response of lakes t o  continued ac id i c  deposition. 

Galloway -- et al .  (1983) proposed a seven-step conceptual framework f o r  under- 

stand$ ng surf ace-water acl d5 f I c a t  1 on and 1 denti  fying research needs . Reuss 

(1984, unpubl i shed)  added the sa l t - e f f ec t  mechanism t o  t h a t  framework [based on 

t h e  concepts publ i shed  i n  Reuss and Johnson (1985)], t o  produce t h e  conceptual 

framework of three different watershed types shown i n  Figure A.2.1 and dis-  

cussed below. These concepts and the re la ted  knowledge of t h e  members of the 

National Research Council PPLA resulted !in their s impl i f ied  conceptual categor- 

i za t ion  of lake watershed ac id i f i ca t ion  h t o  quick (direct) response (on the 

order of  a few years  t o  20 yea r s ) ,  delayed response (on the order of decades o r  

longer), and capacity protected/no response (centur ies  or m i  I lennia)  (PPLA, 

1984) . 
FIgure A.2.1 shows t h e  sequence of hypothesized changes i n  surface water 

a l k a l i n i t y  and pH based on differences in so i l  a c i d i t y  (base sa tura t ion)  and 

SU42’ adsorption capacity. 

Step 1. Surface water qua l i t y  is a t  steady s t a t e ,  w i t h  a dynamic equi l ib-  

r i u m  established between atmospheric I n p u t s  of water and dissolved constitu- 

ents, weathering, and biological transformations and cycling of nutrient and 

nonnutrient elements. 
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Step 2, An increase i n  s o l u t i o n  concentrat ion due t o  an increase i n  

strong ac id  anions causes depression o f  a l k a l i n i t y  and pH ( s a l t  e f fect ) .  

The magnitude o f  t he  response ( a l k a l i n i t y  and pH depression) i s  dependent 

on t h e  i n i t i a l  a l k a l i n i t y  o f  t he  solut ion,  on the  base saturat ion of t he  so i l  

or- sediment, and on the ca t i on  exchange s e l e c t i v i t y  o f  t he  s o i l  o r  sediment, 

[High-base-saturat i o n  exchangers have re1 a t i  vely 1 i t t l e  exchangeable H+ t o  g i  ve 

up t o  solut ion. Total ca t i on  exchange capacity (CEC) i s  not  a factor  i n  t h i s  

step.] 

The r a t e  o f  t he  response i s  dependent on r a t e  o f  increase of strong ac id 

anion concentrat ion i n  solut ion.  This increase i s  i n  t u r n  dependent on hydro- 

l o g f c s  geochemical, and b i o l o g i c a l  condi t ions discussed i n  Sections 2.2.3 and 

2.2.4. The amount o f  S042' adsorption w i l l  determine the  t i m e  delay i n  t h i s  

step . 
With s o l u t i o n  a l k a l i n i t y  subs tan t i a l l y  greater than zero (e.g., > 100 

ueq/L), t h e  s o i l  so lu t i on  pH w i l l  be depressed only s l i g h t l y  below normal s o i l  

C02 equ i l i b r i um pH, and stream o r  lake water pH w i l l  r a p i d l y  r i s e  t o  atmo- 

spher ic C02 equ i l i b r i um l e v e l  as zero, s o i l  so lu t i on  pH w i l l  s t i l l  be depressed 

only s l i g h t l y  below normal due t o  ca t i on  exchange o f  most H+ ions, b u t  stream 

o r  lake water pH w i l l  remain low, s ince there i s  no a l k a l i n i t y  i n  the  water t o  

react  w i t h  H+ and degas as CU2 as t h e  s o i l  water i s  discharged t o  t h e  surface 

water environment. This c r i t i c a l  re la t i onsh ip  i s  discussed f u r t h e r  i n  Sections 

3.2.3 and 3.4, 

- Step 3. A c i d i f i c a t i o n  of s o i l ,  s o i l  solut ion,  sediments, and surface 

water occurs due t o  deplet ion of base cat ions leached i n  associat ion w i t h  

mobi 1 e ani ons. 

The extent o f  a c i d i f i c a t i o n  due t o  deplet ion o f  base cat ions is l i m i t e d  by 

ca t i on  s e l e c t i v i t y  o f  exchange s i t es .  A t  low base saturat ion,  base cations are 
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Flgwe A.2.1. Hypothesized steps i n  rurfacst water alkallnlty and pH response 
t o  an Increase and then a decrease i n  strong acfd mion 
'loadlng t o  (a)  a *capaclty-protected' watershed, (b) a 
"delayed-response" watershed, and (c)  a "di rect-response' 
watersbed. 
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he ld  very t i g h t l y  on exchange si tes,  and H+ and A13+ become the  dominant 

cat ions accompanying mobile anions i n  solut ion. 

The t im ing  and r a t e  o f  base cat lon deplet ion depends on t h e  S042' adsorp- 

t i o n  capaci ty of t he  s o i l  o r  sediment, so lu t i on  S042" and NQ3' concentrations, 

base saturat ion,  and CEC of the  s o i l  or sediment. Weathering o f  primary 

minerals may keep up with, o r  reduce the  r a t e  of ,  base ca t i on  deplet ion from 

exchange si tes.  

i c a l  processes are discussed i n  'Sections 2.2.3 and 3.2. 

Factors contro l  l i n g  the  rates o f  these component biogeochem- 

A l k a l i n i t y  and C02 p a r t i a l  pressure of r o i l  and surface waters W i l l  a f f e c t  

so lu t i on  pM as i n  Step 2 above. 

Step 4, A new steady s t a t e  i s  establ ished and maintained when atmospheric 

I nputs, hydro1 ogi c processes , and b i  ogeochemi ca l  reactions again reach equi 1 i b- 

rium. This occurs if weathering o f  primary minerals i n  young o r  very deep 

s o i l s  w i t h  abundant weatherable minerals o r  d i sso lu t i on  o f  secondary s i l i c a t e  

c lays o r  sesquioxides i n  more mature s o i l s  keeps pace w i t h  strong ac id  anion 

inputs. The po in t  a t  which t h i s  steady s t a t e  i s  reached i s  the  same as t h e  

endpoint o f  base ca t i on  deplet ion i n  Step 3 above, and thus depends on the  same 

component processes discussed i n  Sections 2.2.3 and 3.2. 

establ ished i s  due t o  primary mineral weathering, so lu t ions w i l l  be dominated 

I f  the  equ i l i b r i um 

by base cations, whereas i f  It I s  due t o  secondary mineral weathering, 

so lu t ions w i l l  be dominated by H+ and Al3+ ions. 

Steps 5, 6, and 7. Upon reduct ion o f  strong ac id  anion i npu t  t o  the  

system, recovery t o  t h e  o r i g i n a l  equ i l i b r i um condi t ions i s  a reve rs ib le  

process. 

o f  r e t u r n  o f  pH and a l k a l i n i t y  t o  o r i g i n a l  l e v e l s  i s  con t ro l l ed  by delayed 

release o f  S042" from sorp t i on  s i t e s  and by rates o f  Weathering o r  other base 

ca t i on  inputs  i n t o  the  system. A fundamental dif ference between recovery due 

The extent o f  recovery i s  not l imi ted,  given enough time. The r a t e  
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t o  the s a l t  effect and recovery by mans o f  t h e  cat ion scavenging process 

exists i n  the rate a t  which each occurs* In s o i l s  t h a t  do not r e t a in  sulfate 

or i n  soils where s u l f a t e  i s  irreversibTy retained, a l k a l i n i t y  and pH depres- 

sion due t o  t h e  s a l t  e f f e c t  will be removed immediately upon reduction i n  

s t rong  acid anion loading (S042', NO3-, Cl-), 

negative to pos i t i ve  a l k a l i n i t y ,  the pH s h i f t  may be quite subs tan t ia l .  

Recovery from ac id i f i ca t ion  due t o  cat ion leaching may r@quire decades or much 

longer, 

If  t h i s  results i n - a  s h i f t  from 

Note t h a t  f ac to r s  discussed i n  Section 2.2 such as  var ia t ions  i n  physio- 

graphy, canopy types, hydrologic pathways, vegetation withdrawal and redistri - 
bution, and in-stream and in-lake processes a r e  not e x p l i c i t l y  included in t h i s  

conceptual framework. For purposes of simplicity, these fac to r s  a r e  assumed t o  

be equal for each type o f  watershed described. 

a l l  inf luence the extent of a l k a l i n i t y  depression or r a t e  af ac id i f i ca t ion  

[ length of delay),  and must be factored i n t o  any model and regional assessment 

along w i t h  the soil equilibrium relat ionships .  

In t h e  real  world they migh t  

2-3.2 Supportinq Evidence 

The  evidence on which this conceptual framework was b u i l t  exists i n  both 

relatively long-term, ecosystem-level data  col lected a t  a fwJ sites such a s  

Hubbard Srook, New Hampshire, Coweeta, North Carolina, and Yalker Brunch, 

Tennessee, as well as i n  more-limited and shorter-term da ta  t h a t  have been 

collected a t  numerous addi t ional  sites shown i n  Figure A.2.2, Results of 

studies conducted a t  these sites are sca t te red  widely through the peer-reviewed 

l i t e r a t u r e .  fhe par t jc ipants  on the Panel on Processes o f  Lake Acidification 

mentally synthesized much of these data  dur ing  their formulation of t h e  direct/  

delayedlno response categories.  Wi th in  the scope of t h i s  document only broad 
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general izat ions can be drawn from the  avai lab le resul ts.  

support f o r  a regional  assessment p ro jec t  based on t h i s  conceptual izat ion 

should include a compilat ion and c r i t i c a l  review o f  e x i s t i n g  data sets and 

conclusions, as w e l l  as generation o f  new data sets, f o r  t e s t i n g j r e f i n i n g  the 

conceptual framework. 

Clear ly,  though, 

Regional pat terns t h a t  have emerged can be d iv ided i n t o  patterns o f  

surface water chemistry (e.9.. Omernik and Powers, 1983) and patterns o f  

geology and s o i l  chemistry (Olson -- e t  al,, 1982; McFee, 1980; Norton, 1980). 

Acid ic  streams and lakes occur mainly i n  the  northeastern United States. 

few a c i d i c  lakes occur I n  t he  Southeast, bu t  very few small, natura l  lakes 

occur a t  a l l  i n  t h e  Southeast, Low-order southeastern streams a lso are not 

Very 

general ly as a c i d i c  as northeastern streams, and they general ly contain lower 

S042” concentrations. Hany h i  gh-elevation, low-order southeastern streams do 

have a l k a l i n f t y  as low as t h e i r  northeastern counterparts, however, and t h i s  i s  

cause for  concern about f u t u r e  a c i d i f i c a t i o n  of these streams t h a t  are impor- 

t a n t  f o r  sport  f ishing, 

Geological Survey (USGS) benchmark sampling s tat ions support ing these general - 
f ra t ions.  

from northeastern s ta t i ons  and an increase i n  SO concentrations i n  south- 

Smith and Alexander (1983) reported data from U.S. 

They a l so  reported trends showing a decrease i n  SO4*’ concentrations 

eastern streams, and re la ted  these trends t o  s i m i l a r  trends i n  SO2 emissions i n  

surrounding states. 

surface water data show t h a t  t he re  i s  very l i t t l e  r e l i a b l e  data avai lab le f o r  

assessing h i s t o r i c  changes i n  surface waters due t o  a c i d i c  deposi t ion or other 

causes (Kramer and Tessier, 1982; Hendrey -- e t  al., 1984). The National Surface 

Water Survey w i l l  provide t h e  f i r s t  consistent database o f  e x i s t i n g  conditions. 

Unfortunately, recent c r i t i c a l  analyses of e x i s t i n g  

Differences between three lake watersheds w i t h i n  a small region have been 

i n t e n s i v e l y  studied i n  t h e  ILWAS pro ject ,  and studies o f  2U addi t ional  water- 
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Figure A.2.2, Network o f  long-term monitoring and intensive  t e r r e s t r i a l 1  
aquat ic study s i t e s ,  
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sheds are cont inu ing w i t h  the  RILWAS pro ject ,  sponsored by the  E l e c t r i c  Power 

Research I n s t i t u t e .  

f i e l d  data gather ing and watershed monitoring, along w i t h  a sophis t icated 

k d e l i n g  e f f o r t .  

These pro jec ts  are i n teg ra t i ve  studies u t i l i z i n g  in tens ive 

The resu l t s  are voluminous (Chen -- e t  a1.m 1983; Murdoch - e t  

al,, 1984; Galloway -- e t  al., 1984; Goldstein and Gherini, 1984). and suggest 

t h a t  t he  processes most important t o  c o n t r o l l i n g  lake chemistry a t  those s i t e s  

a re  shallow flowpaths through r e l a t i v e l y  unreact ive s o i l s  i n  one watershed and 

deeper f low through weatherable 'till i n  a second watershed. 

watershed was t o o  l a rge  t o  d i s t i ngu ish  the  c o n t r o l l i n g  fac to rs  even w i t h  

i n tens i ve  study. Shallow-soi l  chemical cha rac te r i s t i cs  were essen t ia l l y  

i d e n t i c a l  between the  watersheds. 

- 

The t h i r d  lake 

In- lake processes were a lso  found t o  be 

important. 

S o i l  p roper t ies  thought t o  cont ro l  surface water a c i d i f i c a t i o n  a lso  show 

regional  patterns. Some o f  these are shown f o r  the  eastern United States i n  

Figures A.2.3-6, drawn from t h e  Geoecology Data Base (Olson -- e t  al., 1980; Olson 

-- e t  al., 1982). The most c r i t i c a l  property, base sa tura t ion  (Figure A.2.3), i s  

low throughout t h e  Southeast and i n  h igh-e levat ion and sandy outwash s o i l s  o f  

New England, These are n a t u r a l l y  ac id i c  s o i l s  i n  which the  s a l t  e f f e c t  could 

be s i g n i f i c a n t  i f  anion concentrat ions become high enough. 

capaci ty  (CEC) and exchangeable bases (Figures A.2.4-5) are 1 ow throughout the  

Southeast, b u t  s i g n i f i c a n t l y  higher i n  most o f  the  Northeast. Watersheds w i th  

low CEC and low exchangeable base s o i l s  might a c i d i f y  immediately due t o  the  

s a l t  e f f e c t  ( d i r e c t  response), o r  e x h i b i t  a less delayed response than those 

w i t h  h igher  CEC and exchangeable bases. 

t o  i r o n  and aluminum oxides and Inverse ly  re la ted  t o  s o i l  organic matter 

content, i s  thought t o  be h igh  i n  U l t i so l s ,  which occur i n  t h e  Southeast and 

middle A t l a n t i c  states, and low i n  Spodosols, which occur p r imar i l y  i n  the  

Cation exchange 

Sul fa te adsorption capacity, re la ted  
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Figure A.2.3. Average county surface-soil base ratutation level 5. 
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Figure A.2.4. Average county surface-soil ca t ion  exchange capacity.  
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Figure A.2.5. Average county surface-coil cxehangeabl e base 1 eve1 s. 
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LOU HODEARTE 

Figure A.2.6. Areas w i t h  potential t o  transfer acid t o  aquatic systems based 
on county-level average base saturation, sulfate adsorption 
capacity, and bedrock sensitivity.  High - direct response, 
Moderate = delayed response, Low = capacity-protected or more 
delayed response. 
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Adi rondacks, New Hampshire, and Maine. 

southern New England and on the  r idges af t he  middle A t l a n t i c  and southeastern 

states,  may have h igh  or low S042' adsorption capacity. Figure A.2.6 shows 

areas t h a t  might be predic ted t o  have d i rec t ,  delayed, and capacfty protected 

watersheds based on base sa tura t  i on , s u i  f a t e  adsorption capaci ty and bedrock 

s e n s i t i v i t y .  C r i t e r i a  f o r  each category were based on Seip (1980) and are 

l i s t e d  i n  Olson e t  a l .  (1982). 

Incept iso ls ,  which occur throughout 

c- 

Although the  above analys is  does show regional  pat terns and d i f ferences 

between count ies w i t h f n  a reg ion¶ i t  i s  unsui tab le f o r  p rov id ing  input  data t o  

models for p r e d i c t i n g  behavior of watersheds w i t h i n  those regions. The data 

are general ized t o  averages for a l l  furested soils w i t h i n  each county, thereby 

masking any sens i t i ve  areas w i t h i n  countfes t h a t  are otherwlsc l a rge ly  

Insensi t ive.  These base sa tu ra t i on  and CEC data are determined a t  a buf fered 

pH using standard So4 1 Conservation Serv! ce (SCS) procedures, and t bese values 

a re  very d i f f e r e n t  from values determined a t  f i e l d  pH o f  t he  Soils. The f i e l d  

pH values are needed as Inpu t  t o  t h e  p r e d i c t i v e  models. finally, t h e  S042' 

adsorpt ion capaci ty  of most s o i l s  is unknown, and such a gross genera l izat ion 

based on s o i l  order i s  t oo  uncertain for analys is  o f  d i f ferences i n  delay 

within regions. A I 1  caveats aside, It will be i n t e r e s t i n g  t o  over lay lake  

survey r e s u l t s  w i t h  these maps t o  t e s t  t h e  c r e d i b i l i t y  o f  t h i s  analys is  which 

was performed long before t h e  d i rect lde layedfcapaci ty  protected concept was 

devel oped. 

2.3.3 Seasonali ty 

An apparent problem w i t h  t h e  grouping of watersheds i n t o  d i  rec t /de l  ayed/ 

capaci ty  protected categor ies (which imply a t  l eas t  some sense o f  s t a b i l i t y  

over time) i s  t h a t  Some watersheds shw seasonal a c i d i f i c a t i o n  o r  episodic 

A02027 



a c i d i f i c a t i o n  due t o  major s t o m  events (e.g., Panther Lake i n  the  Adirondacks 

o r  Raven Fork i n  t h e  Smoky Mountains), These watersheds dur ing most t imes o f  

t h e  year have circumneutral waters due t o  s o i l  o r  other charac ter is t i cs  t y p i c a l  

af :del ayed response o r  capaci ty-protected watersheds. 

pul.ses associ ated w i t h  snowmelt o r  storms may regul a te the  b i o t i c  community o f  

t h e  surface waters, 

attempt t o  quant i fy such cases, which may not c l e a r l y  f i t  i n t o  the  general 

However, the' ac id i c  

- 
An assessment o f  waters a t  r i s k  needs t o  recognize and 

categor izat ion scheme. 

2.3.4 Regional Assessment o f  D i  rect /Del  ayed/Capaci t y  Protected Categories 

Policymakers requ i re  in format ion concerning how many lakes/watersheds i n  a 

reg ion are  l i k e l y  t o  become a c i d i e  w i t h i n  a c e r t a i n  timeframe, so t h a t  they can 

evaluate costs and benef i ts  o f  a l t e r n a t i v e  cont ro l  s t ra teg ies  ( o r  no act ion).  

An approach such as t h a t  used by Olson -- e t  a1 . (1982). described i n  Section 

2.3,2 above, could be used t o  categor ize areas i n t o  th ree  response categories 

us ing  p red ic t i ve  models d r iven  by the  area-average values f o r  hypothesized 

c r i t i c a l  environmental factors.  It would then be necessary t o  assume a l l  (or 

some d i s t r i b u t i o n  o f )  lakes i n  each area respond as predic ted and aggregate the  

number o f  lakes i n  each area by response category i n t o  regions t o  g ive the  

t o t a l  number o f  lakes i n  each response catagory i n  each region. An a l te rna t i ve  

approach would be t o  i d e n t i f y  a random sample set  o f  lakes w i t h i n  a region, 

character ize each lake  watershed according t o  t h e  hypothesized c r i t i c a l  

environmental factors,  detetmi ne t h e  response category o f  each lake watershed 

by modeling based on t h e  watershed character izat ion,  then scale back up t o  t he  

reg ion t o  get a s t a t i s t i c a l  est imate of number o f  lake watersheds I n  each 

category. 
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The f i r s t  approach i s  useful if homogeneous areas can be i d e n t i f i e d  i n  

which a l l  lakes would be expected t o  respond t h e  same way. 

a re  not  t he  appropr iate u n i t  (but  they do represent a r e l a t i v e l y  small mapping 

unft on a reg ional ’sca le whose boundaries e x i s t  i n  d i g i t i z e d  form and f o r  which 

a 1-arge database of environmental factors  ex is ts) .  A mapping u n i t  based on the  

combination/i  n tegra t ion  o f  several na tura l  boundaries such as geologic 

contacts, physiographic un i ts ,  s o i l  series, s o i l  associat ions, o r  o ther  s o i l  

taxonomic groupings, and/or vegetat ive cuver would be more appropriate. 

Counties c l e a r l y  

- 

The second approach requi res a r e l a t i v e l y  l a rge  random sample set  o f  lakes 

t o  adequately represent t h e  many combinations of hypothesized c r i t i c a l  envi ron- 

mental factors.  

shed t o  adequately character ize each. 

It also requi res an in tens ive  sampling scheme a t  each water- 

Becausec based on our cur ren t  know1 edge and resources , we cannot i d e n t i f y  

a homogeneous mapping u n i t  t h a t  f i t s  our needs, y e t  we can i d e n t i f y  enough 

na tu ra l  pa t te rn  t o  make a pure ly  s t a t i s t i c a l  design unnecessary, some combina- 

t i o n  of t h e  two approaches seems optimal, Natural regions that have been 

i d e n t i f i e d ,  such as a l k a l i n i t y  regions, major land resource areas (MlRAs),  o r  

s o i l  taxonomic groupings, could be character ized i n  terms o f  response category 

. 

based on hypothesized mechanism. A s t r a t i f i e d  random sampling o f  i nd i v idua l  

watersheds w i t h i n  each reg ion would be made, or a random sample drawn from a l l  

lake  watersheds could be taken. Each watershed would be mapped according t o  

s o i l  cha rac te r i s t i cs  and vegetat ive cover, followed by hydrologic,  chemical, 

and -b io log i ca l  cha rac te r f ra t i on  of each mapping uni t .  Sampling o f  watersheds 

would be designed t o  character ize mapping uni ts ,  which w i l l  occur on numerous 

watersheds, thereby reducing t h e  need t o  i n tens i ve l y  sample a l l  watersheds. 

m d e l s  d r iven  by cha rac te r i s t i cs  weighted by the  area of each mapping u n i t  i n  

t h e  watershed would be used t o  categor ize t h e  response o f  each watershed, 



Results could be aggregated t o  t e s t  t he  i n i t i a l  regional  categor izat ion and t o  

g ive numbers o f  lakes i n  each category f o r  the  populat ion of lakes as a whole. 

2.3.5 Data Needs and A v a i l a b i l i t y  

- - 
(Section 2.3.1) as we l l  as the  discussion of con t ro ls  on s o i l  and water 

Referr ing back t o  the  conceptual framework diagrammed i n  Figure A.2.1 

a c i d i f i c a t i o n  i n  Section 2.2, we can l i s t  t he  data needed as input  f o r  a 

q u a l i t a t i v e  assessment o r  quan t i t a t i ve  computer model (Table A.2.1). 

Very few o f  these data are ava i lab le  i n  a d i g i t i z e d  database useful f o r  a 

reg ional  d i rect /delayed/capaci ty protected assessment. Maps are ava i lab le  f o r  

reg ional  inputs,  but  many o f  t he  cont ro ls  on inputs  l i s t e d  vary on a l o c a l  

scale as discussed i n  Section 2.2.1. Limi ted data on s o i l  charac ter is t i cs  

(texture, drainage, organic matter, pH) are ava i lab le  i n  t h e  SCS Soils-5 

database, More chemical data are ava i lab le  i n  the  SCS Pedon database, bu t  the  

ava i lab le  so41 ser ies  f o r  northeastern fo res t  s o i l s  a re  l im i ted ,  chemical 

cha rac te r i s t i cs  such as 0s and CEC are based on a buf fered pH, and ver i f ied ,  

d i g i t i z e d  f i l e s  a re  not ye t  avai lable. Further discussion on data a v a i l a b i l i t y  

and q u a l i t y  i s  found i n  Section 3 below. 

2.4 SUMMARY 

Figure A.2.7 shows the  mechanisms hypothesized t o  be most important i n  

c o n t r o l l i n g  surface water ac id i f i ca t i on ,  along with watershed charac ter is t i cs  

thought t o  determine whether each mechanism i n  f a c t  i s  operat ional  i n  a given 

watershed. 

For  watersheds where most water reacts w i t h  the  so i l s ,  ca t i on  exchange re la -  

t ionships,  which cont ro l  t he  s a l t  e f fect  and base ca t ion  bu f fe r i ng  mechanisms, 

u l t ima te l y  are the  c r i t i c a l  determinants of surface water ac id i f i ca t ion .  

Atmospheric strong-acid inputs  d r i v e  the  a c i d i f i c a t i o n  process. 
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Table A.2.1. Data needs f o r  d i  rect/delayed/capacity-protected categorization 
of each numbered headfng depends on t h e  subheadings listed under 
i t  as  well as  on a l l  headings above i t .  

1, Input  Ion Concentrations, Loading 
*1 ocat i  on 
'climate 
*physiography 
*canopy type 

seasonal i t y  
- 

2. Soi 1 /Sediment Contact 
hydrologic f1.w paths 
flow r a t e ,  react ion t i m e  
soil  tex ture ,  drainage, flow restrictive layer 

3, Weathering Replacement 
weathering r a t e s  
sol  1 m i  neral ogy 

*bedrock type 

4. Anion Retention 
Sulfat 

5 0 2 -  retention capacity 
percent capacity filled 
solut ion concentratf on by evapotranspi r a t i  on 
bi ol ogi cal  accumul a t  4an 

N i t  rate 
nitrogen s t a t u s  of ecosystem 
n i t r i f i c a t i o n  rate 

5, Base Cation Buffering 
*base sa tura t ion  
+cation exchange capacity 
c a t  i on sel ect i v i  t y  
alumi num solubi 1 i t y  
vegetation withdrawal and redi stri but4 on 

6. Salt Effect Alkal ini ty  Depression 
*base sa tura t ion  
weak acSd buffering 
pCO2 dynami cS 

- - ~ -  - 

* Shows data avai lab le  i n  a t  l e a s t  limited form f n  a regional data base (see 
t e x t  for l imi ta t ions) .  
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Sul fa te and n i t r a t e  re ten t i on  l a r g e l y  determines the  concentrat ion of strong 

ac id  anions ava i lab le  i n  so lu t i on  t o  balance p r o t o l y t i c  and base ca t ion  

leaching. 

capaci ty fac to rs  t h a t  determine the  delay t h a t  w i l l  occur before. the s a l t -  

e f f e c t  a l k a l i n i t y  depression/pH depression ( i n t e n s i t y  f a c t o r )  takes place. 

f$iolsgical p r o d u c t i v i t y  generates a l k a l i n i t y  and help cont ro l  n u t r i e n t  i o n  

d i s t r i bu t i on ,  thereby in f luenc ing  the  length of delay. Weathering replacement 

and atmospheric base ca t ion  inputs  cont ro l  t he  r a t e  of base cat ion resupply t o  

exchange si tes,  thus a f fec t ing  the  ca t ion  exchange re la t ionsh ips  c o n t r o l l i n g  

ca t i on  leaching and the  s a l t - e f f e c t  a l k a l i n i t y  depression. Weathering rates 

may increase t o  keep up w i t h  s t rong ac id  anion deposi t ion and leaching, o r  may 

a t  l e a s t  reduce the  r a t e  of net  l o s s  of base cat ions from exchange s i tes,  

Hydrologic f low paths through a watershed determine i f ,  where, and a t  what r a t e  

a1 1 o f  t h e  osi 1 /rock/sediment/bi o log i  ca l  react ions occur. Because so i  1 

cha rac te r i s t i cs  vary w i t h  depth through the  s o i l  p r o f i l e  and r e g o l i t h / t i l l  t o  

bedrock, t he  predominant pathways and rates o f  f l ow  o f  water through the  

watershed w i l l  determine which exchange, sorption, weathering, or b io log i ca l  

react ions take  place. 

Thus, s u l f a t e  and n i t r a t e  re ten t i on  and base ca t i on  bu f fe r ing  a r e  

Each o f  these mechanisms i s  seasonably wel l  understood conceptual ly and 

t h e o r e t i c a l l y  and has been incorporated i n t o  process oriented, p red ic t i ve  

models. The models have been developed and ca l i b ra ted  based on e x i s t i n g  data 

sets, bu t  are j u s t  beginning t o  be tested/validated/improved using data. 

Sui tab le laboratory  o r  f i e l d  data substant ia t ing t h a t  each mechanism 

occurs, o r  t h e i r  i n te rac t i ons  i n  a whole watershed, are ava i lab le  f o r  only a 

l i m i t e d  number o f  f i e l d  s i t e s  or  watersheds. Watershed data su i tab le  f o r  

making a s t a t i s t i c a l l y  va l id ,  p red ic t i ve  regional  assessment o r  c l a s s i f i c a t i o n  

o f  watersheds i n t o  d i  r e c t  de? ayed, capaci ty-protected categor ies do not 

cur ren t ly  ex is t ,  
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Figure A.2.7. Decision cha- showing mechanisms hypothesized t o  be 4mportant 
I n  controlling surface water acidification. Arrows polnt to 
dSrect/del ayedlcapacity-protected outcomes {symbols) , depending 
on nhich mechanisms are controtting in a given watershed. 
Subheadlngs indicate environmental factors thought to control 
each mechanism. 
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3.0 CURRENT UNDERSTANDING OF KEY FACTORS HYPOTHESIZED TO CONTROL SURFACE WATEK 

A C I D I F I C A T I O N  

3.1 INTRODUCTION 

= This chapter examines i n  more detail each o f  the processes or related 

groups of processes t h a t  we expect are key i n  controlling surface water 

acidification. These interacting processes are all integral t o  tbe conceptual 

framework outlined i n  Figure A.2.1 (Section 2.3), and form the basis for each 

decision po in t  in figure A.2.7 (Section 2.4). For each process we will examine 

i t s  relevance t o  the direct/delayed/capacfty protected assessment, the under- 

lying chemical theory, relationships w i t h  other factors,  how it  i s  measured, 

t h e  relfability of  existing data, regional differences evident i n  t h e  da ta ,  

whether and how existing da ta  can be used i n  classifyfng watersheds or areas 

i n t o  t h e  different response categories, or what additional da t a  should be 

col ltcted. 

Conspicuously absent from t h i s  cbapter I s  the t o p  line o f  Figure A.2.7, 

controls on atmospheric i n p u t s ,  The di rect/delayed/capacity protected asscss- 

mnt has been planned t o  date on the assumption t h a t  we know the regional 

patterns in deposition, and that they will  continue a t  a more or less constant 

level. The predictive models can be manipulated t o  test  for  increases and 

decreases i n  deposition, should we desire t o  test "what i f '  scenarios. As was 

pointed out i n  Sections 2.2.1 and 2.2.2, however, we do not i n  fac t  know the 

i n p u t s  t o  individual watersheds or even w i t h  much confidence t o  subregions. 

for  example, we can calibrate the predictive models on i n p u t - o u t p u t  data for 

one watershed, then move t o  a neighboring watershed t h a t  should have "similar" 

i n p u t s ,  but which l ies on a different aspect slope, and have no idea w h a t  the 

uncertainty is  t h a t  we introduce in to  the evaluation. Clearly, t h i s  assessment 
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must remain h igh l y  uncer ta in  u n t i l  we understand and can quant i f y  b e t t e r  the  

between-watershed va r ia t i on  i n  inputs. 

3.2 HYDROLOGIC PATHWAYS 

3.2.1 Importance t o  Direct/Delayed/Capacity Protected Assessment - 
The flowpaths that  water fo l lows from the  atmosphere t o  surface waters 

determine which biogeochemical react ion o r  exchange s i t e s  the  water i s  exposed 

to. The r a t e  of f low past those s i tes,  and the  seasonal dif ferences i n  biogeo- 

chemi ca l  reactions, are c r l  t i c a l  i n determi n i  ng how the  water chemi s t r y  w i  11 be 

a l te red  as i t  passes through t h e  watershed. The r e l a t i v e  mix o f  water from 

d i f f e r e n t  hydrologi'c pathways (e.g,, rapid, shallow throughflow VS. deep 

groundwater baseflow), each w i th  d i f f e r e n t  chemical a t t r f  butes, determines the  

chemistry o f  t he  surface waters, along w i t h  processes occurr ing w i t h i n  the  

sediments and water columns of t he  streams and lakes themselves. 

a c i d i c  deposi t ion t h a t  enters low a l k a l i n i t y  surface water by d i r e c t  deposi- 

I n  general, 

t i on ,  o r  by overland f l o w  w i t h  minimal i n t e r a c t i o n  w i th  s o i l s  and vegetation, 

may a c i d i f y  t he  surface water rap id l y  ( d i r e c t  response). On t h e  other extreme, 

water which percolates through deep ti l l o r  deeply weathered s o i l s  t o  appear i n  

surface water as baseflow i s  l i k e l y  t o  have adequate contact t ime w i th  weather- 

ab le  minerals t o  develop substant ia l  a l k a l i n i t y ,  and never cont r ibu te  t o  

surface water a c i d i f i c a t i o n  capaci ty protected). 

as l a t e r a l  f lows through shal low s o i l s  may o r  may not con t r ibu te  t o  surface 

water ac id i f i ca t i on ,  depending on the  many chemical and b io log i ca l  processes 

Water t h a t  f lows more r a p i d l y  

occurr ing along those flowpaths (may be d i rec t ,  delayed, o r  capaci ty protected). 



3.2.2 Theory and Measurement 

Water does not  f low uni formly w i t h i n  a watershed. Canopy types (e.g., 

deciduous, coni ferous) i n f l uence  t h e  amount o f  water t h a t  reaches the  S o i l  

beneath them. 

uneven topography and d i f f e r e n t  vegetation types. Once water reaches t h e  

ground (or snow mel ts ) ,  i t  moves along p re fe r red  paths on the surface and 

through the  s o i l ,  

i n f  i 1 t rates through the soi  1, i t  moves through macropores (1 arge natura l  cracks 

or "pipes" i n  t h e  s o i l ,  i n c l u d i n g  channels created by t r e e  r o o t s )  and meso- 

micropores ( t iny pores i n  the s o i l  t h a t  slow water movement and al low the acids 

i n  t h e  water t o  reac t  more w i t h  t h e  s o i l ) .  The movement o f  water a l so  depends 

on the  t ime o f  year; t y p i c a l l y ,  i t  i s  more rap id  and widespread dur ing spr ing 

snonmelts o r  seasons when evapotranspiraSion i s  low. I n  c e r t a i n  watersheds, 

more water may reach t h e  ground when decjduous trees have l o s t  t h e i r  leaves. 

How fast ,  when, and where water moves determines the  extent t o  which biogeo- 

chemical processes a l t e r  t he  a c i d i t y  o f  r o i l  so lu t ions and con t r i bu te  t o  

a c i d i f i c a t i o n  o r  recovery of lakes and streams. 

. I  

Even snow i s  d i s t r i b u t e d  nonuniformly across a watershed due t o  

Water f lows overland i n  r i l l s  and g u l l i e s  and, i f  it 

. 

Recent advances I n  hydrologic research have establ ished the  important 

r o l e s  of v a r i a b i l i t y  i n  s o i l  phys ica l  proper t ies (Smith and Hibbert, 1979; 

S h a m  and Luxmoore, 1979), of s o i l  macropores (Thomas and P h i l l i p s ,  1979; 

Beven and Gemnn,  1982). of convergent subsurface f l ow ,  anid o f  var iab le 

c o n t r i b u t i n g  areas (Sklash and Farvolden, 1979) in determining runo f f  pathways 

dur ing r a i n f a l l  events. In addit ion,  t he re  are strong temporal e f f e c t s  on 

hydrologic processes determined by rainfall i n t e n s i t y  a t  short  t ime  scales ( c l  

h )  and by evapotranspirat ion a t  seasonal t i m e  scales. Deplet ion o f  stored s o i l  

water by vegetation dur ing the growing season Is accompanied by reduced stream- 

f law. These s p a t i a l  and temporal aspects of hydrologic processes may determine 
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t h e  areas w i t h i n  watersheds and timeframes o f  importance i n  assessing the  

response o f  t he  watersheds t o  ac id i c  deposition. 

32.2.1 Background 
- 

streams t ranspor t  water der ived from a va r ie t y  o f  sources w i t h i n  a watershed. 

Because water i n  each f l ow  pathway has a d i f f e r e n t  residence t ime (t ime spent 

Research over the  past 20 years has shown t h a t  i n t e r m i t t e n t  and perennial - 

i n  contact  w i th  t h e  t e r r e s t r i a l  component) and comes i n  contact w i th  d i f f e r e n t  

mater ia ls,  i t s  chemistry w i l l  vary from t h a t  o f  waters fo l low ing  other path- 

ways. Consequently, t h e  r a t e  o f  discharge and the  aquatic chemistry i n  a 

stream i s  a funct ion of t he  f low rate, chemistry, and t im ing  o f  ind iv idua l  f low 

components emanating from the  t e r r e s t r i a l  system. 

' in tegra l  response" o f  a watershed t o  water inputs. 

chemistry i n  a stream, one must have knowledge of t he  i n d i v i d u a l  f l o w  pathways 

and biochemical react ions occurr ing along these pathways i n  t h e  t e r r e s t r i a l  

system. 

A stream i s  therefore an 

To understand the  flow and 

Considerable e f f o r t  has been expended i n  at tempt ing t o  understand the  

processes responsible f o r  t he  generation o f  h igh f low episodes i n  streams 

dur ing rainstorm and snowmelt events. Many theor ies have been advanced, and 

substant iated i n  some cases, regarding the  complex and dynamic f low paths of 

water from the  uplands and h i l l s l o p e s  o f  a watershed t o  the  rece iv ing  stream. 

One e n t i r e  book (Kirkby, 1978) has been devoted t o  the  specia l ized t o p i c  of 

h i l l s l o p e  hydrology and covers conceptual models, moni tor ing techniques, 

r e s u l t s  o f  i n tens i ve  f i e l d  research, and mathematical modeling. 

gat ions have a lso  been reported extensively i n  the  l i t e ra tu re .  

s tud ies have attempted t o  invest igate,  i n  tandem, the  f low and chemical 

Other i n v e s t i -  

Few o f  these 

t ranspor t  of i nd i v idua l  f l W  pathways, or t o  determine t h e  s p a t i a l  l oca t i on  
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where key water-soi l  and water-rock fn teract ions are occurring. Several 

research p ro jec ts  have postulated that  the  depth o f  unconsolidated mater ia ls 

(i.e., so i l s ,  g l a c i a l  deposits, aeol ian deposi ts)  and the  r a t i o  o f  subsurface 

to 'surface f l ow  con t ro l  t h e  n e u t r a l i z a t i o n  of a c i d  p r e c i p i t a t i o n  and suscept- 

i b i l i t y  o f  stream water t o  a c i d i f i c a t i o n .  I n  general, i t  i s  thought t h a t  

greater subsurface f l ow  and longer residence times w i t h i n  the  watershed r e s u l t  

i n  l ess  s u s c e p t i b i l i t y  o f  t h e  stream t o  a c i d i f i c a t i o n  (Beven, 1981; h l d s t e i n  

-- et al., 1984). Although some advances have been made i n  our knowledge o f  t h e  

nature o f  t e r r e s t r i a l  hydrologic pathways and chemical t ranspor t  mechanisms, i t  

i s  mostly q u a l i t a t i v e  knowledge. Two areas of hydrologic research requi re 

q u a n t i t a t i v e  determination. We need t o  know (1) how the  rates and chemistry o f  

f l ow  i n  each major f l o w  path component var ies s p a t i a l l y  w i t h i n  a watershed and 

between watersheds and (2) how the f l o w  ra tes and chemistr ies o f  hydrologic 

f l o w  paths vary temporal ly i n  response t o  a range o f  water i n f l u x  ra tes 

(rainstorm and snowmelt events) and a c i d i t y  levels. I n  turn, t he  r e s u l t s  o f  

these determinations w i l l  a s s i s t  us in answering the  l a r g e r  question o f  how the  

rece iv ing  stream behaves as an i n t e g r a l  response t o  these mul t ip le ,  dynamic . 

inputs. 

3.2.2.2 Mechanisms o f  Streamflow Generation 

There are several t heo r ies  as t o  how water moves from hi l ' ls lopes t o  the  

rece iv ing  stream, and these are diagramed .In f i g u r e  A.3.1, Of these mechan- 

isms, so-ca l led i n f i l t r a t i o n  excess, a l s o  known as Hortonian overland flow, i s  

u n l i k e l y  i n  a forested watershed. In contrast ,  p a r t i a l  area Hortonian overland 

f l o w ,  which occurs on ly  i n  areas of low i n f i l t r a b i l i t y ,  i s  a p laus ib le  process. 

According t o  t h i s  theory, overland flow f s  caused e i t h e r  by t h e  l o c a l  hydraul ic 

proper t ies of t h e  s o i l  (i.e., low permeabi l i ty  o r  i n s u f f i c i e n t  pressure 
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Figure A.3.1. Theorfes o f  water flow from h4’lislopes t o  receiving streams. 
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gradients)  or by wet antecedent condi t ions ( o r  by both). 

watershed t h a t  cont r ibutes overland f l o w  t o  t h e  stream i s  termed the  'var iable 

hydro log ic  source area." Understanding the  dynamics of these source areas i s  

cent ra l  t o  understanding t h e  watershed response t o  a storm, 

area concept, t he  v a r i a t i o n  i n  the  source areas w i t h i n  a storm i s  -a t t r i bu ted  

mainly t o  t b e  temporal v a r i a t i o n  o f  storm in tens i t y ,  whereas the  v a r i a t i o n  i n  

source areas between storms i s  l a r g e l y  due t o  antecedent moisture condit ions, 

Yhere t h e  p a r t i a l  area concept f s  appl icable,  streamflow would be expected t o  

be a mixture o f  groundwater (baseflow) and overland flow. 

i za t i on ,  l a t e r a l  subsurface flow i n  the unsaturated zone 4s  considered t o  be 

negl ig ib le .  With the  de-emphasis un l a t e r a l  subsurface f l ow ,  it fo l lows t h a t  

water sampling under t h i s  regime could be l i m i t e d  t o  surface and groundwater 

c o l l e c t i o n  near t h e  stream i t s e l f ,  The p a r t i a l  area concept w i t h  no prov is ion  

for subsurface r o u t i n g  has been used successfu l ly  t o  s imulate s t o m e v e n t  

hydrographs f o r  l a rge  storms over watersheds of mixed land use by V. Shanholtt 

and others a t  V i r g i n i a  Polytechnic I n s t i t u t e  (see a r t i c l e s  by Ross e t  al., 

1979; 1980). 

The area o f  the  

I n  $he p a r t i a l  

- 

In t h i s  conceptual- 

I n  contrast ,  o ther  conceptual models of streamflow generation 

r o l e  t o  l a t e r a l  subsurface f low, In t he  case of satura- 

runof f  i s  a mix ture o f  overland flow and shallow sub- 

ncrease i n  t h e  subsurface flow component dur ing a storm i s  

he dynamic expansion o f  the source area. Thus, t h e  runoff  

mchanfsm can y i e l d  " f lashy" stream discharges; that i s ,  once t h e  system 

saturates the nearstream areas, add i t i ona l  ra in fa1 1 expands the  source area. 

I n  t h e  subsurface stormflow mechanism, the  r a p i d  response o f  t he  r is ing .  

water t a b l e  i s  s u f f i c i e n t  t o  generate increased seepage, which accounts f o r  t h e  

increased streamflaw. I n  t h i s  case, streamflow i s  expected t o  be predominantly 

"old" water t h a t  has been i n  contact  w i t h  t h e  s o i l  phase f o r  an extended 
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period. 

r e s u l t i n g  chemistry may be more complicated. 

I f  t ranspor t  i n  the  porous medium i s  v i a  macropores, however the  

The saturated-wedge-i n t e r f  1 ow mechanism i s  simi l a r  t o  the  previous 

subsurface mechanism except t h a t  t he  mobile s o i l  water c o l l e c t s  i n  a t rans ien t ,  

perched water t a b l e  above a less  permeable s o i l  stratum. If the  water t a b l e  

r i s e s  and in te rsec ts  t h e  surface, a source area i s  generated and an overland 

pathway occurs. Water chemistry i s  expected t o  r e f l e c t  t he  waterso i l  i n t e r -  

act ions s p e c i f i c  t o  a l l  t he  saturated s o i l  layers. 

t i o n  w i t h i n  any natura l  watershed i s  probably a complex combination o f  a l l  o f  

these mechanisms. As t h e  s o i l  gets wetter, t h e  system can change from pre- 

dominantly subsurface f low t o  sa tura t ion  overland flow. Moreover, dur ing a 

storm, d i f f e r e n t  mechanisms operate i n  d i f fe ren t  par ts  o f  t he  watershed. 

th ree  issues t h a t  are most re levant  t o  understanding the  behavior o f  watershed 

response are so i  1 heterogeneity, macropore flow, and dynamic response o f  

- 

I n  r e a l i t y ,  runoff  produc- 

The 

hydrologic source areas. 

3 a 2 a 2 * 3  Soi 1 Heterogeneity 

The hydrologic r o l e  o f  ve r t i ca  I,e., so i  1 ayer i  ng or soi  1 

hor izons)  i s  f a i r l y  we l l  known, although it can be hard t o  reconci le  w i th  the  

t r a d i t i o n a l  tendency t o  view t h e  s o i l  system as an array of i so la ted  v e r t i c a l  

s o i l  columns. However, t he  consequences of l a t e r a l  v a r i a b i l i t y  i n  the  

hydrau l i c  proper t ies o f  s o i l  are poor ly  understood. Stated i n  q u a l i t a t i v e  

terms, w i t h i n  a natura l  s o i l  system, some par ts  w i l l  be more sandl ike (more 

permeable) than the  o v e r a l l  average s o i l ,  whereas other  pa r t s  w i l l  be more 

c lay l i ke .  Mathematically, these varying hydrau l i c  condi t ions are encapsulated 

i n  t h e  so-cal led "scal ing factor.ld which re la tes  the  unsaturated moisture 

cha rac te r i s t i c  and the  hydrau l i c  conduct iv i t y  func t ion  o f  a s p e c i f i c  po in t  t o  
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t h e  same functions of t he  -average s o i l ”  (Clapp e t  a1 . , 1983). I n  general, the 

sca l i ng  f a c t o r  i t s e l f  is viewed as a random var iab le w i t h  a frequency d i s t r i b u -  

-- 

t i o n  spec i f i c  t o  a given s o i l  system. 

t h e  e f fec ts  of randomly d i s t r i b u t e d  s o i l  proper t ies on watershed- water budgets 

I n  t h i s  way i t  has been used t o  simulate 

(Peck e t  al., 1977; Shanna and Luxmoore, 1979; Luxmoore and Shanna, 1980) and 

on t h e  v a r i a b i l i t y  of s o i l  moisture i t s e l f  (Clapp -- e t  ai., 1983). 

d i f f i c u l t y  w i t h  past studies i s  t h a t  they have viewed the  d i s t r i b u t i o n  of  so i l  

heterogenejty, as represented by t h e  sca l i ng  f a c t o r  d i s t r i b u t i o n ,  as t o t a l l y  

random, whereas experience suggests otherwise. Such a pa t te rn  would enhance 

t h e  development o f  va r iab le  source areas, thereby a f f e c t i n g  runoff production. 

A key challenge i n  phys i ca l l y  based watershed modeling is I d e n t i f y i n g  the  

random and nonrandom s p a t i a l  v a r i a b i l i t y  i n  the  hydrologic behavior of soil  and 

quant i  fyi  ng i t  . 

.. 
One key 

3.2.2.4 Role o f  Macropores 

It i s  general ly acknowledged t h a t  in forested watersheds s i g n i f i c a n t  

por t ions of subsurface flow occurs i n  soil mcropores, although q u a n t i t a t i v e  

estimates 8re d 4 f f i c u l t  t o  make. Beven and Germann (1982) provide a compre- 

hensive review of t h e  hydrologic research r e l a t e d  t o  macropores. ‘There are two 

main viewpoints as t o  t h e  poss ib le  r e l a t i o n s h i p  between macropores and the  

capi1la.y pores in t h e  soil fabr ic,  and t h e  d i f f e r i n g  viewpoints have important 

imp l i ca t i ons  for how t h e  s o i l  system operates, f o r  t h e  experimental methods 

used t o  i d e n t i f y  t he  system components, and for t h e  synthesis o f  t h e  exper i -  

mental resul ts.  

I n  t h e  extreme, l a rge  channels caused by roots snd animals p l u s  s o i l  

cracks and f i ssu res  can conduct water through the system when t h e  surrounding 

s o i l  ma t r i x  remains l a r g e l y  unsaturated. This cond i t i on  suggests a two- 
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continuum model i n  which la rge  pores and the  c a p i l l a r y  pores ac t  as d i f f e r e n t ,  

but  interconnected, t ranspor t  systems. 

j u s t  beginning t o  be formulated, AtiTEHM (Hetr ick -- e t  a l e ,  1982) being one 

example, but it i s  safe t o  say t h a t  there  i s  no general ly accepted mathematical 

Quant i tat ive models of t h i s  type a r e  

kepresentation o f  t he  two-continuum system. 

I n  a s impler conceptual izat ion, la rge  pores are considered t o  y i e l d  an 

abrupt increase i n  hydraul ic  conduct iv i t y  as the  s o i l  moisture approaches t o t a l  

saturation. 

applied, although there  remains a key problem i n  i d e n t i f i c a t i o n  o f  a represen- 

t a t i v e  cont ro l  volume f o r  assessing t h e  basic hydraul ic  proper t ies o f  t he  s o i l .  

The volume must be la rge  enough t o  conta in  an average number and s i ze  o f  

macropores y e t  r e t a i n  an i n t e r n a l  homogeneity of physical  and chemical 

psopert i es e 

With t h i s  conceptual izat ion, regular  d i f f u s i v e  models can be 

The presence o f  macropore f low has important imp l ica t ions  f o r  almost every 

aspect of experimental f i e l d  work. Tensiometers and suct ion lysimeters t r a d i  - 
t i o n a l l y  used t o  measure water pressure and t o  sample s o i l  water, respect ively,  

i n  the  unsaturated zone provide l e s s  meaningful data i n  s o i l s  conta in ing 

hydro log ica l l y  ac t i ve  macropores. This  i s  so l a rge ly  because o f  t he  uncer ta in ty  

of sampling a randomly occurr ing la rge  pore and, t o  a lesser  extent, because 

these samplers with t h e i r  porous ceramic sampling surfaces are slow t o  react  

r e l a t i v e  t o  the  f a s t  f lows expected i n  the  la rge  pores. Where macropores 

occur, I t  4s best t o  sample f lows by d igg ing trenches and i n s t a l l i n g  subsurface 

weirs or by p u t t i n g  c o l l e c t i o n  pipes d i r e c t l y  i n t o  a f low ing  pore, 

3.2.2.5 Variable Source Areas 

Although the  concept of source areas f o r  the  generation o f  overland f low 

has a t ta ined wide acceptance, researchers have seldom mapped overland f low 
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e i t h e r  d i  r e c t  ly  by observati  on o r  i ndi r e c t  ly  by ca l  cu l  a t i  on and mode? i ng 

[ s i g n i f i c a n t  exceptions inc lude the  studies by Rogowski e t  a l .  (1974) and Beven 

e t  al. (1984)1. The most r e l i a b l e  method for d i r e c t  measurement i s  t o  simply 

wa4k around t h e  low, wet areas o f  t he  watershed dur ing u storm and look f o r  

saturated condi t ions underfoot. Beven has used an array of simple f-shaped 

c o l l e c t o r s  w i t h  t h e  lower tube bur ied i n  t h e  so i l .  

c- 

The presence of water i n  

t h e  c o l l e c t o r  array provides a map o f  t he  largest  extent o f  the source area f o r  

t h e  p a r t i c u l a r  r a i n f a l l  event. 

A more elegant and q u a n t i t a t i v e  method i s  based on t h e  assumption t h a t  

source areas remain wet ter  than other  papts of t h e  watershed dur ing i n te rs to rm 

periods. With an array o f  tensiometers, t he  dynamic behavfor of these areas 

can be monitored whi le  moisture continues t o  move downslope under unsaturated 

condi t ions ( w i t h  o r  wi thout  macropores c o n t r i b u t i n g  t o  t h a t  f low). This 

approach was pioneered by Anderson and Burt (1978) and Anderson and Kneale 

(1982). From a p r a c t i c a l  viewpolnt, t h e  present l i m i t  t o  t he  number o f  

tensiometers t h a t  can be monitored simultaneously I s  d b w t  25 t o  50, and given 

t h e  heterogeni t ies one might expect, t h i 5  l i m i t a t i o n  Impl ies t h a t  only a small 

subarea o f  a watershed can be monitored ef fect ive ly .  

3.2.2.6 Measurement o f  Flow Components 

Several methods are ava i l ab le  f o r  d i v i d i n g  streamflow i n t o  i n d i v i d u a l  f l o w  

components (Table A.3.1). The o ldest  technique, which i s  s t i l l  o f t e n  used w i t h  

several var ia t ions,  i s  t o  measure actual  streamflow and t o  i n t e r p o l a t e  the  

groundwater baseflow from one nonstorm per iod t o  the  next. Flow below t he  

"baseflow curve" i s  groundwater discharge; a l l  remaining f l o w  o f  storm hydro- 

graphs i s  der ived from macropore f l ow  and overland r u n o f f  (event water). 

Several publ icat ions discuss t h e  various methods and uses of c l a s s i c a l  hydro- 
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Table A.3.1, Methods o f  discriminating t e r r e s t r i a l  f l o w  components i n  s t ream-  
flow. 

1. Cal cul  a t i  on methods 

A. Stream hydrograph separation 

- ~ - 8, Hydrometric monitor ing and mathematical s imulat ion 

C. Groundwater we1 1 t a l i  b ra t i on  

2. U i  r e c t  physical  measurements 

A. Runoff from h i l l s l o p e o  

B. Seepage trenches 

C, Seepage meters 

D, 

E. Tracer d i l u t i o n  

Streamfl ow moni t o r i  ng 

3, Chemical budgeti ng 

A. 

8. 

C. Dissolved organic carban 

Cations, ani ons, s p e d  f 1 c conductance 

Natural isotopes (1, 0, 14C, 180, 34S, 222Rn. N) 
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graph separation techniques (Huff  and Begovich, 1976; Pettyjohn and Henning ,  

1979) . 
Knowledge of hydraulic head d i s t r ibu t ion ,  hydraulic conductivity, and 

other hydraulic cha rac t e r i s t i c s  of s o i l s ,  unconsolidated materials, and bedrock 

i -n- the  v i c in i ty  of a stream (or  l ake)  can be used t o  ca l cu la t e  the s teady-state  

o r  t r ans i en t  discharge r a t e s  o f  groundwater (saturated s o i l  and bedrock f l u x ) .  

The calculat ion methods can range from simple analyt ical  equations t o  complex 

numerical techniques. S t ra t igraphlc  information, hydraulic head d is t r ibu t ion ,  

and pumping test results obtained from nested piezometers along the streams 

would be necessary f o r  saturated groundwater flow calculations.  

A t b i r d  method (method 14, Table A.3.1) of ca lcu la t ing  t h e  groundwater 

f l o w  component o f  a stream can be done by groundwater well ca l ibra t ion ,  An 

empirical re la t ionship  between groundwater levels i n  piezometers and ground 

water discharge i n  a nearby stream is developed f o r  various levels of baseflow 

dur ing  nonstorn periods. T h i s  groundwater s tage  vs groundwater discharge 

r a t ing  curve technique has been applied by Rasmussen and Andreasen (1959), 

Schicht and Walton (1961). and Sklash and Farvolden (1930). Sklash and 

Farvolden (1980) applied t h i s  method t o  an agr icu l tura l  watershed i n  Ontario 

and found approximately 80% of runoff from one storm (10 cm of r a in fa l l  over a 

f o u r d a y  per iod)  was groundwater from a t h i c k  sand u n i t .  

Direct physical measurements of flow i n t o  a stream can be made a t  surface 

discharge locat ions along the sides of a stream channel. Flow of surface 

runoff i n  discrete gu l l i e s ,  d i s t i n c t  springflaws ( a t  s l igh t ly  h igher  elevation 

than the stream), and d i f fuse  seepage areas  can be physicaaly measured by a 

var ie ty  of methods (e.g., weirs, flumes), 

layers  and subsurface mater ia ls  can be measured i n  trenches dug upslope and 

para1 le1 i o  t h e  stream. These seepage-monitoring trenches can be constructed 

Seepage rates through various so i l  
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and instrumented i n  a v a r i e t y  o f  ways, as discussed by Atkinson (1978). 

disadvantages o f  t h i s  technique are the d i f f i c u l t i e s  o f ten  encountered i n  

continuous monitor ing o f  f low and the  shor t  length o f  stream bank t h a t  i s  

a c t u a l l y  monitored. 

- - Seepage and d i s t i n c t  springs i n  a streambed beneath the  water- leve l  a r e  

much more d i f f i c u l t  t o  detect, monitor, and sample, Seepage meters (Lee et 
- al,, 1978; 1980) could be used, bu t  t he  successful use o f  such meters may be 

improbable. 

cobble o r  gravel streambed would be impossible. However, t h e i r  use i s  recom- 

mended f o r  measuring and sampling groundwater f l u x  through the  lakebeds. 

The 

They sample only  a small surface area, and p lac ing them i n  a 

Other d i r e c t  measurements i n  the  stream can be used t o  determine ground- 

water cont r ibut ions t o  i n d i v i d u a l  stream reaches: (1) The e n t i r e  stream can be 

d i ve r ted  through a flume o r  pipe, and the  seepage r a t e  i n t o  the  r iverbed can be 

d i r e c t l y  measured; t h i s  would probably be possible on ly  dur ing baseflow periods 

o r  small storms, 

i f  no su r face  t r i b u t a r i e s  e x i s t  between t h e  measuring points, the di f ference i n  

f l ow  i s  due t o  groundwater discharge I n  t h a t  reach o f  t he  stream. 

another t r a c e r  can be added a t  a steady r a t e  t o  the  stream (during constant- 

f l ow  per iods) and allowed t o  mix thoroughly; then t h e  amount of d i l u t i o n  found 

i n  a downstream d i r e c t i o n  I s  due t o  groundwater inputs. 

(2)  Streamflow can be measured a t  two d i f f e r e n t  points, and 

(3 )  Dye o r  

The t h i r d  approach t o  streamflow deconvolution i s  by chemical budgeting. 

I f  t h e  chemical composition o f  each t e r r e s t r i a l  f l o w  component (e.g., surface 

runof f ,  macropore f l o w ,  slower s o i l  water seepage, groundwater baseflow) i s  

known and each component has a d i s t i ngu ish ing  cha rac te r i s t i c  d i f f e r e n t  f r o m  t h e  

other  components, then i t  i s  possible t o  separate the  f low con t r i bu t i on  of each 

component i n  the  streamflow, I f two  sources o f  f low enter  a stream, then 



QsCs Q l C l  + U2C2 (1) 

Q1 IC 4 < c s  - C2)/(C1 - C1) (2 )  

Qs L1 B(Cs m C l ) / ( C z  C1) (3)  

Thf~s, if the  time-dependent f l ow  r a t e  of the  stream (Qs) and con ien t ra t ion  o f  

t-he chemical var iab le  (C,) are known fo r  t he  stream and f a r  two cont r ibu tors  t o  

streamflow, then t h e  f low ra tes  of each flow component (Ql, 92) can be deter-  

mined. 

t w o  f l o w  components, then a much more r e l i a b l e  estimate o f  flow ra tes  can be 

If t h e  chemical var iab les ( C i ,  C2 )  are d i s t i n c t l y  d i f f e r e n t  f o r  each o f  

made. If three types of t e r r e s t r i a l  flsw paths cont r ibu te  t o  a stream, then 

more cbemical var iab les and equations would be needed t o  ca lcu la te  the  th ree  

unknown f low ra tes  (Q1, Q2. and 43). 

Regular chemical variables, such as calcium, magnesium, sodium, manganese, 

ch lor ide,  su l fa te ,  f l uo r ide ,  and spec i f i c  conductance can be used I f  t h e i r  

concentrat ions are d i s t i n c t l y  d i f f e r e n t  i n  each t e r r e s t r i a l  f l o w  component. 

Several previous s tud ies have used chemical mass budgeting t o  separate stream- 

flow i n t o  two components -- baseflow and event water (Newberry etc., 1969; 

Pinder and Jones, 1969; P i l g r i m  e t  aim, 1979). Normally, the  concentrat ions o f  

var iab les i n  event water and baseflow water are considered constant w i t h  t ime 

t o  complete fqs. (1) and (2). However, two complications may ar ise.  There i s  

some evidence t h a t  an i n f t i a l  f lush  of so lutes Is c a r r i e d  w i t h  overland f l o w  

and shal low macropore flow dur ing  the  ear ly  p a r t  of storms, The second 

c o w l  i cat  i on 

i n  each f low 

and geologic 

a r ises  because the re  should be an fncrease i n  so lu te  concentrat ion 

component i n  poststormflow as t h e  t i m e  of contact between water 

mater fa ls  increases. These complications can be overcome i f  the 

tfme-dependent change i n  chemical concentrat ions of a1 1 f l ow  components are 

known dur ing each storm event (P i  l g r i m  et  a1 , 1979). 



Environmental isotopes (e.g,, T, D, 180) have comnonly been used i n  the  

past f o r  separat ing baseflow from runoff and shallow macropore f low contr ibu-  

t i o n s  t o  streams. The advantages o f  using isotopes are (1) t h e  i so top ic  

composition o f  event water i s  o f ten  very d i f f e r e n t  from groundwater' baseflow, 

(2)  i so top i c  concentrat ions o f  t e r r e s t r i a l  f low path components are not as 

suscept ib le t o  t rans ien t  so lu te  f lushes and concentrat ion var ia t ions  dur ing 

i nd i v idua l  storm events, and (3 )  i n  some cases, the  isotopes ( p a r t i c u l a r l y  

t r i t i u m )  can prov ide some i n f o A a t i o n  on the  absolute age and r e l a t i v e  r e s i -  

dence t ime o f  water i n  the  subsurface. 

- 

Examples o f  studies i n  which these 

isotopes have been used f o r  hydrographic separation purposes are presented by 

Mook -- e t  a le  (1974) and Sklash and Farvolden (1579, 1980, 1982). 

The measurement of D, T, and 180 as a means o f  d iscerning flow paths f o r  

major snowmelt water may be g rea t l y  advantageous over chemical variables. Most 

i o n i c  const i tuents  a re  general ly f lushed from snowpacks i n  the  ear ly  periods o f  

snowmelt, and concentrat ions r a p i d l y  decrease. However, t he  isotopes tend t o  

be homogenized i n  a snowpack dur ing t h e  winter, and t h e i r  concentrat ions i n  

snowmelt are r e l a t i v e l y  constant through t ime (July -- e t  al., 1970, Dancer, 

1970), thus reducing t h e  problems o f  f o l l ow ing  snowmelt through the  hydrologic 

system. 

above the  t r e e  l i n e  contr ibuted about 33% o f  the  peak streamflow i n  spring; t he  

remainder o f  snowmelt i n f i l t r a t e d  t o  the  groundwater reservo i r  and displaced 

Dancer -- e t  a l .  (1970) showed t h a t  snowmelt i n  a watershed p a r t i a l l y  

groundwater o f  snowmelt or1 g i  n from previous years. 

Although not widely reported i n  the  l i t e r a t u r e ,  o ther  isotopes such as 34S, 

14C, 136, and 15N can be used t o  i d e n t i f y  and perhaps date the  subsurface f low 

components con t r i bu t i ng  t o  streamflows. 

o f  how 34S can be used t o  d i f f e r e n t i a t e  groundwaters of d i f f e r e n t  sources. 

Some very pre l iminary analyses of 222Kn f o r  one watershed i n  Ontar io have shown 

Krothe (1982) presents some examples 
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t h a t  groundwater is enriched i n  22&n (as  would be expected) and is  s i g n i f i -  

cant ly  different from event water (Sklash and Farvolden 1982). A f i e l d -  

portable  radon de tec tor  was used i n  t h i s  research, so i f  t h i s  Isotope could be 

invest igated further, i t  could great ly  reduce the cost of other time-consuming 

f s o t  ope ana lyses. 

One other  ava i lab le  chemical t h a t  may be a useful indicator  of different 

flow pathways I s  dissolved organic: carbon (DOC). However, inves t iga t ive  and 

developmental work would f i rst be required. 

3.2.3 Adequacy ‘ o f  Existing Data for  Kegjonal Assessment 

Given the d i f f icu l ty  of directly measuring hydrologic pathways through 

different types of watersheds, i t  is no surprise t h a t  very l i t t l e  data exists 

f o r  i n d i v i d u a l  watersheds o r  f o r  assessiwg regional patterns. 

3.2-3.1 I t W A S  Case Study 

The Integrated Lake Watershed Acidiffcat ion Study (ILUAS) was spec i f i ca l ly  

. designed t o  study the causes of  Adirondack lake ac id i f ica t ion ,  and provides 

some o f  the c l ea re s t  evidence of the importance of hydrologic pathways i n  

cont ro l l ing  sur face  water ac id i f i ca t ion  f n  t h a t  region. 

in tens ive  study of watershed hydrologic cha rac t e r i s t i c s  of two watersheds are 

reported i n  Murdoch -- et a l ,  (19841, and sumrited i n  Goldstein and Gherini 

(1984)-  The importance of hydrologic pathways i n  cont ro l l ing  ac id i f i ca t ion ,  

and some of t h e  measurements and analyses needed t o  reach t h a t  conclusion, can 

be seen from the summary paragraphs of t h e  project-summary volume, quoted below 

(from Goldstein and Gherini, 1984). 

Results of an 

“The r e l a t i v e  amount of prec ip i ta t ion  which follows shallow versus deep 

flow paths w i t h i n  a watershed is thought t o  influence t h e  response of a lake t o  
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a c i d i c  p rec ip i ta t ion .  I n  watersheds w i t h  deep permeable s o i l s  and hence large 

ground water storage capaci t ies,  more o f  t he  p r e c i p i t a t i o n  w i l l  percolate i n t o  

t h e  deeper horizons and remain there f o r  longer periods a l lowing f o r  f u r the r  

a lka l in i ty -p roduc ing  reac t ion  w i t h  the  s u r f i c i a l  geologic materials. 

- - "Analysis o f  t he  hydrographs show t h a t  runof f  from Woods Lake responded 

qu ick ly  t o  p r e c i p i t a t i o n  events and had a very small baseflow. The runof f  from 

Panther Lake i s  less  dynamic and had a l a r g e r  baseflow component. Estimates o f  

change i n  ground water storage over winter  and summer periods, on a water- 

equivalent depth basis, are 6tcm f o r  Panther and 2 cm f o r  Woods, based on 

ground water l e v e l  data, and 6.9 cm and 1.8 cm, respect ively,  based on an 

analys is  o f  recession rates. Monthly water budget ca lcu la t ions  a lso  show 

higher ground water recharge i n  f a l l  and spr ing and greater drawdown i n  the  

w in te r  I n  Panther Lake bas in than i n  Woods Lake basin, 

ind ica tes  a la rger ,  more ac t i ve  ground water reservo i r  i n  the  Panther system. 

A l l  t he  above analyses 

'The l a t e r a l  f low capaci ty o f  t he  mineral s o i l  horizons was estimated f o r  

both basins t o  determine i f  t h i s  capaci ty can be exceeded by the  r a t e  a t  which 

water f s  appl ied t o  the  s o i l .  The maximum flow capaci t ies i n  terms o f  appl ied 

P r e c i p i t a t i o n  were 20 cm/yr f o r  Woods and 650 cm/yr f o r  Panther basin. The 

actual  net  p r e c i p i t a t i o n  ( tha t  no t  lost t o  evapotranspirat ion) was about 75 

cm/yr i n  the  basins. 

through the  mineral s o i l  hor izon p r i m a r i l y  due t o  i t s  smaller cross-sectional 

area; t h e  f low instead "backs up" i n t o  t h e  shallow ac id i c  organic soil 

horizons. A t  f i r s t ,  it would appear t h a t  t he  l a t e r a l  f low capaci ty would not 

be exceeded i n  Panther basin, However, dur ing  the  snowmelt period, up t o  three 

Thus, most o f  t he  appl ied water i n  Woods cannot pass 

months o f  accumulated p r e c i p i t a t i o n  may melt  I n  about two weeks. 

appl ies water t o  the  s o i l  a t  a r a t e  equivalent t o  about 900 cm o f  p r e c i p i t a t i o n  

This mel t ing 

per  year-  During snowmelt, t he  l a t e r a l  f low capaci ty o f  t he  mineral hor izon 
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was most l ikely exceeded i n  Panther basin. The bypassed water wou d be 

expected t o  be acidic ,  Surface water qua l i t y  data  d u r i n g  snowmelt show large 

ptl and a l k a l i n i t y  depressions i n  Panther lake” (Goldstein and Gher in i ,  1984). 
‘ 

t h e  Regional Integrated Lake Watershed Acidification Study (HILWAS] reinforce 

the importance of depth of s u r f i c i a l  mater ia ls  ( t i l l ) ,  though there are some 

other f ac to r s  a l s o  (S. A. Gherinf, personal comnunication). 

Preliminary results from over 20 additional Mirondack lake-watersheds i n  

- 

3.2.3.2 Regi onat Ext rapol a t  i on 

Examination of  RILWAS data  on hydrologic pathways for  el t i  onrhip wh i ch 

may aid i n  assessing hydrologic cha rac t e r i s t i c s  on a regional sca le  i s  needed. 

For example, is  t h e  depth of t i l l  an adequate measurement t o  character ize  

hydrologic flow paths,  or would additional data  on s o i l  texture, presence o f  a 

restrictive layer,  or  other cha rac t e r i s t i c  h e l p  out? Are there other data i n  

avai lab le  data  bases t ha t  c o r r e l a t e  well w i t h  t h e  measured cha rac t e r i s t i c s  and 

t h a t  could be used as surrogates  for a r tda l  measurements? Can stream density, 

or other physiographic f a c t o r s  t h a t  can be easily analyzed by a computerized - 

geographic information system (GIs), be re la ted  t o  hydrologic cha rac t e r i s t i c s?  

Can publ i shed  USGS storm-hydrograph data  or flooding frequency data  show 

regional differences Jn hydrologic cha rac t e r i s t i c s  t h a t  are useful t o  tbe 

direct/delayed response assessment? I t  must also be es tabl ished how these 

re la t ionships  hold up i n  regions other than the Adirondacks. For example, i s  

t h e  depth-of-t i l l  general izat ion useful i n  Maine, or  a r e  other f ac to r s  more 

important there? 

Ue know generally that  hydrologic cha rac t e r i s t i c s  of nonglaciated regions 

a r e  q u i t e  different from glac ia ted  areas ,  but there a r e  many unknowns. 

macropore flow more important i n  clayey southeastern soils than i n  r e l a t ive ly  

Is 
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coarse-textured northeastern s o i l s ?  How do c l i m a t i c  di f ferences between the 

t w o  regions a f f e c t  f low paths? We can q u a l i t a t i v e l y  assess differences between 

t h e  two regions, b u t t h e r e  has not been an ILWAS-equivalent study performed i n  

the-southeast. There i s  one HILWAS s i t e  a t  Coweeta, North Carolina, a sub- 
. 

surface t ranspor t  study underway a t  Oak Ridge, Tennessee, and macropore studies 

ongoing a t  Clemson, South Carolina. However, these are small-scale, i nd i v idua l  

studies t h a t  can not lead t o  the  in tegrated understanding of watershed hydro- 

l o g i c  behavior t h a t  was reached f o r  t h e  ILWAS s i tes .  

I n  summary, we may be able t o  extend the  d e p t h - o f - t t l l  general izat ion t o  

character ize hydrologic behavior f o r  t h e  Adi rondack region, and possibly other 

mountainous, g lac ia ted areas o f  New England, though t h i s  should be tested. 

Hose research i s  needed t o  determine hydrologic re la t ionships i n  low-elevat ion 

o r  lower-re1 i e f  g l  ac i  ated r e g i  ons and i n ungl a d  ated r e g i  onso 

3.3 ANION MOBILITY 

3.3.1 Importance t o  Direct/Delayed/Capacity Protected Assessment 

Atmospheric a c i d  deposi t ion w i l l  have no a f f e c t  on the a c i d i f i c a t i o n  o f  . 

surface waters i f  the  anions associated w i t h  the  acid, SO4*' and/or NO3- , are 

no t  mobile i n  the  s o i l .  I n  some cases, an ecosystem may r e t a i n  incoming S1)42' 

o r  NOS- f o r  a per iod o f  t i m e  u n t i l  a "breakthrough" occurs, thus r e s u l t i n g  i n  a 

de l  ayed-response system. 

3.3.2 Chemical Theory 

The concept o f  anion m o b i l i t y  i s  gaining recogni t ion as a useful  t o o l  f o r  

both understanding and assessing t h e  e f fec ts  of a c i d  p r e c i p i t a t i o n  on elemental 

leaching. This concept, f i r s t  introduced by Nye and Greenland (1960), revolves 

around the  f a c t  t h a t  t o t a l  anions must balance t o t a l  cat ions i n  solut ion. 
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Since s o i l s  t y p i c a l l y  have more ca t ion  than anion exchange or adsorption 

capaci ty and since anion concentrat ions are con t ro l l ed  by more o r  less fnde- 

pendent mechanisms, i t  i s  useful  t o  v i sua l i ze  t o t a l  i o n i c  leaching as a result 

o f = t h e  i n t roduc t i on  of mobile anions t o  s o i l  so lu t i on  (Johnson and Cole, 
- -  

ipso) , 

With respect t o  ac id  p rec ip i t a t i on ,  i t  has been repeatedly demonstrated 

t h a t  s u l f a t e  adsorptionoccurs insome soils* and can prevent the  leaching o f  

e i t h e r  n u t r i e n t  cat ions or H+ and A$+ (Johnson and Cole, 1977; Singh - e t  -* a? ' 
1980; Lee and Weber, 1982) whereas t h e  reverse i s  t r u e  when s u l f a t e  i s  not 

adsorbed (Cronan e t  al, , 1978; M o l l i t o r  srnd Raynal# 1983). 

N i t r a t e  i s  inc reas ing ly  associated w i t h  ac id  p r e c i p i t a t i o n  and d l f f e r s  

considerably from su l fa te  i n  t h a t  i t  i s  very poor ly  adsorbed t o  most s o i l s  

(Johnson and Cole, 1980). Ni t ra te ,  however, i s  qu ick l y  immobilized by b io -  

l o g i c a l  processes in N-1 im i ted  ecosystems, and s ince #- l im i ta t ions  are common 

i n  forested regions of t h e  world, n i t r a t e  I s  r a r e l y  mobi le (Abtahamsen, 1980), 

The are notable exceptions, however* i n  s i t e s  t h a t  are n a t u r a l l y  N-rich (e.g., 

by t h e  presence of  N- f i x l ng  species; Van Miegroet and Cole, 1984) o r  are 

subjected t o  excessive atmospheric ti i npu t  (Van Breemn e t  a l , ,  1983). 

those cases, N i npu ts  i n  any form I n  excess of b i o l o g i c a l  N requirements have 

resu l ted  i n  n i t r a t e  m o b i l i t y  and/or i n t e r n a l  product ion of add i t iona l  n i t r i c  

ac id  through t h e  process of  n i t r i f i c a t i o n ,  

I n  

3.3.3 Sources and Sinks 

Forest vegetat ion has l i t t l e  capaci ty t o  b i o l o g i c a l l y  accumulate the  cycle- 

excess S, The net  annual accumulatjon of S i n  forest  biomass (l,e,, i n  woody 

t i ssues )  accounts for only  a f rac t i on  fapp rox imte l y  10%) o f  t h a t  which cycles 

i n  fo res t  ecosystems, as i s  t h e  case fo r  most nu t r i en ts  i n  fo res t  ecusystems. 



Thus, f o r e s t  requirement f o r  S from sources external  t o  t h e  b i o l o g i c a l  S cycle 

(i.e., from t h e  mineral s o i l  o r  t h e  atmosphere) are q u i t e  mdest. 

- al. (1975) suggested t h a t  atmospheric S inputs  as low as 1 kg/ha-yr may be 

s u f f i c i e n t  t o  supply f o r e s t  S needs i n  Aust ra l ian - Pinus radiata stands. 

Humphreys - e t  

- Despite r e l a t i v e l y  low b i o l o g i c a l  s requirements, several forest  eco- 

systems i n  t h e  southeastern United States appear t o  be accumulating S (Smith 

and Alexander, 1983). 

accumulation i n  these ecosystems could i n  theory be due t o  a number o f  factors,  

i nc lud ing  t r e e  uptake, incorporat ion i n t o  s o i l  organic matter, s o i l  S042' 

adsorption, p r e c i p i t a t i o n  o f  Al-SO4 minerals, organic S leaching, and reduction 

and v o l a t i l i z a t i o n  o f  H2$, dimethyl su l f ide,  o r  other gaseous S compounds. The 

l a t t e r  t w o  processes c o n s t i t u t e  unmeasured losses and might lead t o  a balanced 

As noted by Haines (1983), t he  "apparent" net SO4*' 

S budget. 

Tree uptake i s  u n l i k e l y  t o  be of s u f f i c i e n t  magnitude t o  account f o r  

d i f ferences i n  ~ 0 4 2 "  inputs  and outputs, but incorporat ion o f  ~ 0 ~ 2 0  i n t o  s o i l  

organic matter may c o n s t i t u t e  a l a rge  net SU42' sink (Swank -- e t  al., 1984). 

Measurements o f  S 1 osses by vo l  a t i  1 i z a t i  on and organ1 c S 1 eachi ng are rare, but  

ava i l ab le  measurements suggest t h a t  whereas these f luxes are not necessari ly 

t n s i g n i f i c a n t ,  they would general ly be t o o  low t o  account f o r  5U42' i npu t -  

output imbalances (Haines, 1983: Adams, 1980). 

Several factors  suggest t h a t  S042' adsorption (and, i n  some cases, perhaps 

co -p rec ip i t a t i on  w i t h  AI) account f o r  a l a rge  po r t i on  of  apparent net 5 0 ~ 2 -  

accumulation (where i t  occurs) i n  f o r e s t  ecosystems. F i r s t ,  there are corre la-  

t i o n s  between SO4'" adsorption proper t ies o f  s o i l  and apparent SO4*' accumul- 

a t i o n  i n  the system (Johnson and Todd, 1983). Second, where lys imeter  budgets 

are avai lab le f o r  est imat ing f l uxes  through various s o i l  horizons, net S042" 

accumulation (i.e., i n p u t  > output )  usua l l y  occurs p r i m a r i l y  i n  Fe- and 
* 
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Al -ox ide  r i c h  subsurface horizons (except i n  Spodosols, where organic matter 

blocks adsorpt ion) ra the r  than i n  organic matter-r ich surface horizons. 

F i n a l l y ,  a r t i f i c i a l  addi t ions of S042' o f t e n  r e s u l t  i n  net Sod2' re ten t i on  i n  

so i l s ,  even when SO4*' budgets w i t h  amb'l'ent inputs  were i n  steady-state 

(Johnson and Cole, 1977; Lee and Weber, 1982; Singh - e t  -a a1 1980), a f i n d i n g  

consi s ten t  with t h e  concent r a t  i on dependent nature of sod 1 SO4*' adsorpt i on and 

p rec i  p i  t a t i  on reactions. 

Many forests are N def ic ient ,  and atmospherical ly-derived N i s  usual ly  

r a p i d l y  Smmobil ized by ecosystem biota. This re ten t i on  precludes NO3' losses 

(and associated ca t i on  leaching) and may even r e s u l t  i n  increased f o r e s t  

growth. However, exceptions occur when N suppl ies are excessively enriched, 

whether by na tu ra l  processes ( f o r  example, N f i xa t i on ) ,  f e r t i l i z a t i o n ,  o r  

atmospheric inputs. Deposit ion o f  ti i n  excess of f o r e s t  requirements almost 

i n v a r i a b l y  leads t o  n i t r i f i c a t i o n  and n i t r a t e  leaching. Since ox idat ion o f  

NH4+ r e s u l t s  i n  d i r e c t  i n p u t  o f  H+ t o  t h e  s o i l  ( ra the r  than t o  canopy and 

l l t t e r  layers as i s  t he  case w i t h  a c i d i c  deposi t ion) and i n  ca t ion  leaching, 

its e f f e c t s  on s o i l  a c i d i f i c a t i o n  t a n  be pronounced, 

3.3.4 Factors A f f e c t i n q  Anion H o b i l i t y  

Each of t h e  major anions i n  so l1 so lu t i ons  .,- bicarbonate, n i t r a t e ,  

chlor ide,  su l fa te,  phosphate, and organic anions -0 has some unique features 

with regard t o  t h e  chemical and b i o l o g i c a l  react ions I n t o  which it enters. The 

product ion and m o b i l i t y  o f  n i t r a t e ,  fur example, are regulated almost e n t i r e l y  

by b i o l o g i c a l  processes as discussed previously. The m o b i l i t y  (though not 

necessar i ly  t he  product ion) of phosphate Is most s t rongly  inf luenced by 

adsorption and p r e c i p i t a t i o n  reactions. Sul fate and bicarbonate a re  i n t e r -  

mediate, being af fected by both b i o l o g i c a l  and inorganic chemical reactions, 
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whereas ch lo r ide  i s  r e l a t i v e l y  unaffected by e i t h e r  type of react ion and i s  

general ly mobile i n  so i ls .  

The anions o f  i n t e r e s t  here, S042' and NOS-, are con t ro l l ed  by e n t i r e l y  

d i f f e r e n t  factors.  Su l fa te  i s  o f ten  immobilized by adsorption and p rec ip i t a -  

t i o n  reactions, especia l ly  i n  sesquioxide-r ich s o i l s  (Johnson and Todd, 1983) 

o r  by incorporat ion i n t o  s o i l  organic matter (Swank e t  al., 1984). 
- 

S o i l  S042' adsorpt ion i s  p o s i t i v e l y  corre la ted w i t h  Fe and A7 oxide 

content but  negat ive ly  cor re la ted  w i t h  organic matter content (Johnson and 

Todd, 1983). Subsurface s o i l s  and organic-r ich subsoi 1s o f  Spodosols (podzols) 

are therefore i n e f f i c i e n t  SO4*" adsorbers, even i f  enriched i n  Fe and A1 

hydrous oxides. 

suborders o f  Incept iso ls  and Ent iso ls  (Andepts, Psamments) are e f f i c i e n t  S042' 

adsorbers and of ten r e s u l t  i n  net  ecosystem S042' retent ion.  However, t he  

p o t e n t i a l  f o r  re ten t i on  o f  atmosgherical l y  deposited S042' i n  subsoi ls may be 

reduced t o  the  extent t h a t  water flows through s o i l  maeropores or l a t e r a l l y  

through surface so i l s ,  bypassing these p o t e n t i a l  adsorption s i tes.  

Subsurface horizons o f  U l t l ss l s ,  Oxisols, and ce r ta in  

I n  eomparison t o  S042', Ncl3" adsorbs very poor ly t o  most s o i l s  (exceptions 

occurr ing i n  soi ls  extremely r i c h  i n  Fe and A1 oxides; Kinjo and P r a t t ,  1967). 

Factors a f fec t i ng  n i t r i f i c a t i o n  i n  fo res t  s o i l s  are very complex, but s i g n i f -  

i c a n t  progress i n  determining them has been made In recent years. Rice and 

Pancholy (1972) proposed t h a t  n i t r i f i c a t i o n  in l a t e  successional fo res ts  i n  

Oklahoma was con t ro l l ed  by the  product ion o f  n i t r i f i c a t i o n  i nh ib i t o rs .  

other hand, Coats e t  a l .  (1976) and Johnson -- e t  al .  (1979) found no evidence for 

t he  presence o f  i n h i b i t o r s  i n  l i t t e r  ex t rac ts  from coni ferous fo res ts  i n  

Gal i f o r n i  a and a deciduous forest  i n Tennessee, respect ively,  I n  both cases, 

t h e  a v a i l a b i l i t y  o f  ammonium substrate appeared t o  be the  major l f m i t a t i o n  t o  

On the  

-- 



n i t r i f i c a t i o n ,  and th i s ,  i n  turn,  was presumed t o  be regulated by the  competi- 

t i o n  f o r  N by heterot rophic  s o i l  organisms. 

V i  tousek and Reiners (1975) proposed t h a t  n i t r a t e  leaching i n  undisturbed 

f o r e s t  ecosystems i n  New Hampshire was con t ro l l ed  l a rge ly  by p lan t  uptake. 

TBey supported t h i s  hypothesis by showing t h a t  streamwater n i t r a t e  concentra- 

t i o n s  were lower i n  watersheds with young, v igorously grow5ng vegetation than 

i n  watersheds w i t h  mature ecosystem. 

i n v o l v i n g  trenched p l o t  s tud ies i n  many par t s  of the U.S., Vitousek e t  a l .  

(1979) found t h a t  n i t r a t e  product ion and mobility were con t ro l l ed  by four major 

In a l a t e r  in te r - reg iona l  comparison 

-- 

processes: vegetat ive uptake, n i t rogen minera l izat ion,  l a g  times i n  n i t r i f i c a -  

tion, and a lack of water  fo r  n i t r a t e  t ransport ,  They found t h a t  uptake by 

vegetat ion was i n s u f f i c i e n t  t o  of fset  increases i n  minera l i za t ion  and n i t r i f i  - 
ca t i on  on f e r t i l e  s i tes,  and they concluded t h a t  such s i t e s  have the  po ten t i a l  

f o r  very h igh  n i t r a t e  losses fo l l ow ing  disturbance. 

3.3.5 Effects o f  Ac id ic  Deposit ion 

As noted above, a c i d i c  deposi t ion can cont r ibu te  substant ia l  amounts o f  L 

su l fu r  and/or n i t rogen t o  ecosystems. To t he  extent t h a t  e i t h e r  S o r  N i s  

mobile I n  the  s o i l  so lu t ion,  deposi t ion above na tura l  l eve l s  w i l l  r e s u l t  i n  

accelerated leaching of cat ions from the  s o i l  and p o t e n t i a l l y  could result i n  

ac id i f i ca t i on .  

(ox ida t ion  of SO2 and NH4+) i n  t h e  system, thus considerat ion must be given t o  

t o t a l  deposi t ion (e.g., of SO2 and NHq4) v is -a-v is  b i o t i c  and a b i o t i c  re ten t ion  

capaci t ies w i t h i n  the  ecosystem. 

I t  I s  important t o  consider redox processes for both N and S 
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3.3.6 Measurement of Anion M o b i l i t y  

M o b i l i t y  o f  n i t rogen and s u l f u r  ha5 been widely described on the  basis o f  

f i e l d  data; there  has a lso  been considerable e f f o r t  t o  understand and describe 

s u l f a t e  m o b i l i t y  i n  laboratory  studies. I n  the  f i e l d ,  ca l i b ra ted  watersheds 

~JIOW quan t i f i ca t i on  of inpu ts  and outputs from an ecosystem. 

c e r t a i n  drawbacks t o  t h i s  procedure, however; i t  requires a long-term and 

There are 

continuous monitor ing program t o  get r e l i a b l e  measurements, and c e r t a i n  f luxes 

must be measured o r  estimated i n d i r e c t l y  (e.g. dry deposi t ion o f  SO2, NH4+) or 

guessed a t  (e.g., s u l f a t e  reduct ion rates,  i n t e r n a l  S sources). A second 

problem i s  t h a t  t he  f l u x  data cannot provide unequivocal answers about contro l  

mechanisms or capacit ies. F lux data are thus p o t e n t i a l l y  subject  t o  mis in te r -  

p re ta t i on  concerning processes and rates, and are of l i m i t e d  p red ic t i ve  value, 

Input-output budgets are extremely useful ,  however, i n  character iz ing the  net  

behavior o f  S and N; i.e., i n  quant i f y ing  the  magnitude of net  storage o r  

releaes from a system. Budget data are also useful fo r  making inferences about 

processes c o n t r o l l i n g  S o r  N mob i l i t y ,  and are useful f o r  comparing r e l a t i v e  

m o b i l i t y  o f  anions a t  d i f f e r e n t  s. i tes (e.g., north-south, fo res t  stand type, OT 

age comparison). 

I n  the  case o f  su l fa te,  s o i l  pools are f requent ly  quan t i f i ed  by laboratory  

procedures as "soluble" (i .e., adsorbed, but leachable w i t h  deionized water) or 

"adsorbedU (removable only by an anion such as phosphate which forms stronger 

bonds w i t h  t h e  adsorbent than s u l f a t e  (Johnson and Henderson, 1979). 

so lub le pool i s  weakly bound, and i s  read i l y  ava i lab le  f o r  b io log i ca l  uptake o r  

leeching from the  so i l .  

he ld  on the  s o i l ,  i t  i s  probably " s p e c i f i c a l l y  adsorbed" by l i gand  exchange 

(formation o f  one or two M-O-S bonds) o r  perhaps by formation o f  aluminum 

su l fa te  minerals (Nordstrom, 1982). 

The 

By contrast ,  "adsorbed" s u l f a t e  i s  much more t i g h t l y  

Soluble s u l f a t e  i s  predominant i n  organic 
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soil horizons o r  i n  Soils w i t h  low sesquioxide content and low organic matter. 

The adsorbed s u l f a t e  pool may be i r r eve r s ib ly  bound i n  s o i l s ,  and is apparently 

the primary sink for inorganic s u l f a t e  i n  s o i l s  (Johnson and Henderson, 1979; 

Johnson et 2. , 1981)- E x i s t i n g  s u l f a t e  puols i n  soil can be related t o  

h-istorical Sul fa te  deposition (e.g., soluble  p lus  "adsorbed" pool compared t o  

cumulative h i s t o r i c  deposi t ion) ,  bu t  are of l i t t l e  direct use i n  predict ing 

present o r  future input-output re la t ionships ,  

To describe the capaci ty  of Soils t o  adsorb additional su l f a t e ,  a number 

of inves t iga tors  have used adsorption isotherms (e.g., Chao et fi., 1964; 

Singh, 1984); isotherms have been used both as tools  t o  understand sorption 

behavior as a function of pH, soil  fe  and A1 content, etc. (e.g., Chao et a7 - -* s 

1964) and as a predictor  of s u l f a t e  pa r t f t i on ing  under f i e ld  conditions (Cosby 

- et - ,  a1 1984). 

sites and d e p t h s ,  and developed an average isotherm for a watershed (X-axis as 

output f lux  o f  S042' eq/ha-yr; Y-axis as adsorbed pool i n  eq/ha), Using that  

isothenn i n  a dynamic mode1 w i t h  various scenarios of annual s u l f a t e  deposition, 

the authors were ab le  t o  use the mode1 t a  recrea te  historic,  changes i n  dissolved 

s u l f a t e  i n  their  study watershed, and t o  predict  future changes. 

In the la t te r  case, the authors lumped data  from several soil 

3.3-7 Rel i ab i l i t y  o f  Measurements 

The r e l i a b i l i t y  of laboratory isotherm da ta  for predict ing s u l f a t e  

dynamics i n  f ield s l t u a t i o n s  i s  st i l l  uncertain,  owing t o  uncertainty i n  flow 

path ,  biological cycling of sulfate, temperature effects, etc. Sul fa te  adsorp- 

t i o n  isotherms have been determined for only a few s o i l  sin the eas te rn  U.S., 

and analyses have been done a t  a limited number of  laborator ies ;  sample 

h a n d l i n g ,  equi l ibra t ion  conditions,  and ana ly t ica l  protocols have not been 
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standardized. 

a subject  t o  cont inu ing debate. 

and storage condit ions, between the  t ime o f  so i  1 co l  1 e c t i  on and analyses may 

have a s i g n i f i c a n t  impact on adsorbed s u l f a t e  pools and/or adsorption i s o -  

therms; the  actual  impact i s  a t  present unknown. 

In te rp re ta t i on  o f  data and a p p l i c a b i l i t y  t o  f i e l d  condi t ions i s  

Sample handling, such as a i r  d ry ing  the  s o i l ,  

- 
G I  ven t h e  domi nant i n f  1 uence o f  b i  01 ogi ca l  processes, 1 aboratory studies 

o f  n i t r a t e  m o b i l i t y  are usefu l  i n  prov id ing i n s i g h t  i n t o  the  processes con- 

t r o l l i n g  mob i l i t y ,  bu t  are u n l i k e l y  t o  generate useful  data concerning actual  

n i t r a t e  f l u x  f rom the  s o i l .  

F i e l d  measurements are the  most r e l i a b l e  i nd i ca to r  o f  s u l f a t e  and/or 

n i t r a t e  m o b i l i t y  f o r  a s p e c i f i c  soi l /watershed system, bu t  it i s  necessary t o  

character ize seasonal - o r  d i  scharge-re1 ated v a r i  abi  1 i ty i n mob1 1 i ty. 

case o f  sul fate,  laboratory  data on adsorption isotherms holds s i g n i f i c a n t  

promise as a p red ic t i ve  too l ,  but a t  present such techniques must be used w i th  

caution. 

I n  the  

3.3.8 Expected Range and Regional D i s t r i b u t i o n  

Based on s u l f a t e  budgets f o r  ca l i b ra ted  watersheds, s u l f a t e  re ten t i on  

appears t o  be much more s i g n i f i c a n t  i n  ecosystems o f  t he  southeastern U.S. than 

i n  the  northeast (e.g., Likens -- e t  al., 1977; Galloway -- e t  al., 1980; Swank and 

Douglas, 1977; Henderson -- e t  al., 1977). As prev ious ly  noted, accumulation of 

s u l f a t e  by t r e e  uptake can be discounted as a major immobi l izat ion mechanism. 

Incorporat ion o f  s u l f u r  i n t o  s o i l  organic matter may be important (David - e t  

al, , 1982; Swank -- e t  at., 1984), but  data a re  too  sparse t o  a l low any estimates 

o f  regional  d i f ferences or s ign i f i cance f o r  t h i s  process. 

has general ly been assumed t o  be the  primary re ten t i on  mechanism i n  southern 

s o i l s  ( U l t i s o l s  and Dystrochrepts) wh i le  adsorption by northern SpodosOlS i s  

- 
Sul fa te  adsorption 
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bel ieved t o  be low. This assumption i s  supported by data f r o m  t h e  l i t e r a t u r e  

(e.g., Johnson and Todd, 1983), and a lso by data f rom EPA's p i l o t  s o i l  survey. 

The l a t e r  study found t o t a l  ext ractable s u l f a t e  (so lub le p l u s  

adsorbed) t o  be 1.5 t o  10 t imes as h igh i n  s i x  V i rg in ia  soils a s . i n  s o i l s  f rom 

k w  York (Adirondacks) and Maine; t h e  dtfferences were most pronounced i n  tbe  

surface A-E horizons and i n  t he  C horizon. 
.. 

Regional i ra t ion of po ten t i a l  NO3' m o b i l i t y  i s  f a r  more d i f f i c u l t  because 

b i o l o g i c a l  processes are involve'd, but some q u a l i t a t i v e  i n s i g h t  may be gained 

by comparing t4 deposi t ion ra tes  t o  a very broad estimate o f  f o res t  N requi re-  

ment based upon n u t r i e n t  cyc l i ng  data (e+, Cole and Rapp, 1981). North- 

eastern fo res ts  are most suscept ib le  t o  NO3 leaching according t o  t h i s  

c r i t e r i o n ,  s ince fo res ts  are slower growing and presumably less demanding o f  

N. A s i g n i f i c a n t  caveat t o  t h i s  approach, however, i s  t h a t  N uptake by soi l  

biota,  which i s  o f ten  a dominant form of N intmobil ization, i s  not accounted 

for. 

3.3.9 Threshold Values 

Mathematical wodels have been developed, based on adsorption Isotherms, t o  

describe t i m e  trends i n  su l fa te  m o b i l i t y  (e.g., Cosby e t  al., 1984). Such 

models can be used t o  p red ic t  m o b f l i t y  of su l fa te  under a v a r i e t y  o f  deposi t ion 

scenarios and soil conditions.. If coupled w i t h  an appropr iate model and w i th  

data f o r  ca t ion  resupply (exchangeable bases, mineral weathering ra tes)  these 

models can also  pred ic t  a t ime sequence f o r  fu ture a c i d i f i c a t i o n  andfor a 

threshold deposi t ion o f  s u l f a t e  which would r e s u l t  i n  a c i d i f i c a t i o n .  

models ho ld great po ten t i a l  f o r  gafning i n s i g h t  in to  k h a v i o r  of t he  eco- 

system(s) being modeled, but t h e i r  quan t i t a t i ve  accuracy i s  uncertain, due i n  

part t o  p rob lem noted ea l ie r .  

These 
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No models are cur ren t ly  ava i lab le  t o  p red ic t  n i t r a t e  breakthrough, but  

n u t r i e n t  cyc l i ng  data could be used t o  develop hyptheses on n i t r a t e  mobi l i ty .  

3.4 CATION EXCHANGE PROCESSES 

3.4.1. - Importance t o  Direct/Delayed/Capacity Protected Assessment - 

Cation exchange re la t ionsh ips  are a c r i t i c a l  f a c t o r  c o n t r o l l i n g  s o i l  and 

water ac id i f i ca t i on .  S o i l  a c i d i f i c a t i o n  whereby Al3' and H+ ions displace base 

cat ions from the  s o i l  exchange complex (.foe., a decrease i n  base saturat ion).  

A substant ia l  decrease i n  t h e  a l k a l i n i t y  o f  s o i l  so lu t i on  can occur i f  A l 3 +  and 

H* are released i n t o  so lu t i on  from exchange s i t e s  i n  the  s o i l  due t o  base 

deplet ion and/or t he  s a l t  e f fec t ;  p o t e n t i a l l y  r e s u l t i n g  i n  surface water 

ac id i f i ca t i on .  Understanding cont ro ls  on ca t ion  exchange i n  the  s o i l  such as 

base saturat ion,  ca t i on  exchange capacity, ca t ion  s e l e c t i v i t y ,  concentrat ions 

o f  d i f f e r e n t  cat ions i n  input  and output solut ions,  and concentrat ions o f  

s t rong and weak ac id anions i s  c r u c i a l  t o  assessment o f  surface water response 

t o  ac id i c  deposit ion. 

3,4.2 Chemical theory 

This sect ion i s  excerpted from t h e  keynote address given by J m  0. Reuss a t  

t h e  In te rna t iona l  Workshop oh  S o i l  and Water A c i d i f i c a t i o n  he ld  i n  Knoxvi l le, 

Tennessee i n  March 1984 and published i n  Johnson -- e t  al.  (1985). 

3.4.2.1 Capaci ty - In tens i  t y  Concepts 

Much o f  t he  l i t e r a t u r e  concerning the  e f fec t  o f  ac id  deposi t ion on s o i l s  

and the  soi l -mediated e f f e c t s  on surface waters has focused on the  capaci ty of 

t h e  s o i l  t o  adsorb proton Input. Consider, fo r  exampleo a system receiv ing 

annually 1 m o f  pH 4.2 r a i n f a l l  and an equal amount of a c i d i t y  as d ry  deposi- 
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t i o n ,  f o r  a t o t a l  of 0.125 eq H+/m2. If t h i s  i n p u t  f a l l s  on 30 cm of soil w i t h  

a cat ion exchange capacity (CEC) of 0.15 eq/kg, a bulk density of 1.2, and a 

15% base sa tura t ion ,  a comparison of t h e  pool s i zes  scaled t o  the annual i n p u t  

ofsH+ would be about as follows: 

- Annual H+ i n p u t  -- 1 

Exchangeable base -- 65 

Exchange a c i d i t y  e- 365 

Obviously, i t  would require many decades (centuries i n  deeper soils) f o r  

t h i s  i n p u t  t o  br ing  about a s ign i f i can t  change i n  t o t a l  s o i l  acidi ty .  A 

s ign i f i can t  change In the exchangeable base cat ion pool due t o  replacement o f  

acid i n p u t s  tnigbt occur i n  a few decades, but t h i s  reduction could be mitigated 

by the re lease  of these cat ions by weathering processes. The reduction will  be 

further mitigated i n  some ac id  s o i l s  where the replacement e f f ic iency  of the 

input ac id i ty  for exchangeable bases may be subs tan t ia l ly  less than 1.0, 

From considerations such as these, many scientists concluded t h a t  s o i l  

effects due t o  acid deposit ion or soil-mediated e f f e c t s  on surface water a r e  

'likely t o  occur only on s o i l s  w i t h  wry low CEC and, therefore ,  on s o i l s  t h a t  . 

are Mghly susceptible t o  changes i n  base sa tura t ion  due t o  cat ion loss. 

However, the capacity effects due t o  these changes i n  pool s lze  are not the 

only manifestation of acid deposition inputs .  Changes i n  s o i l  solut ion 

composition t h a t  may have a profound e f f e c t  both on terrestrial ecosystems and 

on surface and groundwater qua l i t y  may occur w i t h o u t  s ign i f i can t  changes i n  

these pool s izes .  I t  is on these so-called i n t e n s l t y  fac tors  t h a t  we wi l l  

focus here. 



4.4.2.2 The C02-HC03' System 

While the overall importance of the C02-HC03" equi l i  brium i n  determi n i  ng  

the properties of b o t h  soil solutions and surface waters is well known, some o f  

the implications, particularly the role of COz partial pressure (pCO2) i n  

determining the alkalinity of the drainage water, are often neglected. 

soils we can neglect the C03*- ion  so t h a t  the reaction can be written as 

In acid 

co2 + H ~ O  = H+ + ~ ~ 0 3 ' .  

From t h i s  reaction we obta in  the equilibrium expression, 

where the material i n  parentheses refers t o  activities (or partial pressure i n  

the case of ~ 6 0 2 ) .  If the concentrations are i n  microequivalents per 1 

( f o r  our purposes, concentrations and activities may be taken as equal) 

602 i n  percent, K, will be about 150. From Eq. 2 we f i n d  t h a t  a t  0.03, 

3% CO2 the product [(H') (HC03")J is equal t o  4.5, 45, and 450, respect 

ter 

and the 

0.3, and 

vely. 

In pure water a tenfold increase i n  CO2 results i n  the product of H+ and HCO3- 

increasing by Q fac tor  o f  10 (i-e., 3.16) (Table A.3.2). As a result, increas- 

i n g  COP from 0.03% (near atmospheric) t o  0.3% decreases pH from 5.67 t o  5.17, 

while a t  3% the pH will be 4.67. 

are equal and the alkalinity, defined here a s  

In pure water the H+ and HCO3 concentrations 

alkalinity = (HC03') + (OH') - (H'), ( 3 )  

remains zero a t  a l l  Cop levels. 

Acid soils are buffered by internal processes, and pH changes w i t h  varying 

C02 p a r t i a l  pressures are usually small. 

must increase w i t h  the C02 p a r t i a l  pressure (Eq. 3), and (H') i s  fixed by soil 

processes, the response t o  changing CO2 levels i n  the soil i s  mostly i n  the 

HC03' concentration, and thus is  reflected i n  the a l k a l i n i t y  of the soi l  

solutions- T h i s  is illustrated i n  Table A.3.2 (lines 4-12). 

Because the product (H') . (HCD3') 

For example, a t  
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Table A.3.2. The effect of pC0 on pH, H', and HC03' i n  pure waters and i n  
soil  solutions bu 3 fered by i n t e r n a l  soi l  processes. 

Pure water 

1 0.03 4.5 
2 0.30 45 
3 3.0 450 

$041 solut ions (buffered) 

4 0.03 4.5 
5 0.30 45 
6 3.0 450 

7 0.03 4.5 
8 0.30 45 
9 3,O 450 

10 0.03 4.5 
11 0.30 45 
12 3.0 450 

5,67 

4.67 
5.17 

5.67 
5.67 
5.67 

5,17 
5.17 
5.17 

4.67 
4.67 
4.67 

2. t 
6.7 

21.2 

2.1 
2.1 
2.1 

6.7 
6.7 
6.7 

21.2 
21.2 
21.2 

2.1 
6.7 

21.2 

2.1 
21.2 
212 

U.67 
5.7 
67.2 

0.21 
2.1 

21.2 
r 

0 
0 
0 

0 

0 
10,1 

-6.0 
0 
60.5 

-21.0 
-19 . 1 

0 

A.3.33 



pH 5.67 and 0.03% C02, t h e  H+ and HC03' concentrat ions are both 2.1 ueq/ l  ( the 

same as i n  water), and the  a l k a l i n i t y  i s  zero. However, increas ing CU2 t o  0.3 

and 3% increases the  a l k a l i n i t y  of t he  s o i l  so lu t i on  t o  19.1 and 210 ueq/l, 

respect ively.  4 

not  buf fered by s o i l  processes. 

Increasing CO2 would have no e f f e c t  on the  a l k a l i n i t y  of water 

- 
A s o i l  so lu t i on  a t  pH 5.67 w i l l  have p o s i t i v e  a l k a l i n i t y  i f  the  CO2 

content o f  t he  s o i l  gases i s  above O.O3%e 

a l k a l i n i t y  w i l l  be p o s i t i v e  above 0.3% C02, and a t  pH 4.67 i t  w i l l  be p o s i t i v e  

above 3%. 

are  formed (Eqe l), but t h e  HCO3" concentrat ion increases whi le  the  H+ i s  he ld 

constant by s o i l  buffering. We may t h i n k  o f  t he  H+ as being consumed i n  the  

d i sso lu t i on  o f  s o i l  minerals, b r i ng ing  A13+ i n t o  solut ion. The A13+ then 

displaces cat ions such as Ca2+* Mg*+, and Kt from t he  i o n  exchange complex. 

A t  a so lu t i on  pH of 5.17the 

I n  t h i s  a lka l in i ty -genera t ing  process, equal amounts o f  H' and HC03' 

The net e f f e c t  i s  t h e  format ion o f  bicarbonates of these cat ions (i.e., 

a l k a l i n i t y ) .  

The changes i n  a l k a l i n i t y  brought about i n  t h e  s o i l  so lu t i on  by var ia t ions  

i n  s o i l  pCO2 can d r a s t i c a l l y  a f f e c t  t he  pH of t he  drainage water. The r e l a -  

t i onsh ip  between a l k a l i n i t y  and pH i n  water that i s  not i n  contact w i t h  s o i l  

processes, as der ived from Eqs. 1 and 2, i s  shown i n  Figure A.3.2. The pH 5.17 

s o i l  so lu t i on  ( l i n e s  7-9, Table A.3.2) a t  CO2 l e v e l s  o f  0.03, 0.3, and 3% has 

an a l k a l i n i t y  o f  -6, 0, and 60.5 ueq/l, respectively. 

brates w i t h  atmospheric CO2 (0.03%), t h e  pH w i l l  be 5.17 i f  the  soi l  COz i s  

0.03%, 5.67 a t  0.3% CO2, and 7.1 a t  3% COz. Thus a t  a s o i l  so lu t i on  pH of 5.17 

the  drainage water pH would vary by near ly  1.9 u n i t s  simply by varying s o i l  C02 

over a range t h a t  may commonly be found i n  the  s o i l .  

When t h i s  water e q u i l i -  
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Figure A.3.2, The relationship between the pH and alkalfnfty of  water a t  0.03,  
0.3, and 3% C02. 
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3.4.2.3 Soi 1 -Solut ion Equi 1 i b r i a  

When an ac id  f o r e s t  s o i l  i s  subjected t o  ac id  deposit ion, t he  concentra- 

t i o n  of t he  s t rong ac id  anion (S042', and i n  some cases NO3') w i l l  .increase. 

I n  most ac id  s o i l s  t he  natura l  concentrat ions o f  these anions are very low; a 

t y p i c a l  value f o r  SO4'' might be 20 ueq/l. The HC03' i s  a lso  low due t o  t he  

nature of t he  C02-HCO3--H+ e q u i l i b r i a  described above (e.g., a t  pH 4.67 and 3% 

C02 the  concentrat ion o f  HCO3- w i l l  be about 20 ueq/l). Although organic 

anions can be an important const i tuent  o f  s o i l  so lu t ions and drainage waters, 

one of t he  charac ter is t i cs  o f  ac id  fo res t  s o i l s  i s  low anion concentration. 

When such s o i l s  are subjected t o  ac id  deposi t ion the  increase i n  S042' concen- 

t r a t i o n  can be very s ign i f icant ,  t y p i c a l l y  i n  the  range o f  100 t o  300 ueq/l. 

(The t ime requi red f o r  t h i s  increase i n  S042' can vary markedly; h igh-sul fate- 

adsorbing s o i l s  may not come i n t o  S042" e q u i l  brium f o r  decades.) This increase 

i n  anion concentrat ion can have a very import n t  in f luence on the  ca t i on  

composition. 

t o  maintain charge balance, but t he  r e l a t i v e  amounts w i l l  a lso  change. 

most important o f  these changes involves t h e  H+, Ca2+, and A13+ ions (we w i l l  

use Ca as a proxy f o r  both Ca and Mg i n  t h i s  discussion), These responses can 

be described by the  use o f  th ree  fam i l i a r  re la t ionships.  The f i r s t  i s  t he  

re la t i onsh ip  between A13+ and ti+: 

Not only w i l l  t h e  t o t a l  ca t i on  concentrat ion i n  so lu t ion  increase 

The 

(A13+) - Ka(H+)3, ( 4 )  

l.e., t he  a c t i v i t y  of t h e  A13+ i o n  i s  propor t ional  t o  t h e  t h i r d  power o f  the  H' 

a c t i v i t y  or, i n  negative logar i thm form, 

3 pti - PA1 KA. (5) 

Values of KA i n  t he  s o i l  may range from 7.0 o r  less  t o  near 10. Useful 

reference po in ts  are t h e  values of 8.04 and 9.66 given by Lindsay (1979) f o r  

g ibbs i te  and amorphous A1 (OH)3, respect ively.  A p l o t  of t h i s  re la t ionsh ip  f o r  
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a representat ive set  o f  KA values i s  shown i n  Figure A.3.3. The impl icat ions 

o f  t he  shape o f  these curves are two-fold. F i r s t ,  i f  the  walue of KA i s  high 

t h e  system i s  h i g h l y  buffered, 

i s  u n l i k e l y  t o  exceed about 30 ueq/l (pH 4.5). as any f u r t h e r  H+-will only 

r e s u l t  i n  increased A l 3 +  Sn solut ion,  Second, as shown by t h e  upward curvature 

o f  t h e  l ines,  increasing anion concentrat ions w i l l  r e s u l t  i n  increases i n  t o t a l  

cat ions and i n  the  propor t ion of A13+ r e l a t i v e  t o  H+. This; consequence can be 

For example, i f  KA i s  9.5 t h e  H+ concentrat ion 

s tated us a general p r i nc ip le ,  toe., increasjng so lu t i on  concentrat ion w i l l  

increase the  propor t ion of t he  cat ions w i t h  the  higher valence. 

The second r e l a t i o n s h i p  i s  t h a t  between Ca2+ and A13+, which i s  described 

below using t h e  equation o f  b i n e s  and Thomas (1953): 

( ~ a 2 + ) 3  

The parentheses denote a c t i v i t i e s  i n  t h e  s o l u t i o n  phase, $ i s  the  i o n  exchange 

constant t h a t  r e f l e c t s  t h e  themdynamic  proper t ies of t h e  exchanget, and CaX 

and A1X are t h e  f r a c t i o n s  o f  t he  t o t a l  exchange s i t e s  occupied by the  Ca2* and 

A13+ ions, respect ively.  Equation 6 s tates t h a t  t h e  a c t i v i t y  o f  A13+ i n  so lu t i on  

i s  propor t ional  t o  t h e  3/2 power o f  t he  CaZ+ a c t i v i t y ,  i,e,, 

 AI^+) = KB(Ca 2+)3/2 . ( 7 )  

The p r o p o r t i o n a l i t y  constant 4 i s  a funct ion of t he  degree of saturat ion o f  Ca 

and A I  and o f  t h e  constant Kb (Eq, 6). These re la t i onsh ips  t e l l  us t h a t  i f  the 

s o l u t i o n  concentrat ion increases due ' to  increased su l fa te  o r  n i t r a t e  from ac id  

deposit ion, t h e  A13+:Ca2+ r a t i o  i n  s o l u t i o n  w i l l  increase so t h a t  t he  a c t i v i t y  

of A13+ remains propor t ional  t o  t h e  3/2 power of t h e  CaZ+ a c t i v f t y  (Figure 

A,3.3), Again, an increase i n  s o l u t i o n  concentrat ion r e s u l t s  f n  a s h i f t  toward 

t h e  i o n  o f  higher valence. 

a t e l y  as the  concentrat ion changes. 

This i s  an i n t e n s i t y  response and occurs i m d i -  
> 
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Figure A.3.3. The relationship between the A13+ and p, assuming 3 pH - pAl 
values i n  the range of 8.0 t o  9.5. The a c t i v l t y  coefficjents 
are assumed t o  be 0.96 f o r  H+ and 0.70 for Al3+.  
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The l i n e s  i n  t h e  p l o t  o f  A13’ vs Ca2+ (Figure A.3.4) a lso  curve upward, 

due t o  an increase i n  t h e  f r a c t i o n  of Al3+ as t h e  t o t a l  concentrat ion 

increases, For t h e  $ value used t o  construct  Figure A.3.4, t h i s  curvature 

increases markedly as the  f r a c t i o n  of exchange s i t e s  occupied by-Ca i s  reduced 

below about 0.2. The ef fect  of increasing values of $ i s  s i m i l a r  t o  t h a t  o f  

increas ing Ca saturat ion,  Thus, increasing $ has the  e f f e c t  of decreasing the 

Ca sa tu ra t i on  a t  which the  change i n  t h e  A13+:Ca2+ r a t i o  i n  so lu t i on  due t o  

higher concentrat ion becomes s i g n i f i c a n t .  

While t h e  ef fect  o f  an increase I n  s o l u t i o n  concentrat ion due t o  ac id  

deposi t idn w i l l  be a higher propor t ion of A13+ i n  s o l u t i o n  r e l a t i v e  t o  Ca2+ 

(ac tua l l y  r e l a t i v e  t o  a l l  mono- o r  d i va len t  cations), t h e  t o t a l  amount o f  a l l  

ions i n  s o l u t i o n  w i l l  increase, Thus, t h e  export of Ca2+ 4s accelerated, even 

though t h e  A13+:Ca2+ r a t i o  I s  increased. If t h e  exchangeable Ca pool i s  

depleted due t o  increased Ca loss over time, the  Ca sa tu ra t i on  w i l l  be reduced 

and the  propor t ion of A l 3 +  i n  s o l u t i o n  w i l l  be fur ther  increased, 

The t h i r d  r e l a t i o n s h i p  i s  t h a t  between Ca2+ and ti+. Combining Eqs. 4 and 

6 we obta in  the  ra the r  formidable-appearing Eq. 8, 

This i s  more f a m i l i a r  t o  s o i l  s c i e n t i s t s  i n  the  form, 

pH - 1/2 pCa = Kt. (9 )  

where Kt i s  t h e  well-known “ l i m e  potent ia l . ”  Equation 8 simply states t h a t  i n  

the s o i l  s o l u t i o n  t h e  Ca2+ a c t i v i t y  i s  propor t ional  t o  t h e  square o f  t he  ti+ 

a c t i v i t y ,  and t h a t  t h e  p r o p o r t i o n a l i t y  i s  determined by t h e  Al3+-H+ proport ion- 
\ 

a l i t y  constant (Ka), t h e  i o n  exchange constant ($), and the  f r a c t i o n  o f  

exchange s i t e s  occupied by Ca and Al, F igure A,3.5 shows t h e  H+-Ca2* r e l a t i o n -  
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Figure A.3.4. The re la t ionsh ip  between t h e  A13+ and Ca2+ t n  s o i l  solut ion,  
wf th  t h e  fractfon of t h e  exchange s i t e s  occupied by C a a  i n  the  
range of 0.05 t o  0.20. Log of the  Gaines-Thomas exchange 
coef f ic ient  i s  0.5 and the activities o f  Ca2+ and Al3+ are  0.85 
and 0.70, respecttvely.  
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Figure A.3.5. The relatjonship between the Ca2+ and H+ in soil solution for 
lime potential values f n  the range of 2.25 and 3.25. Cafcula- 
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ship i n  s o i l  so lu t ions of varying l ime potent ia l .  

t o  increased so lu t i on  concentrat ions from ac id deposi t ion inputs i s  again t o  

increase the  propor t ion of Ca2+ (i'.e., t he  i o n  of higher valence) (Figure 

A.3.5). This f i g u r e  serves t o  i l l u s t r a t e  the  concept o f  i o n  exchange bu f fe r -  

ing. For example, a t  a l ime p o t e n t i a l  o f  3.00, a s o i l  so lu t i on  pH-of 4.3 could 

The response of the system 

only  be a t ta ined  if the  Ca concentrat ion were about 1000 ueq/l. As Ca satura- 

t i o n  i s  reduced the  l ime po ten t i a l  decreases, a l lowing pH t o  decrease. Even- 

t u a l l y *  t h e  pH decrease w i l l  be buf fered by br ingfng Al3+ i n t o  so lu t i on  (Figure 

A.3.3) and the  pH a t  which t h i s  A13+ b u f f e r i n g  occurs w i l l  be determined by KA. 

One of the  problems w i t h  using Eq. 6 i s  t h a t  t he  i o n  exchange constant 

(K  ) i s  d i f f i c u l t  t o  measure. However, if the  s o l u b i l i t y  of A13+ (Ka o r  KA), 

t h e  degree o f  Ca and A1 saturation, and t h e  l ime p o t e n t i a l  are known, Kg can be 

calculated by rearranging Eq. 8. 

9 

3.4.2.4 Conclusions 

It i s  a r e l a t i v e l y  simple matter t o  combine the  re la t i onsh ips  i n  Eqs. 2, 

4, and 6 w i t h  the  charge balance requirement t o  obta in  a set  of simultaneous . 

equations such t h a t  i f  the  various constants and the Ca and A1 saturat ion o f  

t he  exchange complex are known, the  composition o f  t he  major cat ions i n  

s o l u t i o n  can be ca lcu lated f o r  any combination o f  anion s t rength and pCO2. 

Addi t ional  ions can be included using s i m i l a r  re lat ionships.  Several current  

models are based on s i m i l a r  concepts (Reuss, 1980; Christophersen -- e t  al., 1982; 

Chen - e t  -* a1 ' 1983). 

" s a l t  e f f e c t "  mechanism proposed by Seip (1980). 

some low base sa tu ra t i on  s o i l s  t he  increase i n  the  anion concentrat ion i n  

so lu t i on  due t o  aeid deposi t ion inputs  may cause a s i g n i f i c a n t  increase i n  the  

A13+ concentrat ion i n  the  s o i l  solut ion.  

Calculat ions o f  t h i s  type provide a q u a n t i f i c a t i o n  o f  t h e  

The r e s u l t s  i n d i c a t e  t h a t  i n  
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The increase i n  A1 can, under c e r t a i n  condit ions, have profound i m p l i c a -  

t i o n s  f o r  both the  p l a n t  conponent o f  t h e  ecosystem and the q u a l i t y  of t he  

drainage water, The fact  t h a t  A l 3 +  4s t o x i c  t o  many p lan ts  i s  well known. 

Unfortunately, t he  levels a t  which various fo res t  ecosystems w i t 1  show s i g n i f -  

i c a n t  e f f e c t s  are not  wel l  established. The A l 3 +  concentrat ion of. t he  drainage 

waters i s  a l so  c r i t i c a l .  Within t h e  pH range c r i t i c a l  t o  many aquatic species, 

A l 3 +  e f f e c t i v e l y  acts as an acid. Thus, t he  a l k a l i n i t y  of t he  water (Eq. 3 )  

t a n  be reduced by e i t h e r  H+ or A l 3 %  Sail solut ions with a low but  p o s i t i v e  

a l k a l i n i t y  may develop negative a l k a l i n t t y ,  r e s u l t i n g  i n  a substant ia l  

depression i n  pH of the  drainage water. This depression may occur a5 a d i r e c t  

r e s u l t  o f  t h e  a c i d  deposi t ion i npu t  wi thout t h e  necessity for a reduction i n  

base ca t i on  status. 

unless base sa tu ra t i on  i s  reduced by ca t i on  export. S o i l s  w i t h  a l a rge  

rese rvo i r  o f  base cations, o r  those t h a t  release substant ia l  cat ions as a 

r e s u l t  o f  mineral weathering processes, may not develop increased A l 3 +  concen- 

t r a t i o n s ,  even under prolonged exposure t o  ac id  deposition, 

I n  other  cases, A13+ w i l l  not  be s i g n i f i c a n t l y  increased 

3.4.3 Measurement 

Cation exchange processes per - se are not general l y  measured d i r e c t l y ,  but  

t h e  results of c a t i o n  exchange can be measured or I n fe r red  by observing changes 

i n  dissolved c a t i o n  concentrat ions i n  water as i t  moves through t h e  soil, or  

more comnonly, by measuring t h e  exchangeable bases, exchangeable ac id i t y ,  and 

c a t i o n  exchange capaci ty of t he  so i l ,  from which can be calcu lated t h e  base 

sa tu ra t i on  of t h e  so i l .  Several d i f f e r e n t  procedures f o r  e x t r a c t i n g  cat ions 

from soils have been used, each giv ing d l f f e ren t  resul ts,  and causing confusion 

i n  i n t e r p r e t a t i o n  of data. 



Ext rac t ion  w i th  1.0 N NH4UAc buf fered a t  pH 7 has been the  standard method 

o f  t h e  SCS (USDA, 1984). Values obtained are q u i t e  d i f f e r e n t  from extract ions 

w i t h  unbuffered 1.0 N NH4C1 (USDA,--1984), which i s  presumed t o  be a be t te r  

index o f  ca t ion  exchange re la t ionsh ips  a t  t he  f i e l d  pH o f  t he  so i l .  Exchange- 

able a c i d i t y  has commonly been measured w i t h  BaC 

and 1.0 N KC1 (Thomas, 1982). 

The equ i l ib r ium models being considered f o r  

z-TEA, pH 8.2 (NCASI, 1983) 

making pred ic t ions  of s o i l  and 

water a c i d i f i c a t i o n  requ i re  measurements o f  exchangeable base cations, ac id i t y ,  

t o t a l  CEC, and base sa tura t ion  a t  f i e l d  pH, Data from the  p i l o t  s o i l  survey 

are being used t o  evaluate whether there  i s  a strong re la t ionsh ip  between 

buf fered ex t rac tan t  values and values r e f l e c t i n g  f i e l d  pH. A s e n s i t i v i t y  

analys is  o f  t he  models should be ca r r i ed  out t o  determine how s i g n i f i c a n t  t he  

uncer ta in ty  i n  t h e  re la t i onsh ip  i s  t o  model predict ions.  

3.4.4 R e l i a b i l i t y  o f  Measurements 

There are two sources o f  uncer ta in ty  I n  measurements o f  s o i l  propert ies,  

s o i l  s p a t i a l  heterogeneity and v a r i a b i l i t y  i n  analys is  o f  the  so i l s .  The 

former i s  general ly accoultled fo r  i n  publ ished data by speci fy ing a range o f  

values f o r  t he  s o i l  k i nd  and horizon, f o r  example i n  s o i l  survey repor ts  o r  t he  

Soi ls-5 database, 

l i k e l y  t o  f a l l  w i t h i n  the  range of values fo r  t h e  parameter of i n te res t .  

Uncertainty i n  laboratory  analysis of s o i l s  i s  discussed i n  Cronce (1982), t he  

Any given pedon meeting the  descr ip t ion  o f  t he  s o i l  k i n d  i s  

Northeast Soi 1 Character izat ion Study. An in te r l abo ra to ry  comparison o f  s o i  '1 

analyses w i l l  a lso  be ava i lab le  from t h e  p i l o t  s o i l  survey. 

The question of adequacy of t he  data f o r  regional  assessment purposes i s  

not  so much r e l i a b i l i t y  of t he  published data, but  ra ther  where w i t h i n  the  

range of values the  s o i l  i n  question l i e s ,  and whether t h i s  var ies IS much 
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w i t h i n  a watershed o r  region a s  i t  does between regions- If t h e  range i s  too  

wide t o  provide useful model predict ions or  i f  there i s  systematic difference 

between regions i n  where the actual values f a l l  w i t h i n  the publ i shed  range, 

t h e n  t h e  publ i shed  data  is not useful for t h i s  assessment purpose. 

i o s s i b l e  t o  tes t  t h i s  using t h e  p i l o t  Soi l  survey data,  

I t  may be 

304.5 Expected Range and Regional Distr ibut ion 

The range and regional dis t r ibut ion for BS, exchangeable bases, and CEC 

(determined i n  NH40Ac buffered a t  pH 7) I s  shown i n  Section 2,3,2, figures 

Am2r3, Am2.4, and A.2,5, A t  field pH the CEC values would be lower and the BS 

values h i  ghe r. 

3.4.6 Threshold Values f o r  Categorizinq Direct/Deiayed/Gapscity Protected 

Watersheds 

Threshold values for pH-7 buffered da ta  have not been determined because 

t h e  predictive models use equilibrium relationships dependent on data  for f i e l d  

pH conditions, The high-moderate-low categories  used i n  F i g u r e  Ao2.6 (Section 

L.3.2) were based on q u a l i t a t i v e  c r i t e r j a  discussed i n  Olson e t  a l .  (1982) and 

Seip { 1980)- They do not necessarily directly correspond t o  direct ldelayedl  

-- 
capacity-protected categories.  Threshold values for the field-pH data  have 

a l s o  y e t  t o  be determined, although Reuss and Johnson (1985) have suggested 

1520% 8s as an upper limit f o r  sens i t i ve  S O i I S m  They po in t  out, however, t h a t  

the physical-chemical mechanism i s  dependent on several  f ac to r s  (pCrl2, aluminum 

s o l u b i l i t y ,  cat ion exchange s e l e c t i v i t y ,  and base sa tura t ion) ,  none o f  which 

a r e  independent of t h e  others. A Single SenSitSvjty threshold,  therefore, i s  

impossible t o  assign t o  any one parameter such as base saturat ion.  Little or 



no data i s  ava i lab le  f o r  pC02, aluminum s o l u b i l i t y ,  and ca t ion  exchange 

s e l e c t i v i t y  f o r  s o i l s  on a s i t e -spec i f i c  o r  regional  basis. 

3.5 CATION WITHDRAWAL AND REDISTRIBUTION BY VEtiETATION 

3.5.1 Importance t o  O i  r e c t  /Del ayed/Capaci t y  Protected Assessment ~ 

S o i l s  can be a c i d i f i e d  by p lan t  uptake of base cat ions i n  excess of anions 

( r e s u l t i n g  i n  Hf re lease from roots  t o  maintain charge balance), 

o f  importance t o  the  direct /delayed issue, since one can env is ion a scenario i n  

which a surface water i s  a c i d i f i e d  as the  s o i l  I s  a c i d i f i e d  by p lan t  uptake 

This may be 

even under constant atmospheric loading, 

3.5.2 Chemical Theory 

Plant uptake i s  ac id i f y ing  t o  the  rhizosphere i f  the  sum o f  base cat ion 

I n  t h i s  uptake exceeds the  sum of non-bicarbonate anion uptake (Nye, 1981). 

case, p lan ts  release H+ o r  take up HC03" (which resu l t s  i n  d issoc ia t ion  o f  

HzC03) t o  H+ + HC03' and i s  equal ly  ac id i f y ing ) .  

up -- NH4= o r  NO3- i s  o c r u c i a l  irrportance t o  the  charge balance o f  roots  

(and, consequently, t h e  a c i d i f i c a t i o n  o f  t he  rhizosphere) s ince uptake o f  the  

other  major n u t r i e n t  an ons 

ca t i on  uptake. 

seldom known (although f requent ly  guessed a t ) ,  making estimates o f  rhizosphere 

a c i d i f i c a t i o n  due t o  p l a n t  uptake extremely uncertain, 

The form i n  which N i s  t,aken 

and SDqp-) normally cannot balance base 

Unfortunately, t he  form o f  N uptake under f i e l d  condi t ions i s  

3.5.3 Sources and Sinks 

On a whole-soi l  basis, i t  can be shown t h a t  N m ine ra l i ra t l on  followed by 

uptake has no net  e f f e c t  on H+ production. That i s ,  t h e  ti+ consumed dur ing N 

minera l i za t ion  o f  organic N t o  NH4+ i s ;  of fset  by H+ produced dur ing NH4+ 
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uptake. 

u p  [i.e., 2 H+ produced during nitrification are balanced by one H i  consumed 

I f  nitrification occurs, there i s  sti l l  an H+ balance i f  N03- i s  taken 

during N mineralization and one H+ consumed during NU3 uptake (Heuss, 1977; 

Ulrich, 1980)J. 

organic - N ( i n  s o i l )  t o  organic N ( i n  plants) has no net effect on H+ produc- 

t i o n ,  and the same principle applies t o  transformations of organic P, S, Ca, K, 

and Mg (Ulrich, 1980). Thus ttte net acidifying or a l k a l i z i n g  effects of p l a n t  

Another way of looking a t  i t  i s  t h a t  the transformation from 

uptake on whole-soil (ire., not rhizosphere) acidity are due t o  the uptake of 

nutrient ions from inorganic sources, lee. atmospheric deposition and soil 

exchange sites. 

3.5.4 factors Affectinq AcJdifjcation by Plant  Uptake 

factors affecting the acidification due t o  plant  uptake are atmospheric 

i n p u t s  of nutrients, i n c l u d i n g  forms of f4 (NH4+ vs NU3") (as discussed above), 

the amount of nutrient requited by the p % a n t  (especially Ca2+), and t h e  rate of 

soil weathering (discussed later). Specfes t h a t  accumulate large mounts o f  

Ca, such as oaks, hickories (Johnson -- et 61.. 1982) aspen and white spruce 

(Alban, 1382) are more likely t o  have an acidifying effect than  species which  

accumulate less Ca (e.g., pines). 

3.5.5 Effects of Acidic Deposition 

Ulrich (1984) argues t h a t  t h e  rhizosphere 1s t h e  zone a t  which much of the  

acidifying effects of acid deposition are ultimately manifested. T h i s  argument 

i s  based upon the assumption t h a t  acid deposition causes accelerated foliar 

cation leaching which  i n  turn causes accelerated cation uptake which i n  turn 

causes accelerated H+ release from roots. 
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It should be noted, however, t h a t  roo t  turnover and, consequently, r h i z o -  

sphere turnover, are very rap id  ( H a r r i s  e t  al., 1977) and thus one could argue 

t h a t  whole-soil a c i d i f i c a t i o n  ca lcu la t ions  are most meaningful f o r  long-term 

considerations o f  s o i l  a c i d i f i c a t i o n .  

3.5.6 Measurement of E f fec ts  o f  Plant Uptake on So i l  A c i d i f i c a t i o n  

A n u t r i e n t  cyc l i ng  approach i s  necessary t o  estimate the  po ten t i a l  e f f e c t s  

o f  p lan t  uptake on s o i l  ac id i f i ca t ion .  

est imate the  net  annual increment of nu t r i en ts  i n  biomass, compare t h i s  w i th  

atmospheric inputs,  and estimate from t h a t  d i f fe rence how much ( i f  any) o f  t he  

biomass increment must come from s o i l  sources. I f  it i s  f u r t h e r  assumed t h a t  

so i l  sources o f  base cat ions f o r  biomass increment are exchange s i t e s  (not 

organic), then an ecosystem-level est imate of p o t e n t i a l  s o i l  a c i d i f i c a t i o n  due 

t o  p lan t  uptake can be made. 

From nu t r i en t  cyc l i ng  data, one can 

One way t o  avoid the uncer ta in t ies  associated w i t h  form o f  N uptake and 

sources of nu t r i en ts  f o r  uptake i s  t o  consider on ly  the  accumulation o f  base 

cat ions i n  vegetation and the  po ten t i a l  deplet ion o f  exchangeable base cat ions 

as a resul t .  

pat terns on s o i l  exchangeable ea2+ and pH. 

cyc l i ng  by aspen and whi te  spruce stands had apparently caused a deplet ion of 

exchangeable Ca2+ (and a lowering o f  pH) i n  mineral s o i l s  and an enrichment of 

exchangeable Ca2+ (and an increase i n  pH) i n  surface s o i l s  over a 40-year- 

per iod  i n  g l a c i a l  outwash s o i l s  i n  Minnesota. 

forests ,  which took up and cycled w c h  l e s s  Ca2+, had more ac id  l i t t e r  but less 

ac id  subsoi l  than the  aspen or spruce stands. 

Alban (1982) found an apparent e f f e c t  of f o res t  Ca*+ cyc l i ng  

High rates of Ca2+ uptake and 

I n  contrast ,  red and jack p ine 
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3.5.7 Reliability of Measurements 

Uncertainties associated wi th  nutrient cycling data are considerable, 

This is especially t rue f o r  net nutrient increment in biomass, since annual or 

even periodic destructive sampling of forest woody matter is usually infeas- 

fble. - 
and possibly also height as the independent variables and nutrient increment is 

estimated from selected analyses of subsampled tissues. 

Normally, biomass is estimated from regression equations using diameter 

Measuring changes in soils i s  even more difficult due to the inherent 

variability. Long-term Studies (10-20 years at least) are rcquSred and one 

must be satisfied with being able only t o  see relatively large changes over 

long periods (@.go, 40years as Sn Albarr's study). 

3-5.8 Expected Ranqe and Regional Distribution 

As mentioned above, the acfdifying potential of tree uptake i s  related to 

amounts of base cations (especially Ca*+) which are taken up. There appear to 

be certain species or genera which accumulate Ca2+ and it m y  be possible to 

plot the distribution of Ca2+ accumulating forest types on a regional scale to 

gain a qualitative Insight into the regional distribution of this effect. 

3.5.9 Threshold Values for Categorizing Di rect/L)elayedJCapacity Protected 

Watersheds 

Due to the numerical uncertainties described in Section 2,5.6, it is not 

possible to address this question. Assessments m s t  be limited to a qualti- 

t a t i v e ,  not a quantitative analysis. 
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3.6 C A T I O N  REPLENISHMENT 

3.5-1 Importance t o  D i  rect /Del  ayed/Capaci t y  Protected Assessment 

Replenishment of base cat ions t o  soi l  exchange s i t e s  i s  t he  process t h a t  

prevents o r  delays natura l  and anthropogenic a c i d i f i c a t i o n  o f  so j ls ,  There a r e  

t w o  poss ib le  net  sources of base cat ions t o  the  exchange complex i n  s o i l s ;  

mineral weathering and atmospheric inputs, 

mineral weathering and the  atmosphere balance the  leaching o f  base cat ions by 

- 
I f  addi t ions t o  exchange s i t e s  from 

natura l  or anthropogenic ac id  anions, t he  s o i l  w i l l  not  ac id i fy .  

weathering p lus atmospheric inputs  do not keep pace w i th  base ca t ion  leaching, 

t h e  base sa tura t ion  o f  t he  s o i l  w i l l  decline. Assessing the  r a t e  o f  decl ine o r  

length o f  delay before a c i d i f i c a t i o n  of s o i l s  and surface waters takes place i s  

dependent on knowing t h e  r a t e  o f  ca t ion  replenishment t o  s o i l  exchange s i tes;  

i,e,, knowing weathering rates and atmospheric input  rates, 

I f  mineral 

Weathering a lso  occurs i n  rego l i th ,  till, o r  unconsolidated parent 

mater ia l  below the  roo t i ng  zone, Cation exchange capacity i s  general ly much 

lower i n  those mater ia ls,  bu t  they are of ten q u i t e  th ick ,  and the  r e l a t i v e l y  

slow-moving water through such mater ia ls  ( tha t  appears as baseflow t o  surface 

waters) general ly develops h igh a l k a l i n i t y .  

An overview o f  t he  fac to rs  a f f e c t i n g  atmospheric deposi t ion and problems 

w i t h  measuring it was given i n  Sections 2.2.1 and 2.2.2, and the  s ta te  of our 

knowledge summarized again i n  t h e  i n t roduc t i on  t o  Section 3. 

discussed fu r ther  here except t o  r e i t e r a t e  t h a t  l a rge  e r ro rs  o f  measurement o f  

It w i l l  not  be 

net  deposi t ion may occur, and nonmeasurement o f  d ry  deposi t ion may substan- 

t i a l l y  underestimate the  t o t a l  inputs  t o  a region. Also, i t  i s  unknown how 

inputs  vary among watersheds w i t h i n  a region, f o r  example, between slopes of 

d i f f e ren t  e leva t ion  o r  aspect, o r  areas w i t h  d i f f e ren t  canopy cover types. 

This (unknown) uncer ta in ty  must be factored i n t o  estimates of uncer ta in ty  o f  
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t h e  d i  tect/delayed/capacity protected assessment, and som t e s t i n g  should be 

done i n  the  f i e l d  t o  put some bounds on the  uncertainty.  

3.6.2 Theory and Measurement o f  Weatherinq Hates 

- 
t h e  condi t ions o f  h igh temperature and pressure where the  minerals were formed 

The primary mineralogy of most igneous and metamorphairic rocks r e f l e c t s  

beneath the  ear th 's  surface. 

minerals make toward a new chemical equ i l i b r i um r e f l e c t i n g  t h e  environmental 

condi t ions a t  t h e  ear th 's  surface, where lower temperatures and pressures, t he  

The weathering process i s  a readjustment the  

presence o f  water, various organic and Inorganic acids, and numerous other 

compounds occur. Sedimentary rocks may be composed of mater ia ls previously 

ueathered and eroded, such a5 sands, s i l t s ,  and clays, or they may be formed 

from chemical p rec ip i t a tes ,  such as CaC03 (limestone). The former are gener- 

a l  l y  r e l a t i v e l y  r e s i s t a n t  t o  f u r t h e r  weathering, having previously been through 

a t  l eas t  one weathering and erosion cycle. The chemical p rec fp i ta tes  are very 

unstable i n  humid climates. 

The weathering processes. reactions, and products f o r  t he  c m o n  rock- 

forming minerals have been summarized i n  numerous publ icat ions f n t l u d i n g  

Loughnan (1969), Carroll (1970), Bache (9983), and Johnson (1984), and w i l l  not 

be repeated here. Studies of t he  r e l a t i v e  rates o f  these processes f o r  

I n d i v i d u a l  minerals under certain.  usual ly  con t ro l  led, condi t ions are scattered 

throughout t h e  l i t e r a t u r e .  The minerals can be ranked i n t o  s t a b i l i t y  series, 

as has been done by Goldich (1938). Considering t h e  mineral cotnposition of 

d i f f e r e n t  rock types, rocks can also be ranked according t o  weatherabi l i ty ,  and 

areas of d l f f e ren t  p o t e n t i a l  weathering rates mapped, as has been done by 

Norton (1980). 

i n g  rates fo r  d i f f e r e n t  minerals or rock types w i t h i n  a region o r  between 

These techniques lead t o  an a b i l i t y  t o  assess r e l a t i v e  weather- 
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regions, bu t  gives l i t t l e  informat ion on absolute ra tes o f  weathering, o r  the 

amounts of i n d i v i d u a l  cat ions t h a t  are needed as input  t o  the  p red ic t i ve  models  

f o r  assessing rates of s o i l  base ca t ion  deplet ion. 
- Clayton (1979) summarized the  methods t h a t  have been used t D  study 

weathering rates, grouping them i n t o  four  categories: (1) desc r ip t i ve  f i e l d  

studies of weathering f o r  Quaternary s t ra t i g raph ic  research ; ( 2 )  watershed 

l e v e l  studies u t i l i z i n g  mass balance techniques fo r  determining n u t r i e n t  

budgets o r  chemical denudation rates;  ( 3 )  tension lysimeter studies f o r  

determining n u t r i e n t  budgets; and (4 )  laboratory  studies o f  mineral weather- 

ing, He discussed the  techniques, resu l ts ,  advantages, and drawbacks o f  

several example studies t h a t  used each method. His conclusions are presented 

bel  owe 

@Figures on absolute ra tes of rock weathering are not comnon, bu t  geology 

and s o i l s  l i t e r a t u r e  can provide data from a va r ie t y  o f  regions and climates. 

Predic t ing n u t r i e n t  re lease from ava i lab le  rock weathering rates i s  a problem 

of greater concern. 

*Rock weathering rates based upon primary mineral g ra in  etch ing and t i m e  

o f  disappearance o f  p a r t i c u l a r  minerals i n  s o i l  m i s t  be considered o f  l i m i t e d  

value because of t he  long t ime periods (104 t o  105 years) before recognizable 

weathering takes place. This i s  t he  case even f o r  r e l a t i v e l y  eas i l y  weathered 

minerals o f  s m a l l  p a r t i c l e  size. 

per iods suggest t h a t  p red ic t ions  of current  weathering rates based upon 

long-term mineral g ra in  etch ing are u n l i k e l y  t o  be accurate. 

may be weathering i n  s o i l s  of c a l c i c  plaioclase, which has been shown t o  

weather extens ive ly  i n  lo4 years i n  both cent ra l  Europe and the  B r i t i s h  West 

Indies. 

Known c l i m a t i c  f l uc tua t i ons  over these t ime 

The one exception 

Computing Ca release from t h i s  r a t e  o f  p lag ioc lase weathering, though 



gross, may be considered a somewhat r e l i a b l e  best est imate when no other da ta  

a re  avai 1 abl e. 

“Estimates o f  n u t r i e n t  release based upon thickness o f  weathering r inds 

present s i m i l a r  problems t o  estimates based upon mineral g ra in  etching. 

Although t h e  zone of weathering may be accurately portrayed by a su i tab le  

sample o f  r i n d  thickness measurements, we know l i t t l e  about t h e  actual amount 

o f  mater ia l  released, These estimates w i l l  improve when we have data on bulk 

densi t ies and mineralogical  changes dur ing r i n d  formation. The po ten t i a l  

e f f e c t s  o f  c l i m a t i c  change over long periods of t ime necessi tate caution i n  

us ing  weathering r i n d  data on deposits o lde r  than 10,000years. 

“The ef fects  of co ld  cl imates on r a t e  o f  chemical weathering may be more 

complicated than we prev ious ly  thought. bde general ly expect the r a t e  t o  go 

down as temperature decreases; i n  harsh g l a c i a l  environments, t he  r a t e  o f  

chemical weathering has been considered t o  be very low. Reynolds and Johnson 

(1972) found chemical denudation rates from waters d ra in ing  a g l a c i e r  i n  the 

northern Cascade Mountains t o  be th ree  times t h e  world average f o r  temperate 

basins. Apparently t h e  low temperature e f f e c t s  were o f f s e t  by comminution o f  

rock by i c e  grinding, which accelerated chemical weathering i n  t h i s  study. 

B i  r k e l  and (1973) a1 so i ndi cated t h a t  ra tes o f  chemical weathering do not 

decrease i n  the  a lp ine  c l i n h t e  above t r e e  l i n e  i n  t h e  Rocky Mountains of 

Colorado. 

“The studies emphasize t h e  f a c t  t h a t  re la t i onsh ips  between chemical 

Uifferences i n  weathering and c l i m a t i c  regime a t e  not we l l  understood. 

weathering rates between co ld and temperate cl imates may be q u i t e  small. 

“Mass balance n u t r i e n t  studies provfde the  best estimates of n u t r i e n t  

release from rock weathering, but  t he  published studies vary widely i n  t h e i r  

approach and a t t e n t i o n  t o  d e t a i l .  fhe m s t  complete studies Include accurate 
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assessment o f  n u t r i e n t  sources and s inks and o f  proposed chemical reactions f o r  

weathering o f  minerals. 

accumulations o f  nut r ients ,  n u t r i e n t  gains t o  the  s o i l ,  and considerat ion o f  

d i f f e r e n t i a l  weathering rates o f  minerals, i n  add i t ion  t o  data qn p r e c i p i t a t i o n  

Such studies requi re sound data on net biomass 

inputs  and losses i n  water. The complex geochemistry of weathering react ions 

coupled w i th  t h e  complex cyc l i ng  between s o i l  and p lants  ind icates t h a t  

t rans fer  ra tes of nu t r i en ts  between a11 po in ts  i n  the  biogeochemical system 

must be considered t o  quan t i f y  rock weathering rates. 

i n  t h i s  paper, those by Marchard (1974), Cleaves -- e t  a l ,  (1970, 1974) ,  and 

Likens -- e t  a l ,  (1977) most completely f i t  these requirements. 

- 

O f  the  studies reviewed 

"The p r i n c i p a l  drawbacks t o  mass balance studies o f  n u t r i e n t  f lows are the 

t h e  and costs involved. Long-term hydrologic and meteorologic data are 

required for watershed-level studies and such data are cost ly.  Temporal 

var ia t ions  i n  chemical f luxes are general ly more s tab le  than hydrologic and 

c l i m a t i c  regimes, but  re la t ionsh ips  between water y i e l d s  and chemical f luxes 

must be established. This invo lves care fu l  sampling o f  extreme events. 

" S i m i l a r  problems e x i s t  for l ys imeter  l e v e l  studies, G t ie r  and Cole 

(1972) pointed out t h e  magnitude of d i f ference i n  chemical i n f l u x  from 

p r e c i p i t a t i o n  f r o m  year t o  year. Annual var ia t ions  i n  elemental loss  below the  

roo t i ng  zone are s i m i l a r  t o  var ia t ions  observed i n  stream water. The cred- 

i b i l i t y  o f  lys imeter  estimates of n u t r i e n t  release i s  a lso  enhanced by long- 

te rm studies. 

*Laboratory studies o f  mineral weathering requ i re  much less  t ime and are 

less  cos t l y  as well .  

c l i m a t i c  i r r e g u l a r i t i e s ,  and sampling i s  g rea t ly  s impl i f ied.  The p r i n c i p a l  

drawback t o  laboratory  s imulat ions of weathering i s  a lack o f  demonstrable 

ex t rapo la t ion  t o  t h e  f ie ld .  

Laboratory research does not  suf fer  a t  t he  mercy of 

Laboratory s imulat ions o f  weathering t h a t  best 
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mimic f i e l d  weathering include judicious use of acids and organic components 

t h a t  a r e  found na tura l ly  i n  soi  Is, Simulating microbiological influences is  

more d i f f i c u l t ,  b u t  not impossible, As laboratory studies become more common, 

conparisons w i t h  f i e l d  research should provide a bas i s  f o r  j u d g i n g  t h e i r  

accuracy" (C1 ayton, 1979) . 
3.6-3 Adequacy o f  Data for DirectjDelayedlCapacity-Protected Assessment 

Enough data  on r e l a t i v e  weathering Pates exists t o  predict  t h e  r e l a t i v e  

differences i n  weathering of different rock types, a s  has been done by Norton 

(1980). The data  do not exist w i t h  which t o  predict  the absolute amounts o f  

t o t a l  base cat ions or i n d i v i d u a l  base cagions t h a t  may be made avai lable  t o  

replenish cat ion exchange sites, on a watershed or regional basis ,  

3.7 I1Y-STKEAM AND IN-1AKE PROCESSES 

3.7.1 Importance t o  D i  rect/Del ayedjcapacity-Protected Assessment 

The question being addressed i n  this sect ion on in-stream and in-lake 

processes is: *What happens when acidic deposition, either ind i r ec t ly  from t h e  

t e r r e s t r i a l  landscape o r  d i r e c t l y  from t h e  atmosphere, reaches aquat ic  

systems?" Perennial streams and lakes are both (1) receptors of soluble  and 

pa r t i cu la t e  mater ia ls  transported from the surrounding watershed and deposited 

d i r e c t l y  from the  atmosphere, and (2)  biogeochemical reactors  t h a t  transform 

and r e t a in  these materials.  The linkage between t e r r e s t r i a l  and aquat ic  

ecosystems t h u s  includes not only the f l u x  of a lka l in i ty ,  ac id i ty ,  and associ-  

ated anions and cat ions from the terrestrial t o  t h e  aquat ic  system, but also 

t h e  in te rna l  hydrologic, geochemical, and biological processes that mediate the  

concentration and f lux  of these and other  mater ia ls  w i t h i n  surface waters, 

A.3.55 



Although data are very l i m i t e d  on t h i s  top ic ,  r e s u l t s  suggest t h a t  i n  

areas sens i t i ve  t o  ac id i c  deposit ion, t he  neu t ra l i za t i on  of hydrogen ion  by 

wi th in- lake processes can be important and i n  some watershed-lake systems may 

be. the  only  s i g n i f i c a n t  mechani sm f o r  modifying ac id i c  deposi t ion (Cook 1984). 

Clear ly,  processes w i t h i n  aquat ic systems must be included i n  any model f o r  

c a t e g o r i f i  ng watersheds as d i rec t ,  delayed, o r  capacity-protected. 

There are three major areas r e l a t i n g  t o  in-stream and in - lake  processes 

t h a t  must be considered i n  ordeP t o  quant i f y  and pred ic t  t he  response o f  

surface waters t o  ac id i c  deposition. 

hydrology i n  surface water a c i d i f i c a t i o n ,  inc lud ing  the  s p a t i a l  and temporal 

hydrodynamics t h a t  inf luence the  f l u x  o f  a l k a l i n i t y  and a c i d i t y  t o  streams and 

lakes, and the  i n t e r n a l  mixing and d i s t r i b u t i o n  o f  these mater ia ls  w i t h i n  

aquat ic ecosystems; (2 )  t h e  quan t i t a t i ve  r o l e  of i n t e r n a l  geochemical processes 

wdthin the  sediments and water column as con t r i bu t i ng  sources t o  the  ac id  

neu t ra l i z i ng  capacity, and ac id i ty ,  of surface waters; and ( 3 )  t h e  quan t i t a t i ve  

r o l e  o f  b io log i ca l  processes w i t h i n  surface waters and sediments as supple- 

mental sources o f  t he  ac id  neu t ra l i z i ng  capaci ty and a c i d i t y  i n  aquatic 

systems. 

protected w i l l  requ i re  being able t o  quant i f y  t he  d i r e c t  and i n d i r e c t  e f f e c t s  

o f  ac id i c  deposi t ion on these geochemical and b io log i ca l  processes, 

These are: (1) t h e  r o l e  of surface water 

Categor iz ing watershed systems as d i rec t ,  delayed, and capaci ty-  

3.7.2 Hydrologic Pathways 

The extent t o  which atmospheric sources cont r ibu te  t o  the  hydrogen budget 

o f  surface waters i s  determined, i n  par t ,  by the  primary flow paths o f  water 

enter ing streams and lakes. 

i b i l i t y  o f  lakes i n  nor th -cent ra l  Wisconsin can be judged la rge ly  on the  basis 

E i l e r s  -- e t  al .  (19133) repo r t  t h a t  t h e  suscept- 

o f  t h e i r  hydrology. They conclude t h a t  t he  most suscept ib le lakes, those 
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classified as 'precipitation dominated," can be identified using watershed-to- 

lake area ratios and by the presence or absence of surface inlets a n d  outlets. 

Separating lakes i n t o  seepage and drainage categories u s i n g  these criteria is ,  

however, unlikely t o  achieve the same result outside t h i s  physiographic 

region. 

inlets and outlets (Chen et  a l e ,  1982), lakes are as susceptible as  "precipita- 

tion-dominated" systems. 

measure o f  susceptibility i s  the lake-groundwater interaction, 

usually is more alkaline t h a n  surface runoff and i t  has a greater potential f o r  

generating alkalinity on entering a lake through geochemical and biological 

fnteraction w i t h  lake sediments. Thus,  by quantifying the contribution of 

groundwater t o  the,water budget of a lake, one will have a measure of a prime 

factor i n  t h e  a lka l in i ty  supply t o  a lake. 

In the Adirondack regfon, for example, many acidic lakes have surface 

-- 
Eilers et  al, (1983) suggest t h a t  a more fundamental -- 

Groundwater 

Although similar analysis of the influence of watershed hydrology on 

stream acidification has not been reported, the importance of groundwater would 

be expected t o  be similar t o  t h a t  for lakes. The proportion o f  stream runoff 

derived from groundwater has been shown l o  be inversely related t o  the drainage 

density (total  length of a l l  stream segments per drainage basin area] of a 

watershed (Carlston, 1963; 1966). Thus, as drainage density increases, the  

contribution of groundwater t o  stream flaw declines due t o  the lower capacity 

o f  the more heavily incised watersheds t o  retain groundwater. Surface waters 

d ra in fng  watersheds w i t h  h i g h  drainage densities should be more susceptible t o  

acidification from acidic deposition because of the shorter flow paths o f  water 

through so i l  and groundwater and the correspondingly lower contact time o f  

. solutes w i t h  substrates t h a t  neutralize acidity. 

Temporal variations I n  the proportion of stream flow derived from s u b -  

surface versus overland f l o w  i n  watersheds w i t h  a low drainage density will 
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a lso  in f luence the  s u s c e p t i b i l i t y  o f  surface waters t o  ac id i c  deposition, 

During snowmelts and intense rainstorms, water can enter stream channels 

wa'thout passing through the  mineral s o i l  horizons and groundwater where 

s i g n i f i c a n t  bu f fe r ing  can occur. 

undergo temporary increases i n  a c i d i t y  due t o  the  overland f low o f - a c i d i c  

Under such condit ions, streams' and lakes may 

deposi t ion d i r e c t l y  i n t o  the  stream channel or lake basin. 

D i lu t ion ,  dispersion, and mixing or t ranspor t  charac ter is t i cs  o f  streams 

and lakes are a lso  o f  prime importance i n  understanding the  response o f  surface 

waters t o  ac id i c  inputs. A f te r  water enters a stream channel, there  i s  continu- 

i n g  opportuni ty f o r  neut ra l  i t a t i o n  o f  a c i d i t y  by geochemical and b i o l o g i c a l  

processesB I n  undisturbed watersheds, t he  s i t e s  o f  these neu t ra l i z i ng  

react ions are p r i m a r i l y  i n  the  bottom sediments. The ac id-neutra l iz ing 

capaci ty o f  a stream depends on the  r a t e  o f  such react ions (e.g., ca t ion  

exchange, d e n i t r i f i c a t i o n ,  s u l f a t e  adsorpt ion) and the  extent o f  mixing o f  

water wi th a l l u v i a l  mater ia ls  i n  the  stream channel, thereby a l lowing the  

reac t i ve  ions  (H', Al(OH)n, S042', NO3-) i n  so lu t ion  t o  contact  sediment 

p a r t i c l e s  and substrata. 

A f t e r  water enters a lake basin, there  i s  an even greater cont inuing 

opportuni ty than i n  streams f o r  neu t ra l i za t i on  of a c i d i t y  by geochemical and 

b io log i ca l  processes. Lakes are extremely vulnerable t o  sho r t - c i r cu i t i ng  of 

inpu ts  i n  the  mjxing process because of r e s t r i c t i o n s  o f  the  v e r t i c a l  exchange 

o f  water and so lutes by the  thermocline throughout much o f  t he  year. For lakes 

i n  regions w i t h  snowpack, t h i s  sho r t - c i r cu i t i ng  may be advantageous dur ing the  

f i r s t  snowmelt because t h e  impact o f  t h i s  h igh ly  ac id i c  input  i s  minimized by 

i t s  shor t  re ten t i on  t ime w i t h i n  the  upper layer  of t he  lake. I f  t h i s  source of 

a c i d i t y  mixes w i th  deeper waters o r  induces the  spr ing  overturn (and mixes w i th  

the  e n t i r e  lake) ,  it can have a more adverse impact due t o  I t s  longer-term 
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retention i n  the lake. On the other hand, i f  there are significant internal 

sources o f  a lka l in i ty  w i t h i n  the hypolimnion (i.e., from cation exchange, 

mineral weathering, and sulfate adsorptson i n  the sediment and from bacterial 

recluction of sulfate and nitrate i n  the sediment and water column), mixing o f  

s u c h  acidic inputs w i t h  the entire lake volume may lessen their impact. 

Spa t i a l  variability i n  mixing characteristics can also occur AS a result o f  the 

geometric configuration of the lake, depth restrictions, and spatial vari- 

ability of forcing mechanisms (e.g., wind, inlet and outlet streams). 

As i n  stream, the dispersion and mixing  characteristics of a lake wi l l  

also affect  the supply of strong acid anions (sulfate, nitrate) and hydrogen 

ions t o  zones w i t h i n  the lake where the neutralization rate may be greater 

[e.g., anoxic hypolimnion) . 
necessary t o  support dissimilatory nitrate and sulfate reduction (i.e., use of 

nitrate or sulfate as electron acceptors i n  the oxidation o f  organic matter by 

anaerobic bacteria) these processes may be limited by eddy or molecular 

diffusion o f  nitrate and sulfate t o  the anoxic portions of lakes t h a t  do not 

m i x  completely. On the other hand, lakes w i t h  considerable advective and 

convectfve mixing may be llmited i n  their capacity t o  generate alkalinity due 

t o  the presence of oxygen, 

Inasmuch a5 a supply of n i t ra te  and sulfate i s  

Even i n  well mixed lakes, however, a l k a l j n i t y  can be generated i n  sediments 

and transported i n t o  the overlying water by molecular d i f fus ion  and biological 

mixing.  

lakes i n  the Upper Midwest, New York, and Norway reveal a l k a l i n i t y  increases i n  

sediments t o  as h igh  as 500 ueq/l and p)l values as h i g h  as 6.5 (Cook, 1984; 

Pore water pH and alkalinity profiles for a number of acid-sensitive 

Cook e t  al., 1985; Rudd - e t  * '  a1 1985). XQese increases occur because sediments 

become anoxic w i t h i n  a few centimeters o f  the sediment-water interface. Net 

a1 kal  i n i  t y  generation o f  these sediment systems depends upon thei r abi 1 i t y  t o  
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a l k a l i n i t y  generation o f  these sediment systems depends upon t h e i r  a b i l i t y  t o  

r e t a i n  reduced su l fu r  and n i t rogen compounds. Any ox idat ion of these reduced 

species w i l l  r e s u l t  i n  t h e  generation of ac id i ty ,  thus negating the  production 

bf .  a1 ka l  i ni ty .  The i nternal  hydrodynami cs and m i  x i  ng charac ter is t i cs  o f  1 akes 

thus are c r i t i c a l  t o  understanding t h e i r  i n t e r n a l  capaci ty t o  neut-ral ize ac id i ty .  - 

3.7.3 Geochemical Processes 

The geochemical processes discussed above f o r  s o i l s  a lso  occur i n  s t r e a m  

and lake sediments. 

t h e  r a t e  and extent o f  surface water a c i d i f i c a t i o n  o r  recovery i n  response t o  

changes i n  loading o f  s t rong ac id  anions from ac id i c  deposition. Geochemical 

proper t ies o f  p a r t i c u l a r  importance i n  t h i s  regard are: (1) ca t i on  exchange 

capaci ty and s e l e c t i v i t y ;  (2 )  weathering o r  s o l u b i l i t y  of minerals i n  stream 

and lake sediments; ( 3 )  anion re ten t i on  o r  sorp t ion  propert ies;  and (4)  t h e  

s a l t  e f fect .  The quan t i t a t i ve  importance o f  bu f fe r i ng  by exchange and weather- 

i n g  processes i n  stream and lake sediments i s  poor ly  understood, and except f o r  

w few lakes (Cook, 1984; Goldstein and Gherini, 1984; Cook e t  al., 1985; 

Sehindler -- e t  al., 1985; Baker, 1984; Wright, 1983; Wright and Johannessen, 

1980) i t  remains t o  be demonstrated whether sediments are a s i g n i f i c a n t  source 

or a s ink f o r  protons i n  terms of current  o r  pro jected loading rates o f  strong 

ac id  anions from atmospheric sources. 

These processes can p lay an important r o l e  i n  determining 

-- 

P r i o r  work on geochemical processes i n  lake and stream sediments as 

bu f fe r i ng  mechanisms focused pr imat i  l y  on we1 1 -buffered systems (e.g., Kennedy, 

1965; Toth and O t t ,  1970). and s i m i l a r  information f o r  poor ly buf fered streams 

and lakes i s  lacking. 

us ing cores from an a c i d i f i e d  lake (pH 5.1). 

buf fer ing by the  sediments when the  pH o f  over ly ing  water was reduced t o  4.0, 

Hongve (1978) examined the  r o l e  of sediment bu f fe r i ng  

While there  was s i g n i f i c a n t  
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i s  not  known. Recent work a t  t h e  Experimental Lakes Area i n  Canada, i n  

F lor ida,  and i n  Wisconsin has demonstrated that geochemical processes i n  bottom 

sediments do con t r i bu te  t o  t h e  n e u t r a l i z a t i o n  o f  acids i n  some poorly buffered 

lakes (Schindler gt- d., 1980; Schindler and Turner, 1982; Cook,: 1984; Sch i f f  

ind Anderson, 1985; Baker, 1984). 

(i.e., c a t i o n  exchange, mineral weathering, su l fa te  adsorption) t o  the  b u f f e r -  

i n g  capaci ty of streams and lakes, and the r a t e  o f  buf fer ing by these geochem- 

i c a l  processes r e l a t i v e  t o  the  a c i d  loadfng r a t e  need t o  be quant i f ied.  

p a r t i c u l a r ,  t he  ca t i on  exchange capaci ty and t h e  s u l f a t e  adsorption capacity o f  

l ake  and stream sediments should be quant i f ied i n  the f i e l d  t o  def ine the  

b u f f e r i n g  capaci ty of these processes a t  d l f f e ren t  loading rates o f  strong ac id 

an i  on s. 

- 

The con t r i bu t i on  of each geochemical process 

I 

In 

Because t h e  ca t i on  exchange r a t e  of t he  l a r g e r  sediment p a r t i c l e s  (sand, 

gravel ) which dominate the  bottom sediments i n  many systems, p a r t i c u l a r l y  

streams, i s  r e l a t i v e l y  slow compared t o  t h a t  of t h e  s i l t - c l a y  p a r t i c l e s  

(Malcolm and Kennedy, 1970). n e u t r a l i z a t i o n  of a c i d i t y  by ca t i on  exchange may 

be l i m i t e d  by the  ca t i on  exchange r a t e  ra the r  than by the  ca t i on  exchange 

capacity. Under such condit ions, t he  n e u t r a l i z a t i o n  o f  a c i d i t y  by ca t i on  

exchange w i l l  depend on t h e  extent and durat ion o f  mixing o f  sediments and 

water. 

Buf fer ing by anion (l.e., su l fa te )  adsorption by sediments i s  also dependent 

on t h e  extent of mixing o f  sediments and water. f u r the r ,  t h i s  process may 

Increase i n  importance as a buf fer ing mechanism i n  response t o  a c i d  deposition, 

due t o  the  protonat ion o f  hydrous oxides of Sron, manganese, and aluminum. The 

q u a n t i t a t i v e  r e l a t i o n s h i p  between su l fa te  adsorption and sediment protonat ion 

t h u s  needs to be tes ted  under f i e l d  and laboratory conditions. 
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Inasmuch as desorpt ion o f  s u l f a t e  from stream and lake sediments could 

a f f e c t  t he  recovery r a t e  of aquat ic systems upon reduct ion i n  strong ac id  anion 

loading, t he  r e v e r s i b i l i t y  of sorpt ion processes by sediments must also be 

quant i f ied.  

papid, o r  i f  adsorption i s  l a rge l y  i r revers ib le ,  t he  recovery of aquatic 

I f  the  r a t e  o f  s u l f a t e  desorption from sediments i s  - r e l a t i v e l y  

systems should be r e l a t i v e l y  rapid. On the  other hand, slow desorption could 

delay t h e  recovery, due t o  cont inual  release o f  s u l f a t e  i n t o  stream and lake 

water. A t  t he  present t ime, quan t i t a t i ve  information on s u l f a t e  adsorption- 

desorpt ion k i n e t i c s  by sediments i n  poor ly  buf fered surface waters i s  lacking. 

The r o l e  of mineral weathering of sediments as a geochemical bu f fe r i ng  

mechanism i n  surface waters i s  also incompletely understood because o f  a lack 

o f  in format ion on mineral phases i n  the  sediments and the  weathering r a t e  

response t o  pH. Work t o  date on sediment bu f fe r i ng  has not d is t inguished 

ca t ion  exchange from mineral d isso lut ion.  The same two hypothesized mechanisms 

deal i ng w i t h  the  geochemi s t r y  o f  so i  1 -water systems which coul d expl a i  n how 

ac id i c  deposi t ion causes t h e  a c i d i f i c a t i o n  o f  surface waters (i.e., t he  

deplet ion of base cat ions on s o i l  exchange s i t e s  and t h e  s a l t  e f fec t ;  see 

Section 3.4) may a lso  apply t o  sediment-water systems and, thus, could mediate 

the r a t e  and extent  o f  a c i d i f i c a t i o n  o f  surface waters and t h e i r  recovery. 

It i s  c l e a r  from the  above discussions t h a t  geochemical charac ter is t i cs  o f  

stream and lake sediments, i nc lud ing  ca t i on  exchange, ca t ion  s e l e c t i v i t y ,  

s u l f a t e  sorption, mineral weathering, and base saturat ion,  i n t e r a c t  i n  many 

cu r ren t l y  unquant i f ied ways t o  inf luence the  r a t e  and extent o f  a c i d i f i c a t i o n  

and t h e  recovery o f  surface waters. 



3.7.4 Bioqeochemical Processes 

Surface waters are not abl’otic reservo i rs  o r  conduits through which strong 

a c i d  anions and associated protons deposited from the  atmosphere Simply pass 

e af fected only by geochemical processes, Rather, they are b i o l o g i c a l l y  a c t i  

iystems i n  which a number of metabolic react ions i n v o l v i n g  protons occur, 

i nc lud ing  the  c y c l i n g  and transformation o f  s u l f u r  and nitrogen, These b i o  

i c a l  react ions inc lude anabolic processes (the formation o f  organic mat ter )  

ca tabo l i c  processes ( the ox idat ion of organic matter), 

B io log i ca l  processes, espec ia l l y  these i n v o l v i n g  the  cyc l i ng  o f  strong 

a c i d  anions (504*’, N03-), can mediate the r a t e  and extent o f  surface water 

og- 

and 

a c i d i f i c a t i o n  by: 

n i t r a t e  and s u l f a t e  reduct ion i n  the  water column and sediments o f  surface 

waters; and (2) re leas ing protons through the  reverse react ions o f  many o f  

these processes (e.g., ox ida t i on  of inorganic and organic sulfur and n i t rogen)  

(1) consuming protons through ass imi la tory  and d i ss im i la to ry  

thus p o t e n t i a l l y  c o n t r i b u t i n g  t o  the  a c i d i f i c a t i o n  o f  surface waers (Van 

Breeman e t  al., 1983; 1984). [The ass imi la tory  reduct ion involves the  use of 

s u l f a t e  and n i t r a t e  as su l fu r  and ni t rogen sources, respect ively,  i n  anabolic 

processes, whereas d i s s i m i l a t o r y  reduct ion involves t h e  use o f  s u l f a t e  and 

n i t r a t e  as e lec t ron  acceptors i n  catabolic processes (Figure A,3,6).] 

The extent t o  which these b i o l o g i c a l  processes mediate surface water 

a c i d t f i c a t i o n  i s  dependent on, among other  things, t h e  n u t r i e n t  s ta tus o f  t he  

ecosystem i n  question, The supply o f  essent ia l  n u t r i e n t s  (e.g., phosphorus, 

base cat ions)  d i r e c t l y  l i m i t s  anabolic processes, thereby l i m i t i n g  the  supply 

of r e a d i l y  ox id i zab le  autochthonous organl’c matter f o r  catabol ic  processes, 

Any modi f icat ion o f  t h e  supply of n u t r i e n t s  by ecosystem a c i d i f i c a t i o n  wil l  

a f f e c t  the capaci ty of t h e  metabolic processes t o  n e u t r a l i z e  hydrogen ion. The 
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Figure A.3.6. Schematic diagram o f  a lka l  l n i t y  production by assimilatory and 
d iss imi la tory  s u l f a t e  reduction ( a )  and n i t r a t e  reduction (b)  i n  
t h e  aerobic epi l imnion and anaerobic hypollmnjon and sediments 
o f  a lake.  
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e f f e c t  of a c i d i f i c a t i o n  on n u t r i e n t  supgly and net ecosystem production i s  

complex and poor ly  understood. 

3.7.4.1 Sulfur Transformation i n  Aquatic Ecosystems 
- Oirect  Sulfate  Assimi la t ion i s  a process wbose r o l e  i n  geochemical c y l i n g  

o f  s u l f u r  has not been invest igated i n  any d e t a i l  i n  aquatic ecosystems, 

although, i n  c e r t a i n  environments, i t  may be a more common process then pre- 

v ious ly  recognized (Holdren/Mitrhel\ ,  pers. cornnun.). Di rec t  ass im i la t i on  

invo lves t h e  d i r e c t  incorporat ion o f  su l fa te  i n t o  growing biomass. Although 

d e t a i l s  o f  t h i s  react ion are not c u r r e n t l y  known, two possible pathways might 

include: 

H 0 H 0 
I il I II 

I n I 1 
H 0 H 0 

R - C - O H  + H O - S - O H  M - C - 0 - 5 - O H  + H 2 0  

0 0 OH Q 
U W \ U 

R - C  + H O - 5 - O H  t R - C - 0 - S - O H  
1 II I u 
H 0 H 0 

Each of these react ions consumes hal f  of an equivalent o f  a c i d i t y  f o r  each 

equivalent of su l fa te  incorporated. As with the  other  processes t o  be discussed, 

n e t  generation o f  a l k a l i n i t y  requires t h a t  t he  endproduct, es te r  sul fates,  be 

removed e i t h e r  t o  sediments or flushed from t h e  system v j a  stream outf low. 

Ester s u l f a t e  remineral j r a t i o n  consumes a l k a l i n i t y ,  although, a t  present, t he  

fmpolrtance o f  the r o l e  t h a t  such react ions p lay  i n  t b e  s u l f u r  cycle has not 

been quanti  f i ed. 



Assimi latory s u l f a t e  reduct ion invo lves the  use o f  s u l f a t e  as a su l fu r  

This react ion a lso  consumes hydrogen i o n  an'd source i n  anabolic processes, 

produces carbon-bonded su l f ide :  

H+ + S042' C-S-H 

I n  order f o r  ass imi la tory  s u l f a t e  reduct ion t o  cont r ibu te  t o  the  a l k a l i n i t y  

balance f o r  a lake, t he  carbon-bonded su l f i de  must be deposited i n  the  sediments 

through e i t h e r  deposi t ional  o r  d iagenet ic processes and i t  must not undergo 

subsequent reox idat ion ( the reverse o r  ca tabo l ic  react ion).  Because o f  t he  

abundance o f  su l fa te  i n  aquat ic ecosystems r e l a t i v e  t o  the  growth requirements 

o f  most organisms, s u l f a t e  i s  r a r e l y  l i m i t i n g  t o  growth. 

aqueous s u l f a t e  concentrat ions can lead t o  increased uptake and storage o f  

s u l f u r  by aquatic organi srns (Monheim, 1974). Whether t h i s  increased uptake 

contr ibutes t o  net a l k a l i n i t y  production o r  simply increases the  s u l f u r  cyc l ing  

r a t e  i s  not  cu r ren t l y  known. 

However, increases i n  

D iss imi la to ry  s u l f a t e  reduct ion invo lves the  use o f  s u l f a t e  as an e lect ron 

acceptor i n  the  anaerobic ox ida t ion  o f  organic matter. 

i s :  

The balanced reac t ion  

2H' + Sl)42- 9 2CH20 H2S + 2C02 + W20 

Production o f  a l k a l i n i t y  depends on the  fa te  of t he  reduced su l fur .  

becomes exposed t o  oxygen, i t  w i l l  be ox id ized back t o  su l fa te  and hydrogen 

ion, w i th  no net  production o f  a l k a l i n i t y .  

H2S i s  t ransported from t h e  sediments o r  water column i n t o  the  atmosphere o r  i f  

t h e  s u l f i d e  i s  permanently sequestered i n  the  sediments. 

t h e  atmosphere by gas exchange i s  not  a v iab le  source of a l k a l i n i t y  because gas 

exchange i s  t y p i c a l l y  slower (Emerson, 1975; Hesslein -- e t  a1 , , 1980) than 

chemical ox ida t ion  of HzS (Chen and Morris, 1972). 

I f  s u l f i d e  

A l k a l i n i t y  w i l l  be produced i f  the  

The l o s s  o f  H2S t o  



The a l k a l i n i t y  produced by sulfate reduction i s  preserved i f  the S u l f i d e  

i s  sequestered as amorphous iron sulfide (FeS) or  as pyrite (FeSz): 

9 CHZO + 4 SO4= + 4 FeOOH = 4 FeS + 9 HC03' + H+ (a 1 
(b )  15 CH20 + 8 Si)$' - 4 FeOOH + ti+ + 4 FeSZ + 15 HC03' + 10 H20 

xn either c a w  one microequivalent of a l k a l i n i t y  is produced for  each micro- 

equivalent o f  sulfate reduced. As i n  assimilatory sulfate reduction, the net 

production of  a lka l in i ty  from these reactions ultimately depends on t h e  ability 

of sediments t o  store reduced sulfur compounds. 

The production of alkalinity by dissfrnilatory sulfate reduction i s  depend- 

(1) the absence of oxygen i n  either the water column or the sediments; ent on: 

(2 )  the supply of readily metabolizable organic matter; (3) the supply of 

reactive iron; ( 4 )  the supply of sulfate; and (5 )  the a b t l i t y  of sediments t o  

preserve iron sulfide minerals. Although our knowledge regarding the relative 

importance of these factors on the rates of alkalinity production i s  incomplete, 

recent work has shed some light .on them. 

Dissimilatory sulfate reduction ?'%qui res B supply of readily metabol itable 

organic substrate. Sources for t h i s  may be either autochthonous or ailochthon- 

ous (Schindler, 1985), although allochthonous sources are believed t o  contribute 

predominantly refractory humic and f u l  vic substances t o  aquatic ecosystems, As 

a result, microbial decomposition rates (and hence microbial sulfate reduction 

rates) have been shown t o  be more closely related t o  the f l u x  of fresh organic 

carbon t o  a sediment surface t h a n  t o  the sediment's organic content per se 

(Kelly and Chynowetu, 1981). 

given an adequate supply of fresh orgnaic substrate. even though the net 

accumulation of organic matter, as reflected by the TOC content of a sediment, 

- 
Thus, sulfate reduction rates can be substantial 

may be low, Conversely, su l fa te  reduction rates may be low even i n  organic-rich 



sediments, if the  primary source of t he  sedimentary organic mater ia l  i s  

re f rac to ry  t e r  r e s t  r i  a1 hums . 
The a v a i l a b i l i t y  of reac t ive  i r o n  may be another important f ac to r  i n  

cont sol 1 i ng the  net  generation of  a1 k a l  i n i  t y  I n anoxi c 7 akes and 1 ake sediments . 
Although i r o n  i s  t he  f o u r t h  most abundant element i n  the  c rus t  o f  the  ear th  

(Mason and Moore, 1982). reducib le  i r o n  may not  be as abundant i n  l acus t r i ne  

systems. For example, i n  the  Lake 223 experiments, hypolimnetic su l fa te  

reduct ion ra tes  exceeded the  r a t e  of supply o f  reac t ive  iron. 

a net  accumulation o f  d issolved s u l f i d e  w i t h i n  the  hypol iminion (Cook - e t  -* a1 * 

1985), I n  s p i t e  of t he  la rge  reduct ion r a t e s a  however, t he  net production o f  

a l k a l i n i t y  was l i m i t e d  by the  a b i l i t y  of t he  system t o  s tore t h e  s u l f u r  as 

mineral su l f ides.  Most of t h e  a l k a l i n i t y  generated i n  hypolimnetic waters 

dur ing t h e  Summer was l o s t  a t  f a l l  turnover when the  dissolved su l f i des  were 

reoxidized t o  su l fa te.  

This resul ted i n  

Pore water p r o f i l e s  and rad iosul fa te incubations i n  sof twater lake sediments 

reveal t h a t  s u l f a t e  i s  removed from pore waters a t  h igh rates from the  upper 

few t o  upper 10-15 cm o f  t he  sediment column (Rudd -- e t  al,, 1985; Brunelle, 

1985). 

Ufsconsin (Cook, 1984; Perry -- e t  at., 1985) t he  Adirondack Mountains, New York 

(Brunelle, 1985; K e l l y  and Rudd, 1984) southeastern Ontario and southern Norway 

(Ke l l y  and Rudd, 1984), F lo r ida  (Baker, 1984) and northwestern Ontar io (Cook - et 

-* a1 ' 1985) a lso  i n d i c a t e  extensive uptake by sediment microorganisms. Although 

d i ss im i la to ry  s u l f a t e  reduct ion i n  sediments may be widespread i n  sof twater 

lake  systems, i t  i s  probable t h a t  other biogeochemical processes such as a 

d i r e c t  s u l f a t e  ass imi la t ion  and ass imi la tory  su l fa te  reduct ion p lay  s i g n i f i c a n t  

r o l e s  i n  the  sedimentary cyc l i ng  o f  su l fur .  

Pore water p r o f i l e s  I n  the  l i t t o r a l  sediment o f  lakes i n  northern 
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In Lake 223 a t  ELA, the amount'of sulfur stored i n  the lake sediments was 

found t o  be equal t o  the amount of'sulfate removed from the water column over a 

three-year period, w i t h i n  the uncertainties of the measurements (Cook and 

Schindler, 1983; Cook -- et  a l , ,  1985). In another study a t  tbe Experimental 

Lakes Area (ELA), the sedimentary retentdon of radio-sulfur-labeled iron sulfide 

and organic matter was found t o  differ, w i t h  iron sulfide oxidized t o  a greater 

extent t h a n  the organic forms (Rudd -- et at., 1985). Organic sulfur may be more 

refractory t h a n  the inorganic forms (Howarth, 1984) and, therefore, may be 

preferentially retained over mineral sulfides. for example, for lakes i n  the 

Adfrondacks Mountains, New York, organic f o r m  of sulfur account for more t h a n  

7% of the sulfur i n  the sediment (Mitchell - et -*' a1 1981, 1984; Brunelle, 

1985 1. 
In contrast t o  opens water systems, reactive iron is not generally a 

l i m i t i n g  factor for  the net production of alkalinity i n  sediments, Rather, 

given sufficient metabolizable organic material, sulfate reduction rates tend 

t o  be proportional t o  dfssolved sulfate concentrations. For example, i n  the 

Lake 223 experiment, sulfate reduction rates increased approximately i n  propor- 

t i o n  t o  increases i n  sulfate concentration (Cook and Schindler, 1983). 

Similarly, sulfate concentration gradients I n  littoral sediments from a variety 

of lakes have been observed t o  be directly related t o  the sulfate concentration 

4n the overlying water (Kelly and Rudd, 1984; Rudd -- et a l - ,  1985). Although the 

details of the sulfate consuming reactions w i t h i n  lacustrine sediments probably 

vary In  different environments (Cook/Holdren/Mitchell , pers. comn.),  the 

potential fo r  sediments t o  generate a lka l r 'n i ty  through any of  a number o f  

biogeochemical reactions appears t o  be proportional t o  lake water sulfate 

concentration. 
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3.7.4.2 Su l fu r  Cycl ing i n  Aquatic Ecosystems 

I n  order t o  evaluate the  whole-lake production o f  a l k a l i n i t y  from ass im-  

i l a t o r y  and d i ss im i la to ry  s u l f a t e  reduction, a de ta i l ed  examination o f  whole- 

l ake  s u l f u r  cycles must be done. Few studies of t h i s  type have been reported. 

Lake 223 a t  t he  Experimental Lakes Area has been a c i d i f i e d  by experimental 

s u l f u r i c  ac id  addi t ions ra ther  than from atmospheric deposition. 

s u l f a t e  reduced i n  the  l i t t o r a l  and profunda1 sediments was 40% o f  t he  t o t a l  

s u l f u r  inputs  over an eight-year per iod (Cook -- e t  a)., 1985). O f  t h i s  whole- 

l ake  reduction, 70% occurred i n  l i t t o r a l  sediments and 30% occurred i n  the  

hypolimnion. 

i n  ep i l imne t i c  sediments accounted f o r  a l l  o f  t he  su l fa te  loss, which amounted 

t o  36% o f  the  t o t a l  i npu ts  (Schindler and Turner, 1982). 

A l k a l i n i t y  product ion from s u l f u r  cyc l i ng  has a lso  been estimated as the  

d i f fe rence between measured inputs,  outputs, and change i n  storage f o r  whole- 

lakes. 

s u l f a t e  reduct ion as determined from lake  mass balances. One problem i s  t h a t  

t h e  exact end product o f  s u l f a t e  reduct ion i s  t y p i c a l l y  not determined i n  such 

The mass o f  

I n  nearby Lake 114, a lake  without a hypolimnion, s u l f a t e  reduct ion 

It i s  d i f f i c u l t  t o  assess the  importance o f  a l k a l i n i t y  der ived from 

studies. 

comparison t o  the  quant i t y  o f  s u l f a t e  consumed. 

Another i s  t h a t  inpu ts  and outputs o f  s u l f a t e  are t y p i c a l l y  la rge  i n  

For example, i n  Langt jern 

(Norway), t he  ca lcu la ted  percentage o f  s u l f a t e  re ta ined was very small compared 

t o  s u l f a t e  input  (approximately 5%) bu t  t h i s  re ten t ion  could have accounted f o r  

about 50% o f  t he  a l k a l i n i t y  produced i n  the  lake  (Wright, 1983). 

An add i t iona l  problem w i t h  l ake  mass balance studies i s  t h a t  inputs  o f  

s u l f u r  from dry  deposi t ion cannot be determined w i th  s u f f i c i e n t  accuracy (Dillon, 

1984). 

unmeasurable SO2 deposi t ion was 1 .2 to  2.6 times higher than the  sum o f  other 

I n  lakes o f  t he  Sudbury area, J e f f r i e s  -- e t  al. (1984) ca lcu lated t h a t  

sources o f  ac id i ty .  For th ree  Adirondack lake watersheds, Galloway e t  a l .  -- 
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(1983) ca lcu la ted  t h a t  t h e  inputs  of su l fa te  equaled or  were less than outputs 

and concluded t h a t  su l fa te  reduct ion was not  important. Such conclusions, 

however, must be evaluated w i t h  an apprec iat ion o f  t h e  d i f f i c u l t y  of obta in ing 

&curate measurements s u l f a t e  inputs  from dry  deposi t ion and outputs i n  te r res -  

t r i a l  runoff. A t  Woods Lake, one of th ree  lakes s tud ied by Galloway e t  a t ,  

(1983), Rudd -- e t  a\. (1985) found h igh  ra tes  of s u l f a t e  reduct ion and la rge  

quan t i t i es  o f  reduced su l fu r  i n  the  sediments, i n d i c a t i n g  t h a t  some a l k a l i n i t y  

may be generated by these processes. 

however, both su l fa te  p r o f i l e s  i n  pore water and rad iosu l fa te  reduct ion measure- 

ments i nd i ca ted  very l i t t l e  su l fa te  reduct ion {Kelly, personal communjcation). 

A detai led,  three-year budget o f  a l k a l i n i t y ,  cations, and anions f o r  lake  

-- 

In another of the lakes (Sagamore), 

239 (Experimental lakes Area), a small, poor ly-buffered lake t h a t  serves as a 

cont ro l ,  revealed t h a t  su l fa te  re ten t i on  was 20% o f  the t o t a l  inpu ts  and 

accounted f o r  24% o f  t he  .in-lake a l k a l i n i t y  product ion (Schindler e t  al . ,  

1985). Studies of a l k a l i n t t y  product ion us ing water column enclosures (1 imfio- 

c o r r a l s )  have a lso  demonstrated the  importance of bac te r ia l  s u l f a t e  reduct ion 

I n  n e u t r a l i z i n g  a c i d i t y  i n  northwestern Ontar io  (Sch i f f  and Anderson, 1985), 

nor thern Wisconsin {Perry e t  a l . ,  1985). and F lo r ida  (8aker, 1984). 

-- 

3.7.4.3 Nitrogen Transformations and Cycl ing i n  Aquatic Systems 

Many watershed studies, have shown t h a t  inorganic  nf t rogen i s  s t rong ly  

re ta ined by fo res ts  i n  areas suscept ib le  t o  ac id i f i ca t ion .  When t h e  b io log i ca l  

demand for n i t rogen i n  f o res t  ecosystems i s  exceeded by the  ava i lab le  supply 

from atmospheric deposi t ion and i n t e r n a l  sourees, increas ing amounts o f  n i t rogen 

will  be released t o  aquatic systems, Also, when lakes are  p r e c i p i t a t i o n  

dominated ( foe.  , receive a ma jo t f t y  of t o t a l  water i npu ts  from p r e c i p i t a t i o n ) ,  

n i t rogen inpu ts  may be s i g n i f i c a n t .  
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The biogeochemistry o f  n i t rogen i n  aquatic systems and i t s  r o l e  i n  surface 

water ac i  d i  f 1 ca t ion  are compl ex and poor ly understood, N i t  r a t e  uptake by 

aquat ic p lan ts  and heterot rophic  microorganisms (ass lmi la tory  n i t r a t e  reduc- 

t i o n )  as we l l  as d e n i t r i f i c a t i o n  (d iss imi la to ry  n i t r a t e  reduct ion) consume one 

equivalent o f  hydrogen i o n  f o r  every equivalent o f  n i t r a t e  reduced- (Stumm and 

Morgan, 1981). 

and n i t r i f i c a t i o n ,  are a c i d i f y i n g  processes. 

o f  n i t rogen would there fore  be expected t o  a l t e r  t he  acid-base balance of 

1 akes. 

Metabolic react ions o f  ammonium, such as photosynthet ic uptake 

The cyc l i ng  and transformations 

Whether t h e  net  uptake o f  n i t r a t e  by aquat ic p lan ts  represents a permanent 

source o f  a l k a l i n i t y  depends on the  f a t e  of t he  organic nitrogen. 

organic n i t rogen i s  decomposed, released, and n i t r i f i e d  w i t h i n  the  lake, no 

I f  t h e  

permanent increase i n  a l k a l i n i t y  w i l l  occur from the  n i t r a t e  uptake, 

ea t ion  o f  n i t r a t e  produces N20 or Ne, which when exchanged w i t h  the  atmosphere, 

r e s u l t s  i n  a net  gain o f  a l k a l i n i t y .  

D e n i t r i f i -  

Ammonium react ions need t o  be considered along w i t h  n i t r a t e  reactions. 

Ammonium i s  t y p i c a l l y  t he  second most abundant ca t ion  i n  p r e c i p i t a t i o n  and is 

a dominant component o f  s u l f a t e  aerosols, Ammonium i s  used by aquat ic p lan ts  

p r e f e r e n t i a l l y  over n i t r a t e  i n  nitrogen-poor systems (Axler -- e t  a l e  , 1982). 

Ammonium uptake equal t o  n i t r a t e  uptake w i l l  r e s u l t  i n  no net  change i n  

a? kal  i n i  ty. 

Eutrophicat ion experiments a t  ELA, i n  which neutra l  s a l t s  o f  ammonium or 

n i t r a t e  were added t o  several lakes, provide a basis f o r  examining the  r o l e  of 

n i t rogen compounds on the  acid-base balance o f  lakes, 

ch lo r i de  p lus phosphorus t o  Lake 304 resul ted I n  photosynthet ic uptake of these 

nu t r i en ts  and an a c i d i f i c a t i o n  o f  t he  epi l imnion from pH 6.5 t o  l e s s  than pH 5 

Addit ions o f  ammonium 



(Schindler, 1984; Schindler and Turner, 1985). T h i s  ac id i ty  was reconsumed 

dur ing  winter when decomposition of organic matter regenerated ammonium. 

Ammonium added t o  this same lake without phosphorus remained i n  t h e  water 

A l u m n ,  presumably because the a1 gae were phosphorus-1 irnited. The ammoni urn 

concentration increased un t i l  n i t r i f i c a t i o n  occurred, w i t h  a decrease i n  pH t o  

4.6 (Schindler and Turner, 1985). 

When the f e r t i l i z a t i o n  o f  t ake  304 was changed t o  n i t r a t e  p lus  phosphorus, 

a l k a l i n i t y  increased as a result of photosynthetic n i t r a t e  uptake (Schindler 

and Turner, 1985). The efffcfency of  a l k a l i n i t y  generation by n i t r a t e  addition 

i n  this experiment was much h i g h e r  than  Consumption of a l k a l i n i t y  by ammonium 

addi t ion,  presumably because fume of t h e  ammonium taken up biological ly  was 

recycled as ammonium d u r i n g  decomposition (Schindler and Turner, 1985). 

Permanent sedimentation of nltrogen added a s  n i t r a t e  t o  €LA Lake 227 

averaged 60 t o  70% and generated an equivalent amount of a l k a l i n i t y  *(Schindler, 

1984). Nitrogen not permanently redimenled t s  released as amnonium upon 

decomposition and would lead t o  an ac id i f i ca t ion  when t h e  ammonium is  nitrified 

or taken up by aquat ic  plants.  

Addit ion of n i t r i c  acfd alone t o  ELA Lake 302 (North Basin) has stimulated 

d e n i t r l f i c a t i o n  grea t ly  and a lga l  uptake s l i g h t l y  (Schindler, 1984). The 

a l k a l i n i t y  produced by these react ions was nearly 100% efficient In consuming 

t h e  added hydrogen ion, suggesting t h a t  n i t r i c  acid may be a less important 

acidifying agent than sulfuric acid when added during periods of biological 

a c t i v i t y  (Schindler, 1985; Schiff and Anderson, 1985). Episodic add i t ions  of 

n i t r a t e  t o  aquat ic  systems still present considerable problems, however. 
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3.7.5 A l k a l i n i t y  Production by In-Lake Processes 

Measurements o f  in - lake  processes r e s u l t i n g  i n  the  net production o f  

a l k a l i n i t y  have been made i n  very few systems (Cook -- e t  al., 1984). Estimates 

o f  a l k a l i n i t y  production have been made from modeling exercises and from 

a l k a l i n i t y  input-output budgets. For example, t he  Trickle-Down Model f o r  

Vandercook Lake (a p r e c i p i t a t i o n  dominated seepage lake i n  Wisconsin) predicted 

t h a t  75% o f  t he  a l k a l i n i t y  produced by the  e n t i r e  watershed-lake system was 

generated i n  the  l ake  (Schnoor, personal communication). The a l k a l i n i t y  budget 

f o r  Lake 223 under natura l  condi t ions before the  a c i d i f i c a t i o n  experiment began 

revealed t h a t  85% o f  t he  a l k a l i n i t y  i n  the  l ake  was produced - i n  -' s i t u  whereas 

only 15% or ig ina ted  i n  t h e  t e r r e s t r i a l  watershed (Cook -- e t  a1 . , 1985). A t  two 

other p r e c i p i t a t i o n  dominated seepage lakes i n  northwestern Wisconsin, about 

50% o f  t h e  lake a l k a l i n i t y  was generated -- i n  s i tu .  

a l k a l i n i t y  were no t  measured f o r  these lakes. 

The processes producing the  

In a de ta i l ed  examination o f  t he  a l k a l i n i t y  budget f o r  Lake 223 f o r  t he  

eight-year per iod a f t e r  a c i d i f i c a t i o n  began, Cook -- e t  a l .  (1985) found t h a t  70% 

of t he  ac id  added was neut ra l i zed  by fn- lake processes. 

process was bac te r ia l  s u l f a t e  reduct ion and FeS formation (74% of t he  t o t a l  

consumption) w i t h  l i t t o r a l  s u l f a t e  reduct ion accounting f o r  52% and hypo- 

The major H+ consuming 

l i m n e t i c  s u l f a t e  reduct ion 22% of  the  to ta l .  Whereas n i t r a t e  reduct ion was a 

s ign i f i can t  generator o f  a l k a l i n i t y  f o r  take 223, i t s  magnitude was very 

s i m i l a r  t o  ammonium oxidat ion,  so t h a t  t he  net e f fec t  o f  input -output  budgets 

o f  inorganic  n i t rogen was almost zero. 

lake, p r i m a r i l y  calcium and manganese, was near ly  balanced by the  net re ten t ion  

o f  magnesium, potassium, and i r o n  w i t h  the  r e s u l t  t h a t  8% o f  t he  t o t a l  consump- 

t i o n  o f  H' was by exchange w i t h  basic cations. 

The net product ion o f  cat ions i n  the  

A.3.74 



The r a t e  o f  a l k a l i n i t y  production i n  Lake 223 increased f o u r - f o l d  as a 

r e s u l t  of t he  ac id  addi t ions (Cook - e t  -- a1 ’ 1985). Although the  exact cause o f  

t h e  increase i s  not known, b a c t e r i a l  s u l f a t e  reduct ion a l so  increased i n  

response t o  t h e  a c i d  addit ions, p r i m a r i l y  due t o  an increase I n  s u l f a t e  concen- 

t’ratfon. Apparently, t h e  e f f i c i e n c y  of t h e  ac id  addi t ions i n  a c i d i f y i n g  the  

l ake  was l i m i t e d  by i n t e r n a l  a l k a l i n i t y  generation, which increased as the  

acid1 f i cat  i on proceeded, 

Long-term input-output  budgets for Lake 239, a small poorly-buffered lake 

a t  ELA, revealed t h a t  90% o f  t he  a l k a l i n i t y  i n  the  lake was generated i n  s i t u  

r a t h e r  than by react ions w i t h  the  t e r r e s t r i a l  watershed (Schindler e t  a l . ,  

1985). The processes responsible f o r  t he  generated a l k a l i n i t y  were: (1) 

exchange o f  H+ f o r  Ca2+ (55% o f  t h e  in- lake a l k a l i n i t y  production); (2 )  

r e t e n t i o n  o f  sul fate,  presumably as FeS (24%); and (3)  b i o l o g i c a l  uptake and 

-- 
-- 

sedimentation of  n i t r a t e  (18%). 

Seven-year i n p u t a u t p u t  budgets fo r  major ions a t  Langt jern (Nomay) 

i nd i ca ted  t h a t  70% of t h e  a l k a l i n i t y  i n  t h e  l a k e  was produced by in - lake 

processes and 30% was contr ibuted by t h e  t e r r e s t r i a l  catchment (Wright, 1983). 

Bac te r ia l  s u l f a t e  reduct ion accounted f o r  48%, calcium production 37%. and 

n i t r a t e  uptake 15% of t h e  -- i n  s i t u  product ion i n  langt jern,  For t h e  s u l f u r  

budget, a r e t e n t i o n  of a small amount of t h e  Inpu t  s u l f a t e  (5%) accounts f o r  

t h e  m a j o r i t y  o f  t he  a l k a l i n i t y  production. 

Few d e t a i l e d  whole-lake a l k a l i n i t y  budgets have been determined i n  t h e  

eastern Uni ted States. 

supply rese rvo i r  i n  c e n t r a l  Massachusetts, Eshleman (1985) found t h a t  t he  

reset-voi r had no l arge i n t e r n a l  sources of a1 k a l  i n i  t y  , a1 though both groundwater 

seepage and dry  s u l f u r  deposi t ion provided a l k a l i n i t y  and mineral a c i d i t y ,  

On a two-year study o f  t he  a l k a l i n i t y  budget o f  a water 

respect ively.  Ammonium and n i t r a t e  budgets ind icated a l g a l  uptake o f  equivalent 
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Table A.3-3. Rates o f  in-lake alkalinity production. 

Rate 
Site Jmeq m-2 yr-1) Method Reference 

88 Uhole-lake Cook et a l . ,  1985 -- 
Post 350 Whol e-1 ake 

Schindler et a1 . , 1985 -- 12 39 157 Who1 e-1 ake 

Langt jern 118 Whol e-1 ake Wright, 1983 

B i  ckford 0 Whol e-1 ake Eshleman, 1985 

Little Rock 140 Flux Method Cook e t  a l . ,  1984 



quan t i t i e s  and, therefore ,  no net a l k a l i n i t y  was generated, The reservoir  was 

able t o  be modeled as an ideal  batch reactor  f o r  a lka l in i ty .  

Rates of in-lake a l k a l i n i t y  production (88-330 meq m-2 yr-2; Table A.3-3) 

are grea te r  than the annual wetfal l  of ac id i ty  f o r  the northeastern’U.S, 

Prec ip i ta t ion  o f  pH 4.2 f a l l i n g  a t  an annual r a t e  of 1 m represents 63 meq o f  

H* m-2 yr-1. Because a lake typScal l y  occupies 5-20’x of the watershed, about 5-205 

of the ac id i ty  f a l l i n g  on a drainage watershed may be neutral ized by in-lake 

processes. For a precipi ta t ionhomfnated seepage lake,  the in-lake a l k a l i n i t y  

production would have the potent ia l  t o  neut ra l ize  a l l  of the incident precipi ta-  

t ion.  

3.7.6 In-Lake Production Re1 a t i v e  t o  Watershed A1 kill  i n i t y  Production 

Major ion and a l k a l i n i t y  budgets of watersheds a r e  useful i n  quantifying 

the current response of surface waters t o  ac id i c  deposition. Because of the 

wide var ie ty  o f  data  t h a t  have been reparted f o r  watershed budgets, it i s  

d i f f i c u l t  t o  ca l cu la t e  precise r a t e s  of  annual a lka l in i ty  production. fur ther -  

more these budgets are complicated by unknown (or unmeasured) r a t e s  of dry 

deposit ion,  mineral sulf ide weathering, organic acid production, and ion uptake 

by vegetation, so comparisons of watershed a l k a l i n i t y  production r a t e s  a r e  not 

t r i v i a l  . 
Nonetheless, using a wide var ie ty  of data  from the literature, estimates 

of annual watershed a l k a l i n i t y  production have been calculated (Table A.3.4), 

Tbe results ind ica te  t h a t  annual r a t e s  of watershed a l k a l i n i t y  production f o r  a 

group of softwater systems are i n  the range 50-500 meq rn-2 yr-1, w i t h  an 

ar i thmetic  mean o f  164 meq mo2 y d .  

values have been corrected f o r  dry sulfur deposit ion,  i f  reasonable estimates 

(either from direct measurement, throughfall  enrichment, and/or input/output 

I t  should be recognized t h a t  many of the 
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SO4'* budgets) were avai lable.  Estimates were made f o r  dry  deposi t ion a t  Hubbard 

Brook, B i  rkenes, t he  Adirondacks, B ick fo rd  watershed, White Oak Run, and Deep 

Run, None o f  t he  production estimates inc lude a cor rec t ion  f o r  i o n  accret ion 

i n  biomass; therefore, the  values i n  Table A.3.4 are conservatdve estimates. 
- 

ra tes  o f  watershed a l k a l i n i t y  production (Table A.3.4) reveals t h a t  t he  rates 

are o f  t he  same order of magnitude on a per area basis. 

seepage lakes w i t h  low watershed area:lake area r a t i o s  (<  Z ) ,  therefore, could 

p o t e n t i a l l y  be dominated by in - lake  a l k a l i n i t y  production. This appears t o  be 

t h e  case f o r  some lake-watershed systems i n  the  Upper Midwest o f  t he  U.S. 

(Ghesini , personal communi cat ion;  Schnoos, personal communi cation). 

(Schindler -7 et. al., 1980). Based on a survey o f  147 lakes, t he  estimated mean 

watershed area: 

was about 19. 

i n  the  northeast. 

t i o n  probably would be a t  l e a s t  an order o f  magnitude less than watershed 

Comparison of resu l t s  f o r  in - lake  a l k a l i n i t y  generation (Table A.3.3) w i t h  

P rec ip i t a t i on  dominated 

Canada 

lake  area r a t i o  f o r  t he  lakes i n  the  DDHP t a rge t  populat ion 

The DORP t a rge t  populat ion includes an estimated 4227 lakes 

For t h e  ma jo r i t y  o f  these lakes, in- lake a l k a l i n i t y  genera- 

a1 k a l  i n i  t y  production. 

3.7.7 Expected Ranqe and Regional Ddst r ibut ion 

Data do not  present ly  e x i s t  from which t o  e t imate e i t h e r  the  xpect d 

range or t he  regional  d i s t r i b u t i o n  of net  a l k a l i n i t y  production values w i t h i n  

aquat ic systems by any one process o r  by a l l  processes combined. Several 

general izat ions,  however, do seem reasonable. 

t i o n  processes are l i k e l y  t o  be re la ted  t o :  

r a t i o  o f  lake  volume t o  sediment ( o r  lake  surface) area; (3) n u t r i e n t  status; 

(4)  hydro1 ogi c type. 

The in - lake  a l k a l i n i t y  produc- 

(1) hydraul ic  re ten t i on  t ime; ( 2 )  
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Table A.3.4 Annual net watershed a l k a l i n i t y  production (meq m-2 yr-1) o f  
softwater systems. 

_ .  . Annual A l k a l i n i t y  . . . , . 
Watershed Product ion References 

(1) Hubbard Brook, NH 123 Likens e t  a1 , 1977. 
U r i s c o l l a n d  Likens, 1982. 

(2) B i  rkenes , Norway 91 Wright and Johannessen, 1980. 

(3 )  Adi rondacks, NY 

( a )  Hoods Lake 

(b) Panther Lake 

(4) B i ck fo rd  Watershed, MA 

(5)  Findlay take, US 

( 6 )  H. 3. Andrews, WSIlO, OR 

(7)  Bowl Watershed, NH 

(a)  Subwatershed E 

(b) Subwatershed U 

(8) Cweeta (618), tUC 

(9)  White Oak Run, VA 

101 

216 

109 

48 1 

144 

195 

236 

l a 3  

120 

Goldstein - e t  -*’ a1 1984. 

Goldstein - e t  -* a1 ’ 1984. 

Eshlenan (1985) 

Hichey and Yissmar, 1979. 
Wissrnar et al. , 1982. Powers 
and Rambcn81 .  Duncan and 
Aussever, 1984. 

S o l l i n s  - kt * ’  a1 1980. 

Hartin, 1979. 

Mart i  n, 1979. 

Elartin, 1979. 

Swank and Douglas, 1977. 

Shaffer (pers. cm. ,  1985). 

(10) Deep Run, VA 111 Shaffer (pers. ccnmn. 1985) . 
(11) Lower Hersey River, 54 Kerekes, 1980. 

(12) Harp Lake, Ontarfo 130 D i l l o n  -- e t  a l . ,  ’1982. 

Nova Scot ia 
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Lakes w i t h  short water residence times w i l l  not have the  degree o f  i n t e r -  

ac t i on  w i th  bottom sediments as lakes wi th  longer residence t imes ,  and there- 

fore, w i l l  not  have as l a rge  an in- lake a l k a l i n i t y  production. 

in-1 ake a1 k a l  i n i  t y  generating react ions are occurr ing a t  considerable rates i n  

t h e  sediments o t  t he  B i g  Moose Lake system (Ke l l y  and Rudd, unpublished data), 

The residence t imes f o r  t h i s  system, however, i s  a few months, and the  f l u x  o f  

a l k a l i n i t y  from the  sediments i n t o  the  water column does not occur a t  a f a s t  

For example, 

enough r a t e  t o  a f f e c t  t he  l i m n e t i c  a l k a l i n i t y  s i g n i f i c a n t l y .  

Lakes w i t h  shallow mean depths ( lake volume d iv ided by sediment area) w i l l  

have more i n te rac t i ons  between sediment-derived ions and the  water column than 

lakes wdth deeper m a n  depths, 

The n u t r i e n t  s ta tus of a lake may a lso in f luence the  a l k a l i n i t y  produced 

by anabolic and cataboldc processes. 

h igh  deposi t ion of organic matter, which i n  t u r n  would provide the  organic 

substrate f o r  d i s s i m i l a t o r y  n i t r a t e  and s u l f a t e  reduction, A h igh supply of 

n u t r i e n t s  would a lso promote assimi l a t o r y  s u l f a t e  and n i t r a t e  reduction. A 

nutr ient- impoverished lake may not be able t o  maintain h igh l eve l s  of microbial  

a c t i v i t y  and, thus, may no t  be able t o  generate s i g n i f i c a n t  amounts o f  a l k a l i n -  

i t y  by metabolic processes. 

An abundant n u t r i e n t  supply would promote 

The export o f  a c i d i t y  from t e r r e s t r i a l  watersheds i s  a func t i on  o f  t he  

hydrologic f low path, w i t h  shallow f l o w  promoting higher ac id  loading than 

deeper flow, 

a l l y  more opportuni ty f o r  ac id  n e u t r a l i z a t i o n  i n  the  lake than l a k e s  having 

catchments w i t h  t h i c k  overburden. 

water from p r e c i p i t a t i o n  ( ieer ,  precipi tat ion-dominated seepage lakes)  w i l l  

have t h e  maximum opportuni ty t o  modify the  a l k a l i n i t y  by in- lake processes. 

Thus, precipi tat ion-dominated lakes and lakes having catchments w i t h  t h i n  

Lakes having catchments w i t h  t h i n  overburden w i l l  have proport ion- 

Those lakes rece iv ing  most o f  t h e i r  input  
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overburden will be the most sensitive t o  the generation o f  a l k a l i n i t y  by in-lake 

processes, For typical lake-watershed systems i n  the northeastern U S .  w i t h  

watershed area:lake area ratios i n  the range 10-20 watershed biogeochemical 

processes w i  11 typical ly provide v i  r tual  ly a1 1 of the a1 kal i n i  ty- produced by 

the system. 

3-7.8 Threshold Values for In-Stream and In-take Alka l in i ty  Production f o r  

D i  rect/Del ayed/Capaci t y  Protected Systems 

Based on the limited da ta  presently available, i t  is not possible t o  

specify the threshold values o f  net annual a l k a l i n i t y  production t h a t  m i g h t  

tend t o  be correlated w i t h  dS rect -response, del ayed-response, and capacity- 

protected systems. furthermore, i t  seems most unlikely t h a t  such specific 

thresholds exist, since the response of a watershed system reflects the net or 

integral response of numerous biogeochemf cal processes occurring along several 

alternative flowpaths, only one of which i s  net a lka l in i ty  production processes 

w i t h i n  aquatic systems. 

Given t h a t  lake sediment and water chemistry ate t o  a large extent the 

product of the geology, hydrology, and sails i n  the surrounding watershed, 

there may be a reasonable correlation between values o f  net annual a l k a l i n i t y  

production i n  streams and lakes and indices of the relative Importance o f  

alternative hydrologic pathways and biogeochemical processes in the terrestrial 

system, 
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4.0 A REVIEW O f  METHODS FOR ASSESSINti AQUATIC SYSTEM KESPUNSE 

4.1 INTRODUCTION 

As described i n  Chapters I 1  and I11 o f  t h i s  document, t he reya re  a number 

o f  watershed processes and cha rac te r i s t i cs  t h a t  may c r i t i c a l l y  inf luence t h e  

response o f  aquatic systems t o  a c i d i c  deposition. 

each of these f a c t o r s  may vary considerably among systems, thus making the  

problem o f  determining the  response cha rac te r i s t i cs  of a l l  surface waters i n  a 

The r e l a t i v e  importance o f  

region a complex one, 

methods that can be used t o  assess t h e  response cha rac te r i s t i cs  of aquatic 

systems , 

In l i g h t  of  t h i s  complexity, it i s  worth reviewing the  

A v a r i e t y  of methods can be used t o  gain i n s i g h t  i n t o  t h e  response charac- 

t e r i s t i c s  of an i n d i v i d u a l  system or  t he  d i s t r i b u t i o n  o f  cha rac te r i s t i cs  of a 

number of systems, These methods range from c l a s s i f i c a t i o n  based on h i s t o r i c a l  

trends i n  chemistry o r  current  chemical condi t ions t o  d e t a i l e d  analyses o f  

complex dynamic models t h a t  i n t e g r a t e  a number of watershed prucesses. 

chapter, we w i l l  review each o f  these methods, emphasizing t h e i r  p o t e n t i a l  

u t i l i t y  i n  c l a s s i f y i n g  systems with regard t o  t h e i r  response cha rac te r i s t i cs  t o  

a c i d i c  deposition. We begin w4th an overview of the  methods, d iv ided i n t o  f i v e  

general classes. Each of these methodol.Dgica1 classes i s  discussed in detail 

foll owing t h i s  overview, 

In t h i s  

4.1.1 H i s t o r i c a l  Trends Analysis 

This method involves analyzing h i s t m i c a 1  informat ion on changes i n  lake 

chemistry t o  determine how systems have responded ( i f  a t  a l l )  t o  i npu ts  o f  

a c i d i c  deposition. 

defens ib le  data on t rends fn both lake chemistry and deposition, Although 

Such an analysis obviously requires s c i e n t i f i c a l l y  
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h i s t o r i c a l  measurements of lake chemistry are ava i lab le  f o r  many systems, the  

q u a l i t y  o f  much h i s t o r i c a l  data i s  questionable (Church, 1984). Analysis o f  

l ake  sediment cores, p a r t i c u l a r l y  for t he  species composition of acid-sensi t ive 

species such as diatoms, has a lso  been used, together w i t h  core da t ing  methods 

such as 21oPb analysis, t o  i n f e r  h i s t o r i c a l  trends i n  lake chemistry (Norton, 

' 

1984). Inasmuch as h i s t o r i c a l  deposi t ion data are v i r t u a l l y  nonexistent, 

deposi t ion t y p i c a l l y  i s  i n f e r r e d  from h i s t o r i c a l  emissions data. 

I n  general, these methods are usefu l  f o r  approximate evaluations o f  how 

systems have responded t o  ac id i c  deposi t ion i n  the  past. Their  use f o r  

c lass i f y ing  f u t u r e  response o f  systems, however, may be ra ther  l im i ted ,  as 

discussed below i n  Section 4.2, H i s t o r i c a l  Trends Analysis. 

4.1.2 System Descript ions 

System descr ip t ion  i s  t he  t l t l e  given t o  a general category o f  methods, 

a l l  of which invo lve  considerat ion of t he  current  s ta tus o f  an aquatic system 

o r  i t s  surrounding watershed- 

response, one needs t o  hypothesize the  re la t i onsh ip  between the  current  s ta tus 

o f  a system and i t s  expected response character is t ics .  For instance, one might 

postu la te t h a t  surface water a l k a l i n i t y  i s  a reasonably good ind i ca to r  of t he  

charac ter is t i cs  o f  the  response of a system t o  ac id i c  deposition. For these 

approaches t o  be considered val id,  t he  hypotheses inherent w i t h i n  them need t o  

be supported by other  analyses, such as those described i n  l a t e r  sections. 

To use any o f  these methods t o  assess system 

Analyses t h a t  f a l l  i n t o  the  category of system descr ip t ions include: 

analyses o f  t he  frequency d i s t r i b u t i o n s  o f  surface water chemistry 

cha rac te r i s t i cs  (such as a l k a l i n i t y )  across a number o f  aquat ic systems; 

o 
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o mult ivar ia te  analyses of the relat ionship between watershed character is-  

t i c s  thought t o  influence system response and surface water chemical 

conditions;  and 

s t a t i s t i c a l  analyses o f  the re la t ionships  between surface water chemistry 

and i n p u t s  of ac id i c  deposition. 

o 

- - 

4.1.3 Steady. S t a t e  Models 

A number of models e x i s t  o f  aquat ic  system response t o  ac id i c  deposition. 

These models can be used t o  predict t h e  eventual chemical s t a t e  t h a t  will 

result from a given level of deposition. The models range from very simple 

empirical models, t o  steady state solut ions for more complex, dynamic models. 

Inasmuch as steady s t a t e  models have no t ime  component, they cannot 

d i r e c t l y  be used t o  discr iminate  among natural  systems wi th  regard t o  the i r  

dynamic response characteristics. They can be used, hcwevw, t o  make t h i s  

dis t inct ion i n d i r e c t l y  (see Section 4.4, Steady S ta t e  Models). A s ign i f i can t  

advantage of these simple models, as campared t o  the mre complex models, i s  

t h a t  they  can be applied directly t o  la rge  numbers of systems. 

4.1.4 Single f ac to r  Respon,se Time Estimates 

four f ac to r s  t h a t  appear t o  play a cent ra l  role i n  determining t h e  

response cha rac t e r i s t i c s  of an aquat ic  system are hydrologic flow path,  

weathering replacement, base ca t ion  supply and s u l f a t e  adsorption o f  i t s  

associated catchment. I t  i s  possible  using simple formulations for these 

processes t o  es t imate  potent ia l  s o i l  contact time, or f o r  a given atmospheric 

i n p u t ,  mineral weathering rates of t h e  time t o  reduce t h e  base sa tura t ion  or 

exhaust t h e  capacity of a pa r t i cu la r  s o i l  t o  adsorb su l fa te .  Such estimates 
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requ i re  laboratory  measurements o f  s o i l  chemical charac ter is t i cs  p lus estimates 

o f  s u l f u r  inpu ts  t o  the  system. These order o f  magnitude estimates of response 

t ime can be used t o  rank response times o f  lake/watershed systems. 

4.1.5 Dynamic System Models 

The f i n a l  c lass o f  methods f o r  character iz ing response charac ter is t i cs  o f  

aquat ic systems t o  ac id i c  deposi t ion i s  t h a t  o f  dynamic system models. Such 

models can be used t o  attempt t o  in tegra te  the  many processes t h a t  in f luence 

system response t o  ac id i c  deposi t ion i n t o  a framework t h a t  al lows one t o  

p red ic t  how t h a t  system (or systems) w i l l  change over time. These models are 

both dynamic and integrated. Therefore, they are p o t e n t i a l l y  much more useful  

than are the  previous two methods fo r  d i r e c t l y  c l a s s i f y i n g  systems according t o  

t h e i r  response times. 

r e l a t i v e l y  extensive data requirements makes t h e i r  app l i ca t ion  t o  a la rge  

number o f  aquat ic systems v i r t u a l l y  impossible. Their greatest  u t i l i t y  l i e s  i n  

prov id ing an in tegra ted  framework f o r  I d e n t i f y i n g  those fac to rs  most important, 

i n d i v i d u a l l y  o r  i n  combination, i n  determining response charac ter is t i cs  o f  

systems, 

the  models d i r e c t l y  t o  a l l  (or  even many) systems t o  ob ta in  c lass i f i ca t i on .  

Rather, one simply has t o  character ize each system as t o  t h e  combination of 

On the  other  hand, t h e i r  complexity and sometimes 

#ce these fac to rs  have been iden t i f i ed ,  i t  i s  not  necessary t o  apply 

those factors t h a t  are present, and from t h i s  determine t h e i r  response charac- 

t e r i  s t i  cs. 

There are a number o f  models o f  t h i s  type t h a t  are general ly recognized as 

reasonable representations o f  aquat ic systems and t h e i r  watersheds, a t  l e a s t  

f o r  c e r t a i n  geographical areas. 

c l a s s i f i c a t i o n  too ls ,  and given t h e i r  inherent complexity, considerable at ten-  

Given the  p o t e n t i a l  u t i l i t y  o f  these models as 

t i o n  w i l l  be devoted t o  each of these models i n  the  sect ions t h a t  fo l low. 
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4.1.6 I n teg ra t i on  

The value of any one approach t o  c l a s s i f i c a t i o n  I s  g rea t l y  reduced when 

considered i n  i s o l a t i o n  ra the r  than alongside several other approaches. There 

i s  s t i l l  a great deal of uncer ta in ty  associated w i t h  our understanding o f  t he  

processes t h a t  inf luence surface water a c i d i f i c a t i o n ,  

any c l a s s i f i c a t i o n  based on zt s ing le  approach i s  g rea t l y  enhanced i f  other, 

independent approaches r e s u l t  i n  a s i m i l a r  c l a s s i f i c a t i o n .  Conversely, when 

d i f f e r e n t  approaches r e s u l t  i n  cont rast ing c l a s s i f i c a t i o n s ,  we are made more 

aware o f  t h e  l i m i t a t i o n s  of these approaches, and sometimes even the  source o f  

those l i m i t a t i o n s  (i,e., which processes are missing from the  analysis). 

Therefore, i t  i s  important t o  consider the  mer i ts  of each approach i n  t h e  

context  o f  t he  others. Spec i f i ca l l y ,  t he  question should be asked, "How can 

t h i s  approach complement o r  supplement o ther  approaches t o  c l a s s i f i c a t i o n ? "  

Thus, t he  c r e d i b i l i t y  o f  

4.2 HISTUKICAL T U N U S  ANALYSIS 

4.2.1 App roaches 

The basic idea of h i s t o r i c a l  t rends analyses i s  t o  r e l a t e  some measure o f  

h i s t o r i c a l  pat terns of deposi t ion t o  some other measure o f  changes i n  surface 

water chemistry. i l i t h  t h i s  information, one can evaluate whether a p a r t i c u l a r  

aquat ic system appears t o  have responded t o  changes i n  a c i d i c  deposi t ion and, 

i d e a l l y ,  t h e  r a t e  a t  which t h e  system responded. 

obtained f o r  several systems, i t  may be possible t o  i d e n t i f y  d i f ferences among 

these systems t h a t  are r e l a t e d  t o  t h e i r  response cha rac te r i s t i cs  (e.g., depth 

o f  permeable mater ia l ,  predominant s o i l  types present). This type o f  knowledge 

I f  such informat ion can be 

might then be appl ied t o  other  areas, where a c i d i c  deposi t ion has only more 

recen t l y  increased, t o  assess t h e  expected fu ture response o f  surface waters i n  

those areas. 
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There are V i r t u a l l y  no h i s t o r i c a l  records o f  ac id i c  deposi t ion rates f o r  

t ime periods p r i o r  t o  1970. 

emissions are ava i l ab le  (e.g., OTA, 1984), and have been used as surrogate 

measures o f  changes i n  ac id i c  deposition. Although a d i r e c t  re la t i onsh ip  

between emissions f o r  a s p e c i f i c  region and deposi t ion i n  t h a t  region almost 

c e r t a i n l y  does not ex is t ,  t he  two are l i k e l y  t o  be cor re la ted  w i t h  each other. 

On the  other hand, h i s t o r i c a l  records of  SD, 

H i s t o r i c a l  data on lake chemistry, p a r t i c u l a r l y  pH and a l k a l i n i t y ,  are 

ava i lab le  f o r  many systems, bu t  severe methodological problems cast doubt on 

the  i n t e r p r e t a t i o n  o f  much o f  t h i s  data ( f o r  a discussion o f  t h i s  issue, see 

Church, 1984; Kramer and Tessies, 1982; 1983). These problems are o f ten  

compounded by the  l ack  o f  de ta i l ed  documentation o f  t he  methods used i n  the  

e a r l i e r  studies, 

I n d i r e c t  in format ion on changes i n  lake  chemistry can a lso  be obtained 

from analyses of core samples taken from sediments. 

provide a de ta i l ed  record o f  changes i n  physical, chemical, and b io log i ca l  

features o f  t h e  lakes t h a t  have occurred over a considerable per iod of time. 

I so top ic  da t ing  techniques such as 21oPb analysis can be used t o  "time- 

ca l i b ra te "  the  core and thus a i d  in terpretat ion.  The most comnonly used 

i n d i c a t o r  o f  h i s t o r i c a l  chemical changes associated w i t h  a c i d i f i c a t i o n  are 

diatoms. Diatoms appear t o  be r e l a t i v e l y  sens i t i ve  i nd i ca to rs  o f  pH, wi th  

d i f f e r e n t  species being sens i t i ve  t o  d i f f e r e n t  pH levels.  Thus changes i n  

diatom species composition through a sediment core can be used t o  i n f e r  changes 

i n  lake pH. Other i nd i ca to rs  of change i n  lake pH have a lso  been considered, 

i nc lud ing  t h e  apparent deposi t ion r a t e  of pH sens i t i ve  metal species such as Zn 

and Mn. 

These sediment cores o f ten  
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4.2.2 Previous Appl icat ions 

Numerous analySeS of h i s t o r i c a l  surface water chemistry data have been 

1975; Davis e t  a1 conducted (e,g., Beamish and Harvey, 1972; Beamish e t  a1 - , - -*' 
1973; Haines and Akielasrek, 1983; Norton e t  al,, 1981; P fe i f fe r Iand Festa, 

1980; Schof ie ld 1976a, b; Smith and Alexander, 1983; Watt - e t  * '  a1 1979), and 

many o f  these have documented s i g n i f i c a n t  changes through time. More recent ly ,  

tiendrey -- e t  at .  (1984) have compiled an extensive data base ( the A c i d i f i c a t i o n  

Chemistry Informat ion Database -- ACIU) of t ime ser ies o f  surface water 

chemistry throughout t h e  U.5. Their analyses i nd i ca te  recent temporal t rends 

I n  surface water chemistry (Sulfate, a l ka ln i t y ,  pH) t h a t  are consistent w i t h  

trends i n  recent emissions o f  ac id  precursors, For instance, s u l f a t e  concen- 

t r a t i o n s  are dec l i n ing  i n  t h e  northeastern U.5, and increas ing i n  t h e  South- 

east; emissions trends i n  these two regions a lso i nd i ca te  recent dec l ine and 

increases, respect ively.  A s t rength o f  t h i s  study was the  large number o f  

s ta t ions,  t h e  data used and t h e  emphasis on regional  analyses. S ign i f i can t  

drawbacks, however, were: (1) t h e  i nc lus ion  of data from s ta t i ons  i n  very 

large and heav i l y  developed watersheds; 12) t h e  absence o f  complete q u a l i t y  

assurance/qual i ty con t ro l  o f  the data used; and (3)  t h e  var ia t ions  i n  numbers 

and loca t ions  o f  s ta t i ons  used over the  per iod  o f  t ime examined i n  the  study. 

Analyses of  trends by paleol imnological  methods (i.e., sediment core 

ana lys is )  have a lso  been c a r r i e d  out by a number of  researchers (Davis -- e t  a l . ,  

1933; review by Batterbee, 19841. As with t h e  hds to r i ca l  chemistry analyses, 

c l e a r  pa t te rns  have been detected t h a t  are most l i k e l y  i n d i c a t i v e  o f  changes i n  

surface water chemistry. These methods are not  very precise, however, and 

are thus genera l ly  not  useful  for a de ta i l ed  analys is  o f  t he  t ime scale of 

these changes. 

-- 



4.2.3 Advantage and Disadvantages 

The obvious advantage o f  h i s t o r i c a l  trends analyses i s  t h a t  they are t h e  

only possible means by which we can document that: 

and (2)  t h a t  these changes are associated w i th  changes i n  atmospheric leve ls  o f  

Sulfur, 

aquat ic systems do ( o r  w i l l )  respond t o  changes i n  ac id i c  deposition. 

(1) changes have occurred; 

Thus, these methods p lay a v i t a l  r o l e  i n  demonstrating t h a t  some 

Most of t he  disadvantages of these approaches are methodological, and have 

already been referenced. 

i n t e r p r e t a t i o n  o f  sediment cores remains as much an a r t  as a science. As a 

method o f  c lass i f y ing  systems according t o  t h e i r  an t ic ipa ted  f u t u r e  response 

charac ter is t i cs ,  these approaches have other disadvantages. Very l i t t l e ,  i f  

any, of t he  in format ion from h i s t o r i c a l  t rends s tud ies can be used t o  evaluate 

the  r a t e  of response o f  systems when subjected t o  a ce r ta in  deposi t ion rate. 

H i s t o r i c a l  chemistry data are o f ten  suspect and the  

4.2.4 Expected U t i l i t y  

The p r i n c i p a l  u t i l i t y  o f  h i s t o r i c a l  t rends analyses has been t o  document 

that changes i n  surface chemistry have occurred i n  the  past and t h a t  these 

changes appear t o  be re la ted  t o  changes i n  deposi t ion rates. 

could be used t o  he lp  d e l i m i t  those systems t h a t  have already responded t o  

a c i d i c  deposi t ion (but see 4.3). The methodological problems associated w i th  

these approaches;however, severely l i m i t  t h e i r  u t i l i t y  as means o f  determining 

t h e  expected dynamic response cha rac te r i s t i cs  o f  systems t h a t  have not  already 

This in format ion 

responded. 



4.3 SYSTEM DESCKIPTIONS 

4.3.1 Approaches 

The common element of each o f  the three approaches t h a t  f a l l  i n t o  this 

category i s  t h a t  they are a l l  based on the direct interpretation-of current 

surface water chemistry. Other approaches (Section 4.5 Single Factor Response 

and 4.6 Dynamic Models) use information on current conditions, but explicitly 

attempt t o  predict future chemical changes. 

The first approach invol ves a simple assessment of current chemical 

conditions i n  a number (preferably large) of systems. To some extent, the 

present level of chemical variables such as a lka l in i ty  or base cations are an  

indication of the likely response of a system t o  current levels o f  deposition. 

For instance, lakes w i t h  a lka l in i t i e s  greater t h a n  400 ueq/l are unlikely t o  

become acidic under current deposition levels anywhere i n  the U S ,  In fact, 

t h i s  alkalinity threshold may actually be much lower, but 400 ueq/l provides a 

conservative estimate. 

Given such an assumption/hypothesis about the range o f  a chemical 

variable t h a t  is associated w i t h  or indicative of a particular type of 

response, frequency dis t r ibu t ions  of that variable across a set o f  surface 

waters -- preferably a representatively sampled set such as the PiSWS lakes -- 
can be used t o  estimate the proportfan o f  surface waters in a region t h a t  

exhi b i t  certain response characteri s t i  CS. 

The second approach considers the relationship between current cttemical 

conditions (especially pH and a lka l in i ty )  and various watershed characteristics 

hypothesized t o  influence water chemistry. Generally this type of analysis is  

accomplished u s i n g  multivariate methods (e.g., multiple regression or discrim- 

i n a n t  analysis). 



This type o f  s t a t i s t i c a l  analysis does not d i r e c t l y  provide an a l te rna te  

method o f  c l a s s i f y i n g  Systems, but rather,  provides empi r i x a l  support f o r  t he  

t ime-varying analyses described l a t e r  (Sections 4.Ss Single Factor Response 

Time Estimates and 4.6 Dynamic Models). 

(e.g., depth o f  permeable mater ia l )  s i g n i f i c a n t l y  in f luence current  a l k a l i n i t y ,  

then one would expect such fac to rs  t o  be very important i n  the  dynamic models. 

The t h i r d  approach i s  designed t o  assess whether a watershed i s  re ta in ing  

If c e r t a i n  Watershed charac ter is t i cs  

su l fa te.  This i s  accomplished by computing a simple input-output  budget f o r  

s u l f a t e  f o r  any watershed where surface water su l fa te  concentrat ion measure- 

ments are avai lable.  Total s u l f u r  deposi t ion i s  ca lcu lated from wet deposi t ion 

data and estimates o f  dry deposit ion, and corrected f o r  evapotranspirat ion t o  

g ive a measure of i npu t  concentrations. 

s u l f a t e  concentrat ions i n  surface waters. I f  surface water concentrat ions are 

Phis value i s  compared t o  current  

less  than input  concentrat ions, then the  watershed appears t o  be r e t a i n i n g  

sul fate.  I f  the  two are equal, then no net  re ten t i on  i s  occurring. 

Extent o f  s u l f a t e  re ten t i on  i s  an i nd i ca t i on  o f  how a system may even- 

t u a l l y  respond t o  ac id i c  deposition. The resu l t s  o f  t h i s  analysis can be 

compared t o  t h e  t ime varying analyses t o  t e s t  f o r  consistency among ana ly t i ca l  

approaches. 

4.3.2 Previous Appl icat ions 

The character izat ion o f  t he  geographical d i s t r i b u t i o n  o f  p o t e n t i a l l y  

sens i t i ve  o r  a c i d i f i e d  waters has received considerable a t ten t i on  i n  the  U.S. 

(Hendrey -- e t  al., 1980; Haines and Akielaszek, 1983; Unernik and Powers, 1982) 

and elsewhere (Kelso -- e t  al., i n  preparation; Wright and Snekvik, 1978; Almer - e t  

- al., 1978). 

on surface water a l k a l i n i t y  i n  t h e  U.S. i n t o  maps t h a t  describe the  regional 

h e r n i k  and Powers (1982) have attempted t o  summarize informat ion 
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d i s t r i b u t i o n  of waters w i t h  d i f f e r i n g  a l k a l i n i t y  ranges. These maps are 

extremely useful as descr ip t ions o f  t he  broad extent and loca t i on  o f  poten- 

t i a l l y  ac id  sens i t i ve  waters. They were not designed (i.e., mapped t o  a scale) 

t o  i n d i c a t e  f ine-scale heterogeneity i n  surface water a l k a l i n i t y .  
- 

was not  obtained from a s t a t i s t i c a l l y  representat ive sample o f  t he  surface 

waters i n  an area. The National Surface Water Survey was designed e x p l i c i t l y  

t o  overcome t h i s  d i f f i c u l t y  by se lec t i ng  lakes and streams from p o t e n t i a l l y  

sensitive areas using a s t r a t i f i e d  random sampling procedure, Thus, these data 

can be used t o  provide an unbiased estimate of t h e  number of lakes o r  streams 

i n  a region t h a t  f a l l  i n t o  d i f f e ren t  categories o f  chemical s ta tus (e.g., 

a1 ka l  4 n i  t y  classes). 

One of t he  problems w i t h  most o f  these studies i s  t h a t  t h e  Informat ion 

Generally, these synopt ic analyses of water chemistry have not been used 

t o  c l a s s i f y  systems according t o  t h e i r  response character ist ics.  Synoptic data 

could be used for t h i s  purpose, himever, given an assumption about how current 

s ta tus i s  r e l a t e d  t o  expected (or already observed) response t o  a c i d i c  deposi- 

t ion.  

Some o f  the  aforementioned studies #f t he  regional  d i s t r i b u t i o n  o f  surface 

water cha rac te r i s t i cs  a l so  attempted t o  r e l a t e  surface water chemistry t o  s o i l  

and bedrock c h a r a c t e r i s t i c s  (e.g., k n d r e y  -- e t  a1 

1983) and found good corre la t ions.  These analyses were general l y  c a r r i e d  out 

over widely ranging condi t ions (i.e., both h igh l y  ' s e n s ~ t i v e "  o r  a c i d i c  systems 

and very " i nsens i t i ve "  systems were included) and thus these co r re la t i ons  are 

hard ly  surpr is ing.  More recent ly,  Nai r  (1984) attempted 8 more de ta i l ed  

regression analys is  o f  factors t h a t  were hypothesized t o  i n f l uence  lake 

a l k a l i n i t y  f o r  229 lakes i n  t he  Adirondacks. Again, good c o r r e l a t i o n  was found 

1980; bines and Akielatsek, 

A.4,11 



and a regression equation t o  p red ic t  a l k a l i n i t y  was developed (r2 = 0,58). 

This equation included s o i l  ca t i on  exchange capacity, lake elevat ion,  and a 

q u a l i t a t i v e  bedrock s e n s i t i v i t y  index, 

o f  only 0-200 ueq/l  are considered, however, t he  accuracy o f  the-regress ion 

When lakes w i t h  a l k a l i n i t y  i n  the  range 

equation does not  appear t o  be near ly  as high. 

in format ion on s o i l s  and other  watershed charac ter is t i cs  (e.g., depth o f  

Presumably, more de ta i l ed  

permeable mater ia l  ) could g rea t ly  improve the  p red ic t i ve  power o f  mu l t i p le  

regressions such as th is .  

Thompson and Hutton (1982) compared s u l f a t e  wet deposi t ion t o  surface 

water s u l f a t e  l e v e l s  a t  a number o f  locat ions across eastern Canada and found 

concentrat ions I n  surface waters t o  be higher than expected based on wet 

deposi t ion alone (corrected f o r  evapotranspirat ion). They a t t r i b u t e d  t h i s  

d e f i c i t  t o  dry deposi t ion o f  su l fa te,  ra the r  than sources i n  t h e  watershed. 

More recent ly,  Mamorek -- e t  a l .  ( i n  preparat ion) attempted a crude input-output  

budget, a l so  f o r  lakes I n  eastern Canada, and observed much lower lake s u l f a t e  

concentrat ions i n  regions o f  northeastern Ontario than would be expected from 

wet deposi t ion estimates, corrected f o r  evapotranspirat ion. This r e s u l t  may be 

i n d i c a t i v e  of s ign i f i can t  s u l f a t e  re ten t i on  i n  these areas, although the  s o i l s  

t y p i c a l l y  found i n  these areas are not general ly associated w i t h  h igh s u l f a t e  

adsorpt ion capaci t ies.  

4.3-3 Advantages and Disadvantaqes 

The p r i n c i p a l  advantages o f  a l l  of these approaches i s  t h a t  they are 

e a s i l y  appl ied t o  la rge  data sets, thus a l lowing a d i r e c t  examination of t he  

reg ional  d i s t r i b u t i o n  o f  response character is t ics .  

current  information, so the  methodological problems associated w i th  i n t e r p r e t -  

?hey a lso  requ i re  only 

i n g  h i s t o r i c a l  data are avoided. The t h i r d  approach, s u l f a t e  input-output 
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analyses, i s  perhaps the  most promising, because i t  focuses on a process t h a t  

may be c lose ly  associated w i t h  the  response cha rac te r i s t i cs  o f  systems. 

The major disadvantage of a l l  these approaches (especia l ly  t he  f i r s t  two) 

i s  that  they r e l y  on assumptions regarding how a s t a t i c  feature o f  a system i s  

fe lated t o  i t s  dynamic response character is t ics .  Given t h a t  these. assumptions 

can be v e r i f i e d  by other analyses, these methods provide r e l a t i v e l y  easy and 

extensive (data r i c h )  t o o l s  fo r  regional  characterizations. Without such 

v e r i f i c a t i o n ,  these approaches can only  be considered speculative. 

4.3.4 Expected U t i l i t y  

From t h e  preceding discussion, i t  I s  evident t h a t  t h e  u t i l f t y  of these 

methods would be strengthened by support from other analyses. 

dynamic approaches described i n  Sections 4.5 and 4.6 provide i n s i g h t s  i n t o  the  

Character is t ics  of lakes and watersheds t h a t  in f luence response t imes t o  a c i d i c  

Given t h a t  t he  

deposit ion, these methods w i l l  be =usefu l  i n  a id ing  the r e g i o n a l i r a t j o n  o f  

t he  r e s u l t s  obtained from a small set  of in tensely  studied systems. 

4.4 STEADY STATE MODELS 

4.4.1. General Approach 

Steady s t a t e  models o f  a c i d i f i c a t i o n  are designed t o  p r e d i c t  t h e  eventual 

surface water chemistry t h a t  w411 r e s u l t  from a given l e v e l  o f  a c i d i c  deposi- 

t i on .  The models are t y p i c a l l y  q u i t e  sinsple, i n v o l v i n g  only small numbers 

( <  10) o f  inputs  and outputs. The mul t i tude of i n te rac t i ons  t h a t  p lay a r o l e  

i n  t h e  a c i d i f i c a t i o n / n e u t r a l i z a t i o n  process are usual ly  aggregated i n t o  a few 

'lumped" parameters that are presumed t o  represent adequately t h e  complexity of 

t h e  system. Because they are a l l  simple and have r e l a t i v e l y  minor data 
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requirements, they can o f ten  be appl ied on a regional  basis and thus d i r e c t l y  

provide extensive predic t ions o f  eventual effects. . 

An important aspect o f  these models from the  po in t  o f  view of assessing 

system response i s  t h a t  they a1 1 , by de f in i t i on ,  lack a temporal 'element. 

Thus, they cannot be used t o  evaluate the  r a t e  o f  response o f  systems t o  ac id ic  

deposition. 

t h e  r a t e  question. 

t i o n s  o r  simple theo re t i ca l  concepts, wi thout any considerat ion o f  a t ime 

scale. Members o f  t he  l a t t e r  group are somewhat less  complex. They w i l l  be 

Some o f  these models have dynamic versions t h a t  may be used f o r  

Others have been developed d i r e c t l y  from empir ica l  observa- 

discussed f i r s t .  

4.4.2 Examples o f  Steady State Models 

Almer -- e t  a l .  (1978) and Henriksen (1980) developed simple, empir ical  

models t h a t  g raph ica l l y  r e l a t e  a measure o f  ac id i c  inputs  ( lake s u l f a t e  

concentrat ions) and a measure of lake  s e n s i t i v i t y  (unspeci f ied i n  Almer -- e t  al.; 

calcium p lus magnesium i n  Henriksen) t o  the  expected eventual pH of a p a r t i c -  

u l a r  system. The models were developed t o  expla in  pat terns o f  surface water 

chemistry i n  lakes dn Scandinavia, but  more recent ly  attempts have been made t o  

apply them t o  North American lakes (e.g., Haines and Akielaszek, 1983). 

These models have a number o f  problems t h a t  l i m i t  t h e i r  use as t o o l s  f o r  

p red ic t i ng  e f f e c t s  of  ac id i c  deposition. F i r s t ,  t he  absence o f  an ob jec t ive  

mans o f  c l a s s i f y i n g  lake s e n s i t i v i t y  i n  t h e  Almer -- e t  al.  model makes i t  

v i r t u a l l y  impossible t o  use t h i s  model as a p red ic t i ve  tool .  Second, both 

models have assumed t h a t  t he  lakes used i n  developing them are i n  steady s ta te  

w i t h  current  deposi t ion levels.  Third, t he  presumed re la t i onsh ip  between lake 

su l fa te  concentrat ions and su l fu r  loadings i s  u n l i k e l y  t o  be universal.  Thus 

l ake  su l fa te  i s  probably not a good pred ic to r  o f  loadings f o r  regional  appl ica- 
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tion. Finally, Xenriksen's model initially assumed that base cation leaching 

does not increase in response to increased incoming acidity. More recently, 

Henriksen (1982) re?axed this assumption, and Wright (1983) incorporated a 

"base cation increase factor" into a modified version of the Henriksen model. 

Nevertheless, a single constant parameter is probably an inadequate represen- 

tation of the processes it Is intended to reflect, especially when considered 

on a regional basis. 

Thompson (1982) developed a steady state model that Ss quite similar to 

Henriksen's, although It i s  derived from theoretical considerations rather than 

from empirical observations. Tholnpson's model also predicted surface water pH 

frum sulfate concentrations (used again as a surrogate for loadings) and cation 

levels. She represents the effects of cations in terms o f  a cation denudation 

rate, which effectively determines the ability of a system to neutralize 

incoming acidity ($.e., each equivalent of  cations neutraldtes an equivalent of 

acidity). 'Predictions of steady-state pH are derived from considerations o f  

charge balance and carbonate-bicarbonate equilibrium chemistry. For the 

latter, an assumed CO2 partial pressure t s  required. As for the previous 

models, the  supply of base cations (1 cation denudatlon rate) I s  assumed 

constant, regardless o f  the level of acidic deposition. 

Thompson has applied the model to several systems in eastern Canada, with 

reasonable success. The model has the same conceptual weaknesses as 

Hcnriksen's, however (sulfate loadings estimated indirectly, base supply 

constant), and these limit its application on a regional basis or f o r  scenarios 

of changing deposition. 

M a m r e k  -- et al, (in preparation) have developed a steady state model that 

is a solution to a very simple dynamic mass balance model for alkalnity, base 

cations, and sulfate. The basic principTes of the model are quite similar to 
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those o f  Henriksen (1982) and Wright (1983), p a r t i c u l a r l y  i n  t h a t  they al low 

base ca t ion  supply t o  be a f fec ted  by s u l f a t e  loadings. 

est imate the  ac id  neu t ra l i z i ng  capaci ty o f  a watershed from current  surface 

water ca t ion  and s u l f a t e  concentrat ions, but do not assume these:values t o  be 

i:n steady state. Also, s u l f a t e  loading i s  estimated d i r e c t l y  f rom-deposi t ion 

data, ra ther  than from surface water s u l f a t e  concentrations. Thus, the  three 

key assumptions o f  t he  e a r l i e r  models have been relaxed. This model has been 

fo l low ing  Wright, they 

used 

a le ,  - 

alka  

t o  est imate regional  impacts o f  a c i d i f i c a t i o n  i n  eastern Canada (Jones - e t  

i n  preparat ion) bu t  has not  been adequately v e r i  f i e d  t o  date. 

Schnoor -- e t  al .  (1982) a l so  have developed a steady s ta te  model based on an 

i n i t y  mass balance. The model was developed a5 a "lumped parameter" 

steady s ta te  version o f  t he  if ynamic, Trickle-Down model described i n  a l a t e r  

sect ion (4.6.4, Trickle-Down model). Deposit ion data are used as inputs, and 

ac id  neu t ra l i za t i on  i s  represented by a s ing le  parameter, which may vary w i th  

deposition. Schnoor -- e t  a l e  discuss t h i s  parameter I n  terms o f  watershed base 

ca t ion  supply and weathering rates and emphasize the  importance o f  knowing 

whether and how these ra tes  are a f fec ted  by the  amount o f  incoming ac id i ty .  

The model has been appl ied t o  lakes i n  Wisconsin and t h e  Adirondacks. 

F ina l l y ,  R e u s  (1980, 1983) and Reuss and Johnson (1985) have developed an 

equ i l i b ru im  s o i l  and surface water chemistry model that  i s  q u i t e  d i f f e r e n t  from 

a l l  of t he  previous models. 

and i s  not  e x p l i c i t l y  concerned w i t h  addressing the  e f f e c t s  o f  a c i d i c  deposi- 

t i o n  on t h e  eventual s t a t e  o f  an aquat ic system. Rather, i t  p red ic t s  the  

expected equ i l ib r ium condi t ion of s o i l  and surface waters over a r e l a t i v e l y  

shor t  t ime per iod  ( the  t ime i t  takes for p r e c i p i t a t i o n  inputs  t o  pass through 

the  s o i l  t o  surface waters). 

It i s  considerably more de ta i l ed  than the  others, 

The Reuss model i s ,  however, incorporated i n t o  
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MAGIC (Cosby -- e t  a]., 1984, described i n  Section 4.6.5, MAGIC), a dynamic mode? 

developed s p e c i f i c a l l y  t o  address t h e  issue o f  long term a c i d i f i c a t i o n .  

The model accounts f o r  t h e  chemical e q u i l i b r i a  associated w i t h  cat ion 

exchange, aluminum d isso lu t i on ,  and inorganic carbon. 

the e f f e c t s  o f  increases i n  the  concentrat ion of a mobile anion ( s u l f a t e )  on 

t h e  a l k a l i n i t y  o f  s o i l  solut ions. Depending on whether a l k a l i n i t y  i s  p o s i t i v e  

I t s  inten$ i s  t o  examine 

or negative, t he  r e s u l t i n g  e f f e c t s  on sueface water pH can be dramat ical ly 

d i f f e r e n t  when t h i s  s o i l  water becomes i s o l a t e d  from t he  i o n  exchange s i t e s  o f  

the s o i l  horizons and CO2 p a r t i a l  pressure decreases due t o  contact w i t h  a i r ,  

The most important c o n t r i b u t i o n  o f  t h i s  model I s  t h a t  i t  i l l u s t r a t e s  a mechan- 

i s m  by which surface water a c i d i f i c a t i o n  can occur as a r e s u l t  o f  inputs  of  

s u l f a t e  wi thout s i g n i f i c a n t  decreases in so41 base saturation. 

Reuss and Johnson (1985) a l so  po in t  out that  t h e  r a t e  a t  which t h i s  e f f e c t  

w i l l  occur depends on whether t h e  s o i l s  Aave some capaci ty t o  adsorb su l fa te,  

and how long it takes t h i s  capaci ty t o  be exhausted. They do not account f o r  

su l fa te  adsorption i n  t h e i r  lgodel (nor do any of the other models discussed 

above), although t h i s  process i s  incorporated i n t o  t h e  MAGIC model. 

4.4.3 Advantages and Disadvantases 

The p r i n c i p a l  advantage of a l l  but  t h e  l a s t  of the models discussed i n  

t h i s  sect ion i s  t h a t  t h e i r  s i m p l i c i t y  al lows them t o  be appl ied on a regional  

scale, us ing only water chemistry and deposi t ion data. The p r i c e  of  t h i s  

s i m p l i c i t y ,  however, 4s t h a t  assumptions t h a t  are not  easy t o  defend must be 

made regarding t h e  value of c r i t i c a l  parameters such as t h e  base ca t i on  

increase f a c t o r  used by Wright (1983) and M a m r e k  -- e t  al.  ( i n  preparation). 

Related t o  t h i s  assumption is the p o t e n t i a l  danger t h a t  watershed n e o t r a l i r a -  

t i o n  processes are not  represented I n  s u f f i c i e n t  d e t a i l  t o  be r e a l i s t i c .  
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F ina l l y ,  because they lack a t ime component, they cannot be used t o  estimate 

t h e  r a t e  o f  response o f  systems t o  inputs  o f  ac id i c  deposit ion. 

4.4.4 Expected U t i  1 i t y  

- Given the  disadvantages discussed i n  the  previous section, t he  u t i l i t y  o f  

these models as t o o l s  f o r  assessing response charac ter is t i cs  of aquatic systems 

must be considered q u i t e  l imi ted.  

t h a t  can r e a l i s t i c a l l y  be appl ied d i r e c t l t o n  an extensive basis, and thus may 

prove useful as checks on other  approaches t o  regional  est imat ion o f  system 

Nevertheless, they are the  only models 

response character$ s t i  cs (i .e., dynami c model s/surveys) . 
4.5 SINGLE FACTOR RESPONSE TIME ESTIMATES 

The capaci ty o f  t e r r e s t r i a l  systems t o  neu t ra l i ze  ac id  deposi t ion inputs  

i s  (apparently) in f luenced by four  major processes: 

weathering replacement, s u l f a t e  retent ion,  and i o n  exchange bu f fe r i ng  (NAS, 

1984). 

Understanding o f  Key Factors Hypothesized t o  Control Surface Water Ac id i f i ca -  

tdon. 

these i ndi v idual  dynami c processes are d i  scussed bel  ow . 

hydrologic f low path, 

These fou r  dynamic processes were discussed i n  Chapter 3, Current 

Ana ly t i ca l  approaches for pred ic t i ng  system response t imes based on 

4.5.1 Hydrologic Flow Path 

Te r res t r i a l  systems neu t ra l i ze  a c i d i c  inputs  through s u f f i c i e n t  s o i l  

contact  with so l  1 adsorption-exchange processes (e.g., s u l f a t e  adsorption and 

ca t i on  exchange). 

f l o w  path 0- i n f luence the  aquat ic system response. 

Two fac to rs  -- length  o f  t he  f low path and r e a c t i v i t y  o f  the 
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4.5.1.1 Approach 

Because p r e c i p i t a t i o n  and runof f  are time-varying, t he  " length" o f  the  

f l o w  path can be expressed i n  u n i t s  o f  t i m e  t o  estimate the  aquatic response. 

For p r e c i p i t a t i o n  t o  f l o w  through deep s o i l s  t o  a stream o r  lake, i t  rmst not 

be retained, evaporated, or t ransp i red  i n  t h e  upper s o i l  horizons.- That i s ,  i t  

must i n f i l t r a t e  t o  a saturated l e v e l  i n  the  s o i l  (Chen e t  a l e ,  1984). Oominant -- 
l a t e r a l  water movement toward t h e  lake  begins i n  t h e  saturated zone. The r a t e  

of t h i s  water movement can be estimated by Darcy's Law: 

where Q ~ F  i s  t h e  l a t e r a l  flow i n  cubic meters per day, K 45 t h e  saturated 

hydrau l i c  conduct iv i t y  i n  meters per  day, A i s  t h e  cross sect ional  area f o r  

f l o w  i n  square meters, and S i s  t he  hydrau l i c  gradient i n  m per rn ( v e r t i c a l  per 

hor izon ta l  u n i t  (Chen e t  al., 1984). Maxirmm QLF ra tes occur when t h e  e n t i r e  

depth o f  permeable mater ia l  i s  saturated. 

-- 
Various approximations permit  t h e  use of t h i s  equation. For example, 

hydrau l i c  conduct i v f  ty  estimates f o r  various consol idateid and unconsolidated 

mater ia ls  may be obtained from Davis (1969). The cross-sectional area, A, can 

be approximated by m u l t i p l y i n g  the  l ake  perimeter and average thickness o f  the  

permeable mater ia l  (Chen -- e t  a1 . , 1984). The hydraul i c  gradient may be e s t i  - 
mated from the  average basin slope. The flow rate, Q ~ F ,  can be normalized by 

watershed area f o r  conrparfson with p r e c l p i t a t i o n  inputs. If the  areal  f l ow  

r a t e  (m/yr) i s  much greater  than t h e  annual p r e c l p i t a t i o n  r a t e  (corrected f o r  

evapotranspirat ion),  t h e  p o t e n t i a l  watershed flow capaci ty may permit  f low 

through deep s o f l s  and su f f i c i en t  r o i l  contact t ime f o r  neut ra l i za t ion .  I f  the 

areal  f low r a t e  i s  comparable or l ess  than the  annual p r e c i p i t a t i o n  rate,  t he  

p o t e n t i a l  watershed f l o w  may be through shallow soils not  pe rm i t t i ng  s u f f i c i e n t  

contact  t i m e  t o  neu t ra l i ze  a c i d i c  deposit ion. The i n t e r a c t i o n  between so i  1 



r e a c t i v i t y  and f low volume d i c t a t e  the  capacity o f  the  s o i l  t o  neut ra l i ze  

a c i d i c  inputs. The areal  f low r a t e  provides one ind i ca to r  o f  t h i s  po ten t ia l  

f o r  neutra l izat ion.  

4.5.1.2 Prevf ous Appl i cat ions - 
A s i m i l a r  approach was used by Chen -- e t  a1 . (1984) t o  assess water chem- 

i s t r y  d i f ferences between Woods and Panther Lakes, 

system, had a low po ten t i a l  f l o w  capaci ty (e.g., 19 cm/yr) i n  comparison t o  the  

mean annual p r e c i p i t a t i o n  r a t e  (80 cm/yr). 

t o  Woods Lake d i d  not take a deep f l o w  path through the  s o i l .  

non-acidic system, had a h igh p o t e n t i a l  f low capaci ty (e.g., 600-770 cm/yr) 

compared t o  the  mean annual p r e c i p i t a t i o n  r a t e  (80 cmlyr). 

deeper f l ow  path f o r  i n f l o w  t o  the  lake. During snowmelt, however, a po r t i on  

o f  t h e  i n f l ow ing  water could take a shallower path and introduce ac id i c  water 

t o  the  lake  surface. 

Woods Lake, an ac id i c  . 

This ind ica ted  most o f  t he  i n f l ow  

Panther Lake, a 

Panther Lake had a 

4.5.1.3 Advantages and Disadvantages 

Advantages o f  t h i s  approach are: 

Data are general ly ava i lab le  t o  penni t  t he  appl icat ion.  

It can be appl ied w i t h  minimum t i m e  and expense 

It estimates the  " length" o f  t he  f low path or p o t e n t i a l  s o i l  contact. 

o 

o 

o 

O i  sadvantages o f  t h i s  approach are: 

o 

o 

Numerous approximations are required f o r  watershed parameters. 

It assumes constant condi t ions f o r  many watershed proper t ies such as s o i l  

moisture content and sa tura t ion  depth, 

It provides only  an i n d i r e c t  est imate o f  s o i l  contact and the  depth of o 

f low. 
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4.5.1.4 Expected U t i l i t y  

This approach can provide an addi t ional  est imate o f  aquat ic system 

response t h a t  can corroborate, or f a i l  t o  corroborate, other estimates. 

Results may i n d i c a t e  whether s o i l  processes will have s u f f i c i e n t -  contact t ime 

fi)r neu t ra l  i r a t i  on, 

4.5.2 Ideathering Replacement 

Ueathering replacement of exchangeable base cat ions i s  a funct ion o f  

atmospheric inputs, mineralogy, base s e l e c t i v i t y  ra tes and other factors. 

Cation exchange i s  discussed i n  Section 4.5.4, ion Exchange. These paragraphs 

w i l l  discuss t ime estimates of mineral weathering replacement of base cations. 

4.5.2.1 Approach 

f r a c t i o n a l  order k i n e t i c s  are used Jn the  Trickle-Down model t o  describe 

mineral weathering rates as a funct ion of hydrogen i o n  concentrat ion i n  bulk 

s o l u t i o n  (Section 4.6, Trickle-Down model ). This k ine t i c ,  and conceptual, 

approach t o  mineral weathering can be used t o  estimate the long term response 

o f  aquat ic systems t o  a c i d  deposition, 

Mineral  d i s s o l u t i o n  or weathering ra tes  are propor t ional  t o  a m u l t i p l e  or 

power o f  t h e  hydrogen i o n  concentration. Fract ional  order k inet ics ,  which can 

be expressed as: 

Mineral 

Rate 
Dissolut ion fH+F 

Cwhere m 1.0 (Stwnm -- e t  a l . ,  1983)l imply t h a t  t h i s  m u l t i p l e  o r  power i s  less 

than uni ty.  

This general equation s tates that  as ac id  deposi t ion increases, t h e  

hydrogen ion concentrat ion wil l  increase with a propor t ional  increase i n  
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mineral weathering rate. Because o f  f rac t i ona l  order k ine t ics ,  however, a 

doubling o f  t he  hydrogen i o n  w i l l  r e s u l t  i n  less  than a doubling of t he  mineral 

weathering rate. 
. The reac t ion  order, m, i s  a func t ion  o f  many factors inc lud ing  the  

spec i f i c  mineral, s o i l  organic content, etc. and var ies from about-0.3 t o  0.8. 

S o i l  mineralogy, deposit ion, and s o i l  hydrogen i o n  concentrat ion data permit 

order o f  magnitude estimates o f  t he  mineral weathering rates. 

can be in tegrated w i t h  i o n  exchange estimates (Section 405.4) t o  obta in  order 

o f  magnitude t i m e  estimates f o r  base supply ra tes and, therefore,  t he  response 

t ime  o f  var ious aquat ic systems t o  ra tes  o f  ac id i c  deposition. 

This in format ion 

4.5.2.2 Previous Appl icat ions 

Schnoor and Stumn (1984) used a s i m i l a r  approach i n  evaluat ing important 

processes i n  t h e  a c i d i f i c a t i o n  o f  t e r r e s t r i a l  and aquat ic systems. Although 

these are no studies s i m i l a r  t o  those proposed, d i sso lu t i on  studies have been 

done by Busenborg and Plummer (1982), Grandstaff (1977), Schott c- e t  al,  (1981), 

Stumm -- e t  alm (1983), and others (See Sect ion 4.6, Trickle-Down Model). 

4.5.2.3 Advantages and Disadvantages 

Advantages o f  t h i s  approach are: 

Order o f  magnitude t ime estimates f o r  mineral weathering ra tes  can be 

obtained a t  minimum t ime and expense. 

Relat ive comparisons can be made of mineral weathering w i th  other s o i l  

processes, such as deplet ion of base saturation. 

These r a t e  estimates can be compared w i th  r a t e  estimates used or computed 

by dynamic models f o r  corroboration. 

a 

o 

o 

Disadvantages o f  t h i s  approach are: 
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o These Studies  Here conducted under control led laboratory conditions and 

may not be re levant  t o  f i e ld  s i tuat ion.  

Hineral dissolut ion r a t e s  are influenced by many f ac to r s  i n  addition t o  o 

. hydrogen ion concentration. 

o There is no d i s t inc t ion  between primary and secondary mineral -weathering 

o r  weather1 ng order, 

, 
4,5,2,4 Expected Ut j l i ty  

Estimates of mineral weathering r a t e s  can be computed from soi l  mineral- 

ogy, deposlt ion,  and s o i l  hydrgen ion concentration. These weathering rate 

est imates  can be compared w i t h  depostt ion r a t e s  t o  assess  the potent ia l  

depletion o f  the base ca t ions  from t h e  watersbed, 

4.5.3 Sulfate  Adsorption 

The two major anions introduced t o  t e r r e s t r i a l  systems through acid 

deposit ion are s u l f a t e  and nitrate. These anions a r e  provided by sulfuric and 

nitric acid, respectively, The Sul fa te  anion I s  assumed t o  be t h e  dominant 

anion i n  surface water ac id i f i ca t ion  (NAS, 1984) and i ts  biogeochemical 

dynamics were discussed i n  Chapter 3.3, Anion nobi l i ty ,  Part A. This discus- 

s ion  w i l l  focus on estimating aquat ic  system response time from s u l f a t e  

adsorption dynamics. 

4,5,3,1 Approach 

Sul fa te  adsorption i n  S o i l s  occurs primarily by spec i f f c  adsorption (OH- 

l igand exchange) on i ron and aluminum hydrous oxide coatings and soil clays 

(Kingston etfi., 1972; Johnson and Todd, 19133; Rajan, 1978). Equilibrium 

between adsorbed and dissolved s u l f a t e  may be described by Langmir isotherm 
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o r  hyperbol ic funct ion (Figure A.4.1). 

estdmated s u l f a t e  deposi t ion leve ls ,  the  s o i l  can be " t i t r a t e d "  ( theo re t i ca l l y )  

t o  describe the  t ime required t o  reach the  steady s ta te  cond i t ion  (foe., no - net 

SO4 adsorption on an annual basis). 

A-. 4,l . 

Using s u l f a t e  adsorption isotherms and 

This i s  shown schematical ly : in Figure 

4.5.3.2 Previous Appl icat ions 

There are no previous appl icat ions o f  t h i s  approach but  i t  i s  s i m i l a r  t o  

t h e  steady s t a t e  model " t i t r a t i o n s "  of Henriksen (1890, 1982). Wright (1983), 

and Schnoor (1983) 

4,5,3.3 Advantages and Disadvantages 

Advantages o f  t h i s  approach are: 

An estimate can be obtained o f  t he  t ime t o  reach steady s ta te  under 

present or a l t e r n a t i v e  deposi t ion levels, 

This est imate can be compared with dynamic model predic t ions and inpu t -  

output budgets f o r  corroboration. 

8 

o 

Disadvantages o f  thds approach include: 

o This approach does not consider o ther  chemical o r  b i o l o g i c a l l y  mediated 

transformat ions t h a t  can increase su l fa te  retent ion.  

The s u l f a t e  adsorpt ion isotherms mis t  be measured a t  s o i l  pH because these 

isotherms are pH dependent. 

o . 

4.583.4 Expected U t i l i t y  

This approach provides an estimate of t he  r e l a t i v e  importance o f  t h i s  

process compared w i th  other S o i l  processes. I n  addi t ion,  t ime estimates t o  

reach steady s t a t e  ( i D e o ,  no net sul fate 'adsorpt ion) can be computed f o r  
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Figure A.b.1. Sulfate adsorption isotherm. 
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var ious regions o f  t he  Uni ted States such as the  Southeast. These estimates 

can be compared w i th  input-output  budgets f o r  those regions such as the  

northeastern Uni ted States t h a t  are considered t o  be i n  steady state. 

L 5 . 4  Ion Exchange 

Ion exchange and weathering replacement are hypothesized t o  be two 
I 

important fac to rs  i n  determining base supply r a t e  (Sections 3.4 Cation Exchange 

Processes and 4.5.2 Weathering Rep1 acement) . These paragraphs w i  11 discuss an 

approach f o r  est imat ing the  t ime t o  deplete the  watershed exchangeable ca t ion  

supply 

4,5.4,1 Approach 

S o i l  ca t ion  exchange capaci ty (CEC) i s  def ined as the  t o t a l  quant i t y  o f  

exchangeable cat ions (meta l l i c  and hydrogen) adsorbed on mineral surfaces. The 

percent base sa tura t ion  (% BS) i s  defined as the  f r a c t i o n  o f  exchange s i t e s  

occupied by base cat ions (Ca*+, I@+, Na+, K+) (see Section 3.4, Cation 

Exchange Pr.ocesses, Chapter 3). The X BS var ies inverse ly  w i t h  hydrogen i o n  

concentration. 

t o  estimate the  t ime required t o  deplete the  base cat ions a t  present deposi t ion 

levels. The s a l t  e f f e c t  (bu f fe r i ng  by A1 compounds) becomes important a t  lower 

Using measured X BS, one can t h e o r e t i c a l l y  " t i t r a t e "  t he  s o i l s  

% 0s values o f  about 15% (Reuss and Johnson, 1985). Although, dependent upon 

other  factors,  these can be established, The t ime response can be computed 

assuming: (a )  no (zero) external  supply o f  base cat ions;  (b) atmospheric inputs  

bu t  no (zero) weathering supply; and (c)  minimum weathering supply o f  base 

cations. The minimum weathering rates w i l l  be computed f o r  d i f f e r e n t  minerals 

us ing the  lower range o f  f r a c t i o n a l  order d i sso lu t i on  ra tes  c i t e d  by Schnoor 

and Stumn (1984) (see Section 4.6.4, Trickle-Down Model, Chapter 4, Part A). 
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4.5.4.2 Previous Applications 

This specific approach has not been previously applied b u t  i t  is similar 

t o  steady state model applications of Hrpnriksen (1980, 1982), Wright (1983), 

and Schnoor (1983). 

4.5.4.3 Advantages and Disadvantages 

Advantages of t h i s  approach are: 

Base cation depletion rates can be estimated for various deposition o 

rates. 

o These estimates can be compared w i t h  estimates of cation supply from other 

soil  processes such as mineral weathering, 

The disadvantages o f  t h i s  approach arc: 

o Inasmuch as  CEC and X 3s are influenced by pH, these factors must be 

measured a t  soil pH, not the standard measurements a t  buffered pH 7 soil 

so 1 u t i  on . 
o Biological uptake, including preferential cation uptake, and other removal 

processes are not  included 

4.L4.4 Expected Utility 

Estimates o f  potential base catIon depletion rates can be calculated for 

various regions of the United States. For systems i n  steady state w i t h  sulfate 

i n p u t s ,  the base supply rate and exchangeable cation pool represents an 

important soil neutral i t a t i o n  process, 

4.5.5 Conclusions 

Order of magnitude time estimates can be computed for  each of the dynamic 

processes identified above. These processes, however, do not occur i n  i so la-  
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t i on .  

The t ime estimates do i nd i ca te  the  r e l a t i v e  importance o f  various s o i l  pro- 

cesses i n  neu t ra l i z i ng  ac id  deposi t ion inputs  but  must be in tegra ted  f o r  a 

h o l i s t i c  assessment. 

These processes are h igh l y  I n t e r a c t i v e  and inf luenced by other factors. 

Dynamic models represent one approach f o r  fn tegra t ing  

these processes. 

4a6 DYNAMIC SYSTEM MODELS 

4.6.1 De f in i t i on  

Dynamic system models simulate 

These models i n teg ra te  t ime-varying 

the  response of a system through time. 

inputs  through a set  of process formula- 

t i o n s  o r  equations t o  produce a t ime-varying t r a j e c t o r y  o r  t ime ser ies o f  

output variables, Dynamic system models are defined by t h e i r  i n teg ra t i on  o f  

processes occurr ing w i t h i n  a system w i t h  respect t o  time. 

4.6.2 In teqrated Processes 

The mechanisms c o n t r o l l i n g  o r  in f luenc ing  surface water chemistry (Figure 

B.2a7)  are ne i the r  i so la ted  nor s t a t i c  processes. The processes are h igh l y  

i n t e r a c t i v e  and wary over t ime scales from minutes t o  decades. 

models i n teg ra te  these processes t o  simulate response of systems t o  ac id i c  

deposi t ion through time. 

how m u l t i p l e  processes such as hydro log ic  f low paths, weathering replacement ,. 
anion retent ion,  and base ca t ion  buffer ing i n t e r a c t  through t ime t o  cont ro l  

surface water ac id i f i ca t i on .  

Dynamic system 

Dynamic models represent our present understanding o f  

4.6,3 General Requirements 

The general requirements f o r  most dynamic a c i d i f i c a t i o n  models are s im i la r  

because the  processes incorporated i n  these models are s imi lar .  These general 
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requirements are shown I n  Table A.4.1. 

data requirements are discussed i n  the  fo l l ow ing  sections, 

Speci f ic  a c i d i f i c a t i o n  models inc lud ing 

4.6.4 Trickle-Down Model 

4.6.4.1 Purpose o f  Development (Objectives) 

The Trickle-Down model was developed t o  perform a c i d  p r e c i p i t a t i o n  assess- 

ments on a number of seepage lakes (lakes without any i n l e t s  or o u t l e t s )  i n  the  

Upper Midwest. The ob jec t i ve  o f  the  modeling e f f o r t  was t o  provide an 

"in-between" approach f o r  a c i d  p r e c i p i t a t i o n  assessments; t h a t  i s ,  a model t h a t  

i s  d e t a i l e d  enough t o  solve f o r  a l k a l i n i t y  concentrat ions i n  surface water, 

s o i l ,  and groundwater, and y e t  simple enough t o  be run on a microcomputer using 

one master var iab le ( a l k a l i n i t y ) .  A l k a l i n i t y  (ac id  n e u t r a l i z i n g  capacity, ANC) 

was selected as t h e  master var iab le because it represents the  aggregate o f  a l l  

acfd/base react ions t h a t  occur i n  the  watershed. Thus, any react ion t h a t  

occurs i n  the watershed (e.g., su l fa te  reduction, biomass synthesis, ammonia 

oxidation, o r  chemical weathering) mis t  be formulated i n  terms o f  i t s  e f f e c t s  

on a l k a l i n i t y  v i a  stoichiometry. The Trickle-Down was not developed t o  address 

questions i n v o l v i n g  t h e  f a t e  of any p a r t i c u l a r  ca t i on  or anion. 

used t o  address f o r e s t  n u t r i t i o n a l  ef fects,  but  i t  can be used t o  ca lcu late the  

It cannot be 

a l k a l i n i t y ,  pH, and aluminum concentrat ions o f  a lake using d a i l y  p r e c i p i t a t i o n  

i npu ts  as t h e  d r i v i n g  variable. By ad jus t i ng  the a c i d i t y  o f  p r e c i p i t a t i o n  or 

t h e  amount of dry deposition, t h e  e f fec ts  of various loading scenarios can be 

determined. 



Table A,4.1. Ggneral requi  remento f e r  dynamics watershed-surface water 
ch erni s t  ry mode 1 s . 

1. Deposi t i on 

2. 

3. 

4. 

5. 

-- -- standard meteorological data 

WatershedjSoi 1 Physical Character is t ics  

deposit i on chemi s t  ry 

-- watershed area -- vegetat ive cover (by type) 
9- catchment. slopes 
-0 depth o f  permeable mater ia l  -- bulk  densi t y  
-0 poros i t y  
c- gra in  s i ze  d i s t r i b u t i o n  

Soi 1 Chemi cat Character is t ics  

ca t ion  exchange capaci ty (neutra l  s a l t )  
X base sa tura t ion  (neutral  s a l t )  
exchangeable bases 
l ime p o t e n t i a l  
Fe and A1 po ten t i a l  
SO4 adsorption isotherms 
ext ractable SO4 
organic content 
PH 
PCQ2 
mineral ogy 

Lake Physical Character is t ics  

0-  lake area -- mean lake depth 
0- maxdmum lake depth -- secchi depth 

Surface Water Chemistry 

PH 
a l k a l i n i t y  
a c i d i t y  
base cat ions (Mg, Ca, Na, K)  
s t rong ac id anions (SOq, NU3, C1) 
A1 
DOC 
D IC 
t o 1  o r  
s p e d  f i c conductance 



4.6.4.2 Conceptual Basis 

The Tr ick le-Own model i s  based on t he  p r i n c i p l e  o f  con t i nu i t y  for a l k a -  

l i n i t y  -- a mass balance approach. The key processes considered are chemical 

weathering, i o n  exchange, and hydrologic flaw paths. 

4.6.4.2.1 Key Processes and l e v e l s  o f  Parsimony 

Chemical weatherinq i s  a key process on which t h i s  research has focused. 

Based on bar diagrams of water chemistry, it can be shown t h a t  t he  predominant 

watershed reac t ion  t h a t  modif ies p r e c i p i t a t i o n  chemistry i s  t he  release o f  

cat ions (Ca+Z, Mg*2, Ha', K+) coupled with base product ion and the  poss ib le  

formation o f  bicarbonate a l k a l i n i t y  (OH' + GO2 - KO3').  This i s  t r u e  for t h e  

vast ma jo r i t y  o f  watersheds i n  t h e  Upper Midwest and k r t h e a s t  ll.S where 

sens i t i ve  lakes have been studied. Ueathering and i o n  exchange phenomena can 

be important processes i n  sediment-water a5 we l l  as so i l -wa te r  in te rac t ions ,  so 

t h e  k i n e t i c s  discussed here apply also t o  t h e  sediment-water in te r face .  

Garrefs and Chr i s t  (1965) were two o f  t he  f i r s t  t o  demonstrate t h a t  

congruent and incongruent d i sso lu t i on  of minerals i n e v i t a b l y  leads t o  a 

consumption o f  X equivalents o f  ac id  and the  production o f  X equivalents o f  

catlons, Generally, calcium ions  are the most read i l y  dissolved conponent o f  

rocks and minerals, For example, f o r  the calcium-plagioclase mineral 

anor th i te ,  incongruent d i sso lu t i on  results i n  t he  release of Ca+2 and the  

formation o f  a c l a y  res idual  , kao l i n i t e ,  

C a A l S i  F8 (ano r th i t e )  + 2 ti+ 

2 A1 (OH3{s) + 2HqSiU4 

2 A1(OH)3(s) + Ca+2 f 2 HqSi04 

A12Si~0s(OH)4 ( k a o l i n i t e )  + 5 H20 

anor th i t e  + 2 H+ 
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The stoichiometry of m i  neral  d i  ssol u t i  on equations provides the  1 i nk between 

ca t i on  release and equivalent a l k a l i n i t y  generation w i t h i n  a watershed. 

The dependency of mineral weathering on hydrogen i o n  a c t i v i t y  i n  solution 

can be demonstrated usdng surface coordinat ion chemistry as i n  St-umm e t  a l .  

(1983) and Schnoor and Stumm (1984), It i s  possible t o  express the  r a t e  o f  

-- 

mineral d i sso lu t i on  i n  terms of t he  hydrogen i o n  concentrat ion i n  bulk so lu t i on  

i n  which m i s  t he  f rac t iona l  order d i sso lu t i on  rate. For aluminum oxide 

dissolut ion,  Stumm -- e t  al.  (1983) have shown t h a t  m = 0.4 ( f r a c t i o n a l  order). 

I n  add i t i on  t o  theo re t i ca l  arguments, experimental evidence ex i s t s  t o  V a l  i d a t e  

t h a t  equation ( 4 )  i s  appropr iate f o r  a wide va r ie t y  o f  minerals (Table A.4.2). 

But hydrogen i o n  at tack on minerals (hydro lys is)  i s  not  t he  only  means o f  

mineral  d issolut ion.  

s o i l  so lu t ion,  are known t o  accelerate the d isso lu t ion  o f  minerals. This 

process, too, can be viewed as a surface coordinat ion reaction. 

Other l igands, such as the  s u l f a t e  anion or  organics i n  

The two types o f  mineral d i sso lu t i on  (hydrolysis and l igand a t tack)  g ive  

These react ions have a rate-determining step r i s e  t o  mixed k i n e t i c s  overal l .  

i n v o l v i n g  surface complexes, and the  k i n e t i c s  are given by equation ( 5 ) ,  i n  

which 

oxalate o r  su l fa te ) ,  z i s  t he  charge o f  the  cent ra l  metal cation, and k l  and k 2  

are r a t e  constants. 

represents the  mineral surface, A i s  t he  d iva len t  anion l igand (e.g., 

Rate - kl [ -OH2+]Z + k2[ -AH] (5) 

The r a t e  of mineral d i sso lu t i on  i s  re la ted  t o  the  degree of protonat ion of t h e  

surface (o r  H+ i o n  i n  bulk so lu t ion)  and t o  the  degree of l i gand  sorpt ion (or 

l i gand  concentrat ion i n  bulk solut ion).  

Analogous weathering k i n e t i c s  are discussed i n  Seknoor anod Stumm (1984) 

and included i n  t h e  Trickle-Down model. ’ 
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Table 8.9.2. Reaction order for the rate of dissolution of minerals by acids. 

Mineral 

Dolomite 

Bronri t e  

fnstat i te 

Di opsi de 

&Feldspar 

I ron Hyd r o x i  de 

A1 umi num 0x4 de 

(Mg ,Ca ) S i  03 

MgSi O3 

CaMgSi 206 

KA1 Si 308 

Fe (OH) +el 

203 

Sol u t i  on 

NC 1 

HC 1 

HCl 

HC1 

Buffer 

Various Acids 

HC 1 

Hxn. Order 

[H+]O* 

Reference 

Busenberg and 
P1 ummer t. 1982) 

Grandstaf f . ( 1977) 

Schott et a l .  (1981) 

Schott et a l .  (1981) 

Wollast (1967) 

Furuichi et a l .  (1969) 

Stumm -..-- et a l .  (1983) 

-- 
-- 
-- 

I 
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.. - Rate = kh . + ko 
H+ref 

i n  which kh = hydro lys is  r a t e  constant, eq/ha-yr 

m = f r a c t i o n a l  react ion order f o r  hydro lys is  

ko 

Htref = reference hydrogen i o n  a c t i v i t y ,  eq/l. 

= r a t e  constant for  l igand attack, eqlha-yr 

Attack by hydrogen ions i s  f r a c t i o n a l  order 0- a f a c t  w i th  profound 

imp l ica t ions  f o r  "ac id  r a i n "  assessments. To the  extent t h a t  ac id i c  deposi t ion 

increases hydrogen i o n  a c t i v i t y  i n  s o i l s  and sediments, we may expect increases 

i n  the  r a t e  o f  leaching and weathering. 

weathering w i l l  increase, but less  than a doubling, due t o  the  f r a c t i o n a l  order 

k i n e t i c s  t h a t  apply. Thus, ac id  p r e c i p i t a t i o n  i s  only p a r t i a l l y  compensated by 

If t h e  H+ i o n  a c t i v i t y  doubles, t he  

increases i n  chemical weather4 ng. 

The imp l i ca t i on  o f  equation (5)  i s  t h a t  su l fa te  i o n  may speed the  r a t e  o f  

chemical weathering i n  add i t i on  t o  the  hydrogen i o n  at tack o f  H2SDq. 

i s  a l igand, and equations (5-6) apply here as well. Furthermore, t h i s  

requi res t h a t  s o i l s  t h a t  are we l l  buffered w i t h  respect t o  pH by C02 super- 

sa tura t ion  and by organic acids (and which otherwise would not be much a f fec ted  

Sul fa te 

by ac id p r e c i p i t a t i o n )  may s t i l l  be leached by sul fate.  The mobile anion 

concept would apply. 

The Trickle-Down model uses a k i n e t i c  approach. No primary minerals are 

a t  chemical equi 1 i b r i  urn w i th  respect t o  the  aquatic and t e r r e s t r i  a1 envi ronment 

a t  these locat ions w i th  the  possible exception of g ibbsi te.  Therefore, a 

k i n e t i c  approach makes sense. 

chemical equ i l ib r ium dur ing p r e c i p i t a t i o n  events (Ardakani and McLaren, 1977), 

and espec ia l l y  consider ing the  p o s s i b i l i t y  of macropore flow. 

Even i o n  exchange i s  not l i k e l y  t o  be a t  
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Neut ra l i za t i on  processes t h a t  occur i n t e r n a l l y  t o  the  lake are presently 

ca lcu lated i n  t h e  Trickle-Down model as a tero-order  input  o f  a l k a l i n i t y  a t  the 

rediment-water interface, The r a t e  constant for i n t e r n a l  n e u t r a l i z a t i o n  i s  

determined from mode1 c a l i b r a t i o n  with f i e l d  data, 

- A weathering process t h a t  was recent ly  added t o  the  Trickle-Uown Model and 

which i s  present ly  being tes ted  w i t h  data from Lakes Clara and Vandercook i s  

t h e  aluminum speciat ion submodel. Aluminum concentrat ions are der ived from 

a l k a l i n i t y  and pH output var iables o f  t h e  Trickle-Uown model and are calculated 

assuming sa tu ra t j on  of m i c r o c r y s t a l l i n e  gibbsite. 

Ion exchange i s  another key process t h a t  i s  included i n  t h e  frickle-Down 

model. Cation exchange react ions can occur between hydrogen ions and base 

cat ions producing the  same net  e f f e c t  as mineral d i sso lu t i on  but with more 

r a p i d  k inet ics .  Using a calcium base exchange s i t e  (4) as an example: 

Ca-R + 2 H+ H ~ - R  + Ca+2 ( 7 )  

d 6 F l  = k N We (ro - r) 

The k i n e t i c s  o f  t h i s  reac t i on  are assumed t o  be d i r e c t l y  proport ional  t o  t h e  

sum o f  exchangeable bases i n  t h e  upper s a i l  horizons. 

03) 

A - a l k a l i n i t y  concentration, eq/m3 

Y = water column w i t h i n  t h e  corapartment, m3 

t = t ime ,days  

k = lon exchange r a t e  constant, day-1 

El = bulk densi ty  o f  s o i l ,  kg/m3 

Ye - t o t a l  environmental volume of the  compartment, m 3 

ro - i n i t i a l  sum o f  exchangeable bases, eq/kg 

r = exchangeable base deplet ion, eq/kg 
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The r a t e  constant, k, can be made a func t ion  o f  hydrogen i o n  o r  neutral  

s a l t  concentrat ion t o  the  f rac t i ona l  power, temperature, mean s o i l  p a r t i c l e  

size, o r  f low r a t e  through the  s o i l ,  but  only hydrogen i o n  dependence has been 

tes ted  so far. 

delayed response systems. As r increases dur ing the  course of a long-term 

simulat ion,  t he  base exchange r a t e  decreases u n t i l  such t ime as a l l  t he  

The exchangeable base deplet ion term, r, al lows est imat ion o f  

exchangeable bases are depleted (ro - r - 0). Mineral d i sso lu t i on  (chemical 

weathering) would continue, and i t  could serve t o  rep len ish the  depleted 

exchangeable bases. This i s  a mechanism t h a t  i s  e a s i l y  f a c i l i t a t e d  i n  the  

Trickle-Down model, and plans are f o r  it t o  be implemented i n  the  model code. 

To assess delayed response systems, i t  w i l l  be necessary t o  know the  s i ze  and 

quantlity o f  read i l y  weatherable minerals (e,g. , feldspars, s i l i ca tes ,  

pyroxenes, and amphiboles) i n  the  s o i l  horizons. 

Hydrologic processes are  another key element o f  t h e  Trickle-Down model. 

The hydrologic submodel was developed p r i m a r i l y  by Banwart (1983). 

somewhat s i m i l a r  t o  t h a t  reported by Chen e t  al.  (1982). 

hydrology, overland f l ow  o r  stream flow, i n f i l t r a t i o n ,  in te r f low,  and ground- 

It i s  

It includes snowpack 
_.- 

water exchange between the  lake and the  groundwater t a b l e  aquifer. The 

e x i s t i n g  version o f  t h e  Trickle-Down model has been developed and tes ted  f o r  

seepage lakes, and app l ica t ion  t o  drainage lakes would requi re fu r ther  model 

devel opment. 

4.6.4.2.2 Re sol u t i  on 

The model can be resolved i n t o  i t s  temporal and s p a t i a l  increments. For 

t h e  temporal scale, t he  model requires d a i l y  p r e c i p i t a t i o n  inputs  and can be 

used t o  simulate many decades. It has executed fo r  50 years us ing a three-year 

record r e p e t i t i v e l y  w i t h  complete s t a b i l i t y  and convergence. The t ime step i s  
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usually 0.1 days, b u t  i t  can approach L O  days i n  most circumstances w i t h  

accept ab  I e accuracy. 

Spa t i a l  0- The compartments are divided in to  horizontal slices of variable 

t h i  ckners: a snowpack compartment, approximately a one-foot upper s o i  1 

horizon, and a variable unsaturated zone, water table aquifer, and lake 

compartment. Storage o f  water i n  each compartment occurs during and fol lowing 

precipitation events, SO the water volume of each compartment i s  variable over 

t ime f o r  a given watershed. 

4,6.4,2.3 Assumption 

The key assumptions o f  the model are listed below. 

Chemical weathering and ion exchange are the main processes t h a t  neutral- 1. 

i z e  acidic deposition and control water chemistry. 

The rates of these reactions are dependent on the fractional order 

hydrogen ion activity i n  solution, t h e  mineralogy o f  the soils, base 

exchange capacity, and factors determining the hydrologic f l o w  paths  (soil 

permeability, hydraulic conductivity, and depth t o  bedrock). 

Sulfate retention i n  the watersheds t o  which the model ha5 been applied Is 

relatively small and can be neglected. 

free monomeric aluminum concentrations can be estimated from micro- 

crystal line gibbsite solubility in soil  waters. 

2. 

3, 

4. 

4.6.4.3 Model Inputs 

The t o t a l  model i n p u t s  are presented I n  Appendix A and summarized i n  Table 

A.4.3. Theoretical thermodynamic constants for carbonate equi Iibriurn and 

aluminum speciation are internal t o  the model and were obtained from the MINTEY 

(Felmy Ct., 1983) geochemistry model developed a t  Battelle Pacific Northwest 
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Table A.4.3. Trickle-Down model inputs  by category. 

1. 

2, 

3, 

4, 

5. 

DepositionlMeteorology -- Prec ip i t a t i on  quant i t y  and durat ion -- R a i n f a l l  a l k a l i n i t y  -- Dry f a l l  a l k a l i n i t y  -- A i r  temperature -- Atmospheric p a r t i a l  pressure of C02 

Watershed/Ssil Physical Character is t ics  -- Area -- Depth t o  bedrock -- Volume o f  s o i l  Comparment -- Poros i ty  -- Bulk dens i ty  

Chemi $try 
Weathering reac t ion  rates 
Sum ob base cat ions 
Base i n i  t i a1 l y  consumed 
Supersaturated p a r t i  a1 pressure of COz 
I n i t i a l  a l  k a l i  n i t y  
F concentrat ion 
SO4 concentrat ion 
pKa f o r  organics = H 
pK f o r  organics - A1 

Hyd rol ogy -- Pan evaporation c o e f f i c i e n t s  -... Latera l  f low r a t e  constant -- I n i t i a l  s o i l  moisture content 
Length o f  seepage flow path -- Hydraul i c gradi ent -- Distance along watershed boundary normal t o  export/ import f low path 

a- Evapotranspirat ion depth 

bake -- Area -- Average depth -- I n  i t i a l  el evat i on a vol urne -- S t  age/vol ume re la t i onsh ip  -- Out le t  height, con f igura t ion  -- -- Pan evaporation c o e f f i c i e n t  -- Lake bed permeabi l i ty  -- Sediment a l k a l i n i t y  t ranspor t  coe f f i c i en t  -- I n i  ti a1 a1 k a l  i n i  t y  -- TOG concentrat ions 

Depth t o  groundwater a t  various stages 



Laboratory. Vertical permeability and weathering reaction r a t e s  a r e  I n i t i a l l y  

estimated from l i t e r a t u r e  values but  a r e  checked o r  modified by model ca l ibra-  

t ion.  A l l  o ther  i n p u t  var iables  must be measured i n  the f i e ld  or obtained from 

4.6.4.4 

fh e 

. 
Model O u t p u t s  

program is r u n  on a PRIME 750 computer w i t h  batch-remote entry. 

O u t p u t  cons is t s  of an echo-print of a l l  i n p u t  data ,  followed by a t abu la r  

output of flows, a l k a l i n i t y  concentrations,  and pH values a t  each p r i n t  

interval (say, 10 day increments) f o r  each compartnwrnt (snow, s o f l ,  unsaturated 

zone, lake, and groundwater). 

a l k a l i n i t y  is printed,  Aluminum species Concentrations ( f r ee  aluminum, A l - O H  

complexes, A1-F complexes, Al-SO4 complexes, Al-organic complexes, and t o t a l  

An annual budget f o r  sources and sinks of 

A l )  a r e  given i n  t he  l a s t  t a b l e  of the output, 

A graphical output is a l so  possible u s i n g  the  software program T'ELEGKAF 

and t h e  ZETA p lo t te r .  Some examples of the graphical output a r e  shown i n  

figures A.4.2 - A.4.8. 

4.6.4.5 Sensit ivity Analyses . 
Sensi t ivi ty  analyses f o r  t h ree  important i n p u t s  t o  t h e  Trickle-kwn model 

are presented i n  Figures A,4.2 - Am4.5 f o r  take Vandercook, a seepage lake i n  

Vilas County, Uisconsin. F igure  A.4.2 shows t h a t  If the t o t a l  acid loading (pH 

of prec ip i ta t ion  = 4.6 w i t h  20% of t o t a l  f a l l i n g  as  dry deposi t ion)  doubles, 

t h e  lake becomes considerably more ac id i c  i n  a r e l a t ive ly  shor t  period of  time. 

figure A.4.3 i s  an analysis  of the amst sensitive weathering rate constant i n  

t h e  model, P, the sediment neut ra l iza t ion  rate .  Vandercook Lake obtains 

approximately 76 percent of i t s  a l k a l i n i t y  from Internal  processes (weathering, 
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i o n  exchange, s u l f a t e  reduction). 

ha lv ing  or doubl ing of t he  i n t e r n a l  neu t ra l i za t i on  r a t e  g rea t ly  af fects the  

a l k a l i n i t y  concentrat ion i n  the  lake. Bar  diagrams o f  water chemistry ind ica te  

t h a t  chemical weathering o r  i o n  exchange, p a r t i c u l a r l y  i n  the  winter  a t  co ld  

temperatures and h igh C02 concentrat ions under ice, are responsible f o r  much o f  

t h i s  i n t e r n a l  a l k a l i n i t y  generation. Figure A.4.4 shows t h a t  t he  p a r t i a l  

Thus, the  s e n s i t i v i t y  analysis shows t h a t  a 

pressure of carbon d iox ide t h a t  i s  assumed fo r  t he  lake i s  very important t o  

t h e  resu l t i ng  pH. 

Figure A.4.4 i s  a d i f f e r e n t  type o f  s e n s i t i v i t y  analysis showing t h a t  t h e  

There are ind ica t ions  t h a t  pCO2 increases under i c e  cover. 

numerical technique i s  convergent w i th  small e r ro rs  generated even a t  large 

t i m e  steps. 

4.6.4.6 Model Test ing Appl icat ion 

4.6,4.6.3. Appl icat ions 

The model presented here has been appl ied t o  Lakes Clara and Vandercook i n  

nssthcentral  Wisconsin. The p ro jec t  was a j o i n t  e f f o r t  by t h e  U S .  EPA 

Environmental Research Laboratory-Duluth, t he  i j isconsin Department o f  Natural 

Resources (Rhinelander), t h e  U.S. Geological Survey (Madison), and the  

Un ivers i ty  o f  Iowa. 

and the  water chemistry data base i s  t h e  U.S. €PA EHL-Duluth Deposit ion 

Gradient-Susceptibi 1 i t y  Database (October 1984). 

Input data sets are ava i lab le  from t h e  Univers i ty  o f  Iowa, 

The Trickle-Down model was f i r s t  appl ied t o  lknaday Lake i n  northeastern 

Minnesota. This e a r l i e r  version o f  t he  model d i d  not conta in  a hydrologic 

submodel nor an aluminum speciat ion submodel. Flow ra tes were estimated on a 

da i ly  basis f o r  each compartment and used as input  t o  the  model. 

average f lows and r a t e  constants were used i n  a 20-year s imulat ion o f  worst 

Also, annual 
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case conditions. 

r e p r i n t  is provided i n  t h e  Appendix A-2. 

The r e s u l t s  were reported i n  Schnoor e t  a1 . (1984), and a -- 

.. 
4.6.4,6,2 Ca l i b ra t i on  and Predict ions 

- Three years o f  data (1981-84) were used f o r  model t e s t i n g  and ' ca l i b ra t i on  

Predict ions were made f o r  25-year simulat ians f o r  lakes Clara and Vandercook, 

us ing a three-year i npu t  record r e p e t i t i v e l y .  Results are shown f o r  take 

Vandercook i n  Figures A.4.6 - A.4.8. 

Figure A.4.6 shows t h e  c a l i b r a t i o n  f o r  lake stage. I n  c a l i b r a t i o n  o f  the 

hydrology, t h e  hyd rau l i c  conduc t i v i t i es  o f  t he  compartments ( s o i l ,  unsaturated 

zone, and water t a b l e  aqui fer )  are var ied i n  order t o  obta in  a close agreement 

between f i e l d  measurements of well stage and lake'stage w i t h  time. Figure 

A.4.6 shows agrement within about 0.1 m of measured lake stage values -- t h i s  

represents an e r r o r  i n  lake volume of less than three percent. 

F igure A.4.7 gives t h e  a l k a l i n i t y  c a l i b r a t i o n  resul ts.  Using a l k a l i n i t y  

observations from t h e  l ake  and groundwater, t t  was poss ib le  t o  determine 

weathering and i o n  exchange r a t e  constants I n  the  model. These were i n  good 

agreement with overall weatbering ra tes  obtatned i n  s i m i l a r  ca l i b ra ted  water- 

sheds, 

t h i s  time and was not matched by model output, A poss ib le  explanation i s  

weathering o f  newly de l ivered allochthonous mater ia l  from la rge  antecedent 

r a i n f a l l  events wi th a 100-year recurrence in terva l , )  

(The cause o f  the  l a rge  a l k a l i n i t y  peak i n  e a r l y  1982 is  unknown a t  

F igure A.4.8 repor ts  t h e  r e s u l t s  of the  t o t a l  aluminum concentrat ion i n  

t h e  lake from t h e  aluminum speciat ion model. Although the  aluminum concentra- 

t i o n  i s  not  large, i t  shows a d i s t i n c t  seasonal t rend  t o  b igh concentrat ions 

dur ing winter, S o l u b i l i t y  of g fbbs i te  increases a t  low temperature and i s  



responsible f o r  t he  seasonality. 

f i e l d  measurements avai lable.  

Results are i n  good agreement w i t h  the  few 

4,6,4.6.3 Results 

- Results o f  t he  c a l i b r a t i o n  e f f o r t  were acceptable and (except - fo r  t he  

a l k a l i n i t y  peak i n  e a r l y  1982) always w i t h i n  one 

a b i l i t y  i n  f i e l d  data, Long-term predic t ions t o  

Lakes Clara and Vandercook should r e t a i n  a small 

t h a t  present loading condi t ions continue, 

4.6.4.7 Model U t i  1 i t y  

The model can be used t o  determine seasonal 

It ca t ion  t o  i n tens i ve l y  studied seepage lakes. 

questions posed, such as: 

l e  

2. 

3, 

4, 

standard dev iat ion o f  v a r i  - 
the  year 2005 ind i ca te  t h a t  

amount of a1 k a l  i n i  t y  provided 

and long-term r i s k  of a c i d i f i -  

can address a myriad o f  ' 

What w i l l  be the  t ime ser ies o f  lake  pH, a l k a l i n i t y ,  and aluminum f o r  any 

increase or  decrease i n  ac id  loading? This re la tes  t o  f i she r ies  

questions . 
What would be the  long-term e f f e c t  o f  constant loading ( d i r e c t  versus 

delayed response)? 

What would be the  e f f e c t  of l im inq  t h e  lake? How long would t h e  ef fect  

l a s t ?  

What i s  t he  r e l a t i v e  r o l e  o f  i n t e r n a l  versus external  a l k a l i n i t y  reactions 

t o  the  lake? Seepage lakes seem t o  be dominated by i n t e r n a l  lake pro-  

cesses * 
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4.6.5 Model of Acidification o f  Groundwater in Catchments (MAGIC) 

This synopsis of the MAGIC model is based on Cosby -- et al. (1984, 1985a, b). 

The MAGIC model i s  described in detail i n  Appendix A-2. 

4i6.5.1 Purpose of Development (Objectives) 

The major purpose of this research was to develop a physically based, 

intermediate complexity model o f  catchment water quality response to acidic 

deposition, Three specific objectives included: 

1. 

2. 

3. 

to demonstrate the particular adequacy of the d e l  by calibrating and 

applying it to an individual catchment and analyzing the results; 

t o  demonstrate the general adequacy of the model by determining the 

relative importance (Identifiability) of the lumped processes included in 

the model; 

to be parsiqmnious in selecting processes for inclusion in the model so 

that the final product could be based on a heuristic tool for understand- 

ing the influences of the assumed model processes on surface water 

acidi f i cat1 on. 

4.6.5.2 Conceptual Basis 

The most serious effects of acidic deposition on catchment surface water 

quality are thought to be decreased pH and alkalinity and increased base cation 

(i.e,, CaZ+, Mg2+, Na+, and K+) and aluminum concentrations. A lumped approach 

to modeling catchments was used that incorporated a relatively small number o f  

important soil processes (Le., processes that could be treated by average soil 

properties) t o  produce these responses. 

proposed a simple system of reactions destribtng the equilibrium between 

dissolved and adsorbed ions in the soil-soil water system. 

In two papers, Reuss (1980, 1983) 

Heuss and Johnson 
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(1985) expanded t h i s  system o f  equations t o  inc lude the  e f f e c t s  of carbonic 

ac id  r e s u l t i n g  from elevated CO2 p a r t i a l  pressure i n  so i ls .  

t i o n s  i n  the  s o i l  were assumed t o  be uni form throughout the  catchment being 

modeled. 

Chemical condi- 

Surface water chemistry was determined by the  model by "removing" the  

s o i  1 water from 

atmosphere w i th  

pH i ndreased. 

contact  w i t h  the  s o i l ,  a l lowing the  excess CO2 t o  degas t o  the  

subsequent p r e c i p i t a t i o n  o f  aluminum hydroxides as the  so lu t ion  

Reuss and Johnson (1985) demonstrated t h a t  la rge  changes i n  surface water 

chemistry would be expected as e i t h e r  C02 o r  strong ac id anion (I.&, SO4*', 

NO3') concent r a t i o n s  var ied i n t he  r o i  1 water. Thei r conceptual approach 

permits a wide range o f  observed catchment responses t o  be t h e o r e t i c a l l y  

produced by a ra the r  simple system of s o i l  reactions. The MAGIC model has i t s  

roo ts  i n  the  Reuss-Johnson conceptual system, bu t  has been expanded from t h e i r  

simple two component (Ca-AI)  system t o  inc lude other  important cat ions and 

anions i n  catchment s o i l  and surface waters i d e n t i f i e d  by Galloway -- e t  al .  

( 1983) . 
The model i s  composed of: 

o A se t  o f  equ i l i b r i um equations t h a t  quan t i t a t i ve l y  describe the  e q u i l i b -  

rium s o i l  processes and the  chemical changes t h a t  occur as s o i l  water 

enters the  stream channel. 

A se t  o f  mass balance equations t h a t  quan t i t a t i ve l y  describe the  catchment 

input-output re la t ionsh ips  f o r  base cat ions and strong ac id  anions i n  

p r e c i p i t a t i o n  and streanwater. 

A se t  o f  d e f i n i t i o n s  t h a t  r e l a t e  t h e  var iables i n  the  equ i l ib r ium equa- 

t i o n s  t o  t h e  var iab les i n  the  mass balance equations (Table A.4.4). 

Inasmuch as the  model assumes t h a t  stream water chemistry i s  determined by 

react ions t a k i n g  place I n  t h e  s o i l s  and rocks w i t h i n  a catchment, It was t i t l e d  

o 

o 

MAGIC (Model - o f  - A c i d i f i c a t i o n  o f  - Groundwater - I n  Catchments). 
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4.6.5.2.1 Key Processes and Levels o f  Parsimony 

The physical  bas is  of t he  model i s  developed from general agreement as t o  

which catchment s o i l  processes are important i n  m i t i g a t i n g  the  ef fects o f  

ac id i c  deposi t ion on surface water q u a l i t y  (NAS, 1984). 

ape : 

The s o i t  processes 

1. anion re ten t i on  by catchment s o i l s  (e.g., s o i l  s u l f a t e  adsorption); 

2. ca t ion  exchange by catchment s o i l s ;  

3. 

4, 

5. 

a l k a l i n i t y  generation by carbonic ac id  dissociat ion;  

d i sso lu t i on  o f  aluminum minerals i n  catchment s o i l s ;  

mineral weathering replacement o f  cations. 

An important cha rac te r i s t i c  o f  the  model i s  t he  aggregated or "lumped" 

parameterization o f  these processes. 

scale heterogeneous catchments t h a t  must be considered when using a lumped 

modeling approach -0 process aggregation and s p a t i a l  aggregation. Process 

aggregation concerns the  degree t o  which the  mul t i tude o f  chemical processes 

t h a t  occur i n  a catchment can be represented by simpler conceptual izat ions of 

these processes. The processes t h a t  are included i n  the  model are p r i m a r i l y  

genera l izat ions of  the  i n te rac t i ons  between s o i l  and s o i l  water. 

There are two aspects o f  modeling la rge  

Spat ia l  aggregation concerns the  scales of s p a t i a l  heterogeneity i n  a 

catchment and t h e  extent  t o  which t h i s  s p a t i a l  heterogeneity can be neglected. 

The model was not  developed with the  i n t e n t i o n  of descr ib ing the  d i s t r i b u t e d  

nature o f  chemical processes i n  t h e  catchment. Instead, t he  model was devel- 

oped t o  determine i f  the  net  e f f e c t s  of s o i l  processes on streamwater chemistry 

could be viewed as occurr ing i n  a s ing le  s o i l  compartment w i t h  uni form charac- 

t e r i  s t i  cs. 

As implemented i n  i t s  simplest form, the  model i s  a two compartment 

representat ion o f  a catchment. Atmosphetic deposi t ion enters the  s o i l  compart- 
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ment and the e q u i l i b r i u m  equations are used t o  calculate soil water chemistry. 

The water i s  then routed t o  the stream compartment and the appropriate equilib- 

rium equations are reapplied t o  calculate streamwater chemistry. 

4,6 . 5 . 2.2 Reso I u t i  on 

Model resolution includes both s p a t i a l  and temporal resolution. MAGIC 

spa t i a l ly  represents a catchment as being horizontally and vertically homog- 

eneous or  uniform. 

In the so i l  and the so i l  processes are dlfferent In the two horizons, the model 

can be reconfigured using three compartments (f,e., two sol1 compartments and 

the stream compartmnt). The temporal resolution i s  variable but generally 

. 
If a catchment has extensively developed A and B horizons 

ranges from monthly t o  annual time estimates. Use of HAGIC a t  finer time 

scales of da i ly  or hourly resolution (i.&,* episodic events) is presently being 

investigated, 

4.6.5.2.3 Assumptions 

1. 

2. 

3. 

4. 

5, 

Some of the major assumptions i n  MAGIC include: 

Soil processes fdentified by the NAS (1934) are the important processes 

influencing the effects of acidic deposition on surface water chemistry. 

Only a few processes control gross system behavior and these are incorp- 

orated i n  the model. 

Spatially heterogeneous watersheds can be represented assuming uniform 

soil properties f o r  the catchment. 

Cbemical properties and processes can be assumed t o  be uniform w i t h  soil  

depth i n  a given compartment. 

Atmospheric j n p u t s  are uniform over the catchment. 
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6. 

7. 

8. 

9. 

A l l  water enter ing a catchment flows through the  s o i l  before enter ing the  

rece iv ing  body. 

Su l fa te  i s  t he  dominant ac id i f y ing  const i tuent.  

The cat ions (A13+, Ca2+, Mg2+, K+, Na+) are the  only  dissolved cat ions 

t h a t  can exchange between the  s o i l  so lu t i on  and s o i l  matr ix. 

B io log ica l  transformations such as s u l f a t e  o r  n i t r a t e  reductions are no t  

s i g n i f i c a n t  . 
4.6.5.3 Model Inputs 

Model inpu ts  can be classed i n  th ree  categories: theoret ica l ,  estimated, 

and measured. Theoret ical  inputs  inc lude thermodynamic or sto ich iometr ic  

constants der ived o r  computed from theore t ica l  re lat fonships.  Estimated inputs  

may be obtained from the  l i t e r a t u r e ,  ca lcu lated from empir ical  re la t ionships,  

OP i n f e r r e d  from other  values. Measured values inc lude atmospheric and 

hydro log ic  inputs,  laboratory  and f i e l d  measurements of r a t e  constants, and 

coef f ic ients .  

4.6.5.3.1 Required Inputs 

Required inputs  f o r  HAGIC are l i s t e d  i n  Table A.4.4. There are 21 

parameters i n  t h e  equ i l i b r i um equations, o f  which 16 are thermodynamic 

constants and 5 are  lumped parameters ca l i b ra ted  f o r  t he  catchment being 

Studied. The v a r i a t i o n  o f  s o i l  pCO2 with t i m e  i s  assumed t o  be known f o r  the  

catchment (i.e., pC02 i s  t rea ted  as a model input) .  Given values o f  pCO2 and 

t h e  21 parameters, t h e  equ i l ib r ium equations can be solved for t he  values of 

a l l  var iables a t  a p a r t i c u l a r  t ime if the  values o f  e igh t  o f  t he  var iables a r e  

known f o r  t h a t  time, i.e., t he re  are 24 equations and 32 variables. 
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The values of e i g h t  var iables t h a t  must be known t o  solve the  equ i l i b r i um 

equations can be obtained by considering the  input-output  chemical mass balance 

o f  t h e  catchment as a whole. 

o f  base cat ions and strong ac id  anions i n  the  catchment. 

ions are by atmospheric deposi t ion and primary mineral weathering and outputs 

The mass balance i s  appl ied t o  t h e  t o t a l  amounts 

Inputs bf these e igh t  

are by streamwater losses. 

4n t h e  mdoel, a dynamic MSS balance equation (Table A-4.4) can be w r i t t e n  i n  

t h e  form: 

For each o f  t he  base cat ions and strong ac id  anions 

dX/f/dt * F, + W, - Q ( X )  la, 

where XT i s  t h e  t o t a l  amount o f  i o n  x i n  the  catchment (eq/m2), Fx i s  t h e  

atmospheric f lux o f  t h a t  ton i n t o  the watershed (eq/m2-time), W, i s  t h e  mineral 

weathering i npu t  o f  t he  i o n  (eq/m2-time), Q i s  t he  volume f l a w  o f  t h e  streams, 

(X)  i s  t h e  t o t a l  molar concentrat ion ( f r e e  p l u s  complexes of  t h e  i o n  i n  

streamwater), and n i s  t he  charge of t he  ion, Atmospheric, hydrologic, and 

weathering fluxes are inputs  t o  the  model and t h e i r  temporal t r a j e c t o r i e s  must 

be specified, Measured s o i l  proper t ies inc lude physical  Character is t ics  [bulk 

densi ty (SP), poros i t y  (P), s o i l  temperature (T), and depth of watershed s o i l s  

( D ) f  and chemical c h a r a c t e r i s t i c s  [maximum sulfate adsorption capacity (b,), 
hal f -saturat ion constant of t h e  adsorption process (C), and s o i l  p a r t i a l  

pressure of CO2 (pCO2)J. 

4.6.5.3.2 Minimum input  

If t he  i n i t i a l  system can be assumed t o  be a t  steady s t a t e  (i.e., long- 

te rm predic t ions beginning i n  1850-1900) , then only  the  atmospheric inputs  and 

model parameters/coeff icients are requi  red t o  compute the  va r iab le  concentra- 

t i o n s  and i n i t i a t e  the  model simulations, Because t he  model i s  p a r t i c u l a r l y  

* 
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sens i t i ve  t o  some parameters (see 4.6.5.5), these parameters should be selected 

care fu l  l y  i f measured data are not avai lab1 e, 

4.6.5.4 Model Output 

- Once i n i t i a l  condi t ions have been established, t he  equ i l ib r ium equations 

are solved f o r  s o i l  water and streamwater var iab le concentrations. These 

concentrat ions are used t o  ca lcu la te  the  streamwater output f luxes  o f  t he  model 

such as t o t a l  base ca t ion  and s t rong ac id  anion concentrations. The output 

from MAGIC can be obtained i n  th ree  formats: tabu la r  format, l i n e  p r i n t e r  t i m e  

traces, or screen plots.  The output var iables are general ly those shown i n  

Table A.4.5 end Figure A.4.9, bu t  the  output format can be w r i t t e n  t o  provide 

any input  or output values entered o r  computed i n  the  model. 

4e6m5.5 S e n s i t i v i t y  Analyses 

Regionalized s e n s i t i v i t y  analys is  (HSA) (Hornberger and Spear, 1981) was 

used t o  i d e n t i f y  those ranges and/or combinations o f  parameters t h a t  produce 

acceptable predic t ions o f  s o i l  proper t ies when t h e  model i s  dr iven by the  

observed stream chemistry. 

a p laus ib le  model s t ructure,  est imate broad ranges o f  parameter values from 

l i m i t e d  f i e l d  data or from t h e  l i t e r a t u r e ,  and de f ine  the  range o f  acceptable 

l i m i t s .  Ranges o f  parameter values and d e f i n i t i o n  o f  acceptable resu l t s  were 

establ ished from data on White Oak Run watershed i n  Vi rg in ia .  

This procedure depends on t h e  a b i l i t y  t o  construct  

The HSA invo lves us ing Monte Carlo procedures t o  randomly se lec t  a set  of 

parameter values from w i t h i n  designated ranges and solve t h e  system o f  equa- 

t i o n s  using t h i s  p a r t i c u l a r  se t  of values. 

i s  then c l a s s i f i e d  as e i t h e r  producing acceptable r e s u l t s  (i.e., predic ted s o i l  

The r e s u l t  o f  each s imulat ion run 

proper t ies w i t h i n  the  range of d i sc re te  6bservations of those proper t ies )  or as 
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Table A.4.5, Typical o u t p u t  variables from MAGIC I n  tabular format. 

... - . . 
I O I T I ~ N S  A 

I a L e t p  
I SO f 

I? 15.0 
IO 2B*l 
IO 11.7 
to 27r4 
17 W.8 
12 22.7 
Ib Zl.4 
10 8.4 
10 e l  
!2 47.9 

3 
1 

P 
9 

4 
1 
1 
E 
C 
C 
C 
C 
c 
C 
E 
! 
1 
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M

odel reconstruction o
f streanw

ater and so41 w
ater ch

em
istry 

sm
 o

f base cat4on 
fo

r W
hite Oak Run. 

A) 
Strean variables: 

concentrations (SBC), sum 
o

f strong acid anion concentrations 
(SSA), 

pH and alkalinity. 
5) pH o

f streanw
ater, 

soil w
ater 

and precf pi t uti ons. 

A.4.56 



not  producing acceptable reSUltS. This procedure i s  repeated many times t o  

g ive an accumulation of a set  of values f o r  t he  parameters f o r  which resu l t s  

are acceptable and another set  f o r  wbich r e s u l t s  are unacceptable, 

idea i s  then t o  i d e n t i f y  t h e  subset of phys i ca l l y  o r  chemical ly meaningful 

parameters t h a t  appear t o  account f o r  thbe accep tab i l i t y  o f  the  r e s u l t s  (Figure 

A.4.10). The d i s t r i b u t i o n  of parameter values associated w i th  acceptable 

r e s u l t s  i s  compared w i t h  t h e  d i s t r i b u t i o n  o f  parameter values associated w i t h  

unacceptable resul ts .  I f  the  two d i s t r i b u t i o n s  are not  s t a t i s t i c a l  ly d i f f e r -  

ent, t he  parameter i s  unimportant fo r  s imulat ing t h a t  p a r t i c u l a r  set  o f  

resu l t s ;  i f  t h e  two d i s t r i b u t i o n s  d i f f e r  s i g n i f i c a n t l y ,  t he  parameter i s  

important f o r  producfng r e s u l t s  w i t h i n  t h e  speci f ied ranges. The two d i s t r i -  

but fons may reveal  reduced ranges of values fo r  t he  parameters t h a t  are 

favorable for adequate simulat ion. 

The key 

S ix  parameter values were estimaed for t he  Yhite Oak Run watershed 

hpp l i ca t i on  (SCaNa, SMgNar S K ~ ,  SAjCa, K A ~ .  and €&a). 

s i o n a l i t y  o f  the problem, Ca and Mg were assumed t o  behave i d e n t i c a l l y  i n  s o i l  

TO reduce the  dimen- 

ca t i on  exchange react ions (5,e. SCaNa * SMgNa). 

The s e n s i t i v i t y  of a given model r e s u l t  t o  a given parameter i s  determined 

by whether o r  not  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  parameters associated w i th  

acceptable r e s u l t s  i s  s i g n i f i c a n t l y  d i f f e r e n t  than t h e  d i s t r i b u t i o n  o f  para- 

meters associated w i t h  unacceptable resul ts .  The Ki lmogorov-Smi rnov s t a t i s t i c  

and p s 0.01 were used t o  de f ine  d i f ferences between d i s t r i bu t i ons ,  The 

s e n s i t i v i t i e s  o f  each model p red ic t i on  t o  those model parameters as determined 

by t h e  RSA procedure are summarized i n  Table A.4.6 and A.4.7. 

The MAGIC model a l so  i s  sens i t i ve  t o  t h e  seasonal v a r i a b i l i t y  i n  s o i l  CO2 

concentrat ions, s o i l  depth, and primary w a t h e r h g  rater ,  L imi ted data e x i s t  

for a l l  th ree  factors.  S o i l  CUz concentrat ions bave been measured on a few 
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Figure A.4.10. Model response surfaces fo r  predlc ted values of A) pH, B) pC02 
8 95 t he  pa rmete rs  K A ~  and S 1Ca and C) (A1 ~ p f ! ~ a s  function 

(SCatia , SKNa - 10 , ENa = ,0015). Acceptab e model 
responses for each predic ted va r lab le  l f e  between t h e  s o l i d  
l l n e s  I n  the  appropri ate figure. The shaded area i n  D repre- 
sents the  i n te rsec t i on  of t h e  response surfaces I n  A-C. Values 
of K A ~  and S A l C a  which f a l l  w i t h i n  the  shaded reg ion  i n  D w i l l  
produce acceptable model p red ic t lons  f o r  a1 1 th ree  so i  1 proper- 
ties slmultaneously. 
K A l  and SAlCa. 

e 

The x designates t h e  values chosen for 

A.4.58 



Table A.4.6. A)  Ranges,. selected for the paraeters requjred by the model, and 
3) ranges chosen for t h e  responses by which t h e  model i s  tested, 
Also shown are t h e  parmeter values chosen as B result of the 
regi on at i red sensi t i  VI ty  an alysi s (RSA) . 
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. Table A.4.7. Results of regionalizes sensitivity.analysis of the model A 
total ob 300 model runs were made for the analysis. Significant 
sensit ivit ies  at the 0.01 level are indicated with yes. 

*aria  b l e  D e f i n e d  number of Signif i c a n t  Stnritirity 
Acceptable Acec pea blc  
Eaagc Responses  

'na 'A1 'A lCa  
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watersheds but  seasonal measurements general ly are not  avai lable. Depth o f  the 

permeable mater ia l  i s  not  cu r ren t l y  ava i lab le  f o r  most watersheds, in'asmuch as 

soil survey data general ly are l i m i t e d  t o  the  upper 2 m. I n  s4tu estimates o f  

primary weathering ra tes  are sparse but  may represent t h e  major s o i l  processes 

in t h e  n e u t r a l i z a t i o n  of ac id  deposition, For  shor t  term simulat ions (i.e., 

3-5 years), est imates of s o i l  CDz concentrat ions and exchangeable parameters 

are important con t r ibu tors  t o  model s e n s i t i v i t y .  For long t e r n  s imulat ions 

.IIL- ~. 

(i .e., 30 years or greater) ,  est imates of primary model weatherjng rates are 

t h e  greatest  con t r ibu tors  t o  model s e n s i t i v i t y  and predic ted output. 

4.6.5.6 Model Testing/Appl i t a t i o n  

The MAGIC model has been ca l i b ra ted  on t h e  White Oak Run watershed i n  t h e  

Shenandoah Nat ional  Park i n  V i r g i n i a  f o r  t h e  per iod  1980-1982. The ca l i b ra ted  

model was then used t o  p r e d i c t  changes in stream ChemsStry based on recon- 

s t ruc ted  ac id  deposi t ion Inputs  from 1844 t o  the  present (I.@.* 1984) and 

deposi t ion scenarios from 1984 t o  2124. l i m i t e d  deposi t ion data e x i s t  f o r  

years p r i o r  t o  1970. 

resul ts .  

r e s u l t s  a re  no t  y e t  avai lable.  

Therefore, i t  i s  not poss ib le  t o  evaluate t h e  p red ic t i on  

MAGIC a lso  has  been ca l i b ra ted  on the  Woods Lake, New York, data.but  

Resul ts from t h e  MAGIC model are i n t u i t i v e l y  sa t i s f y ing  and conform w i t h  

current  thoughts on surface water ac id i f iea t ion .  The long term pred ic t ions  

based on a h i s t o r i c a l  and f u t u r e  scenario of atmospheric S042c deposi t ion are 

reasonable. MAGIC produces r e s u l t s  t h a t  are consistent w i t h  t h e  Galloway - e t  

- a l .  (1983) q u a l i t a t i v e  model of surface water ac id i f i ca t i on ,  The fialloway - et  

- a l .  (1983) model served ( i n  p a r t ) ,  however, as a conceptual frame f o r  t h e  MAGIC 

model. Therefore, cons is tent  r e s u l t s  are not  surpr is ing.  



There are other assumptions i n  t h i s  and other  models ( e x p l i c i t  and 

I n  many cases, our a b i l i t y  i m p l i c i t )  t h a t  must be included i n  any evaluation. 

t o  model these catchment processes i s  l i m i t e d  by a lack o f  f i e l d  and laboratory 

data. 

e.xperimentation on the  processes on which the  model i s  based (Cosby -- e t  al., 

1984). Er ro r  propagation and p red ic t i on  uncer ta in ty  are determined not only by 

Development o f  any model must proceed simultaneously w i th  research and 

t h e  q u a l i t y  and prec is ion  o f  t he  f i e l d  data used t o  c a l i b r a t e  and d r i v e  the  

model, but a lso  by t h e  uncer ta in ty  i n  model s t ruc tu re  (formulations) and model 
I 

parameterization, Uncertainty analyses have not  been conducted on the  MAGIC 

model but are bei  ng formulated, 

4.6.5.7 Model U t i l i t y  

l* 

2, 

3. 

40 

5. 

6, 

The MAGIC model can be used t o :  

inves t iga te  the  t ime response of delayed watersheds; 

ass i s t  i n  de f i n ing  p o t e n t i a l l y  sens i t i ve  o r  suscept ib le systems t o  ac id  

deposi ti on ; 

evaluate the  r e l a t i v e  importance o f  s u l f a t e  adsorption, base supply, and 

other  s o i l  processes; 

i d e n t i f y  water q u a l i t y  parameters t h a t  are p a r t i c u l a r l y  sens i t i ve  t o  ac id  

deposi t  i on ; 

discern pat terns o f  dynamic behavior f o r  water q u a l i t y  parameters t h a t  are 

sens i t i ve  t o  ac id  deposi t ion (Cosby -- e t  al., 1984); 

develop integrated, process-oriented approaches t o  evaluat ing the  e f fec ts  

of  ac id  deposi t ion on surface water chemistry. 



4.6,6 B i  rkcnes Plodel 

4.6.6,l Purpose of Development (Obfecti ves) 

During the 1970s, detailed deposition and water chemistry measurements 

were made i n  about 40 gaged catchments i n  Norway, as a part of the Norwegian 

SbSF Project. One of these catchments i s  found a t  Birkenes, about- 15 tm north 

o f  Kristianrand on t h e  southern coast of Norway. Birkenes i s  a small (0.4 km2) 

watershed about 200-300 m above sea level w i t h  granitic bedrock and t h i n  

podsolic soils, most o f  which are covered by conjferous forest. The hydrology 

o f  the watershed i s  characterized by wet (h igh  discharge) periods during spring 

and fa l l  and dry (low flaw) periods during summer and winter. 

Christophersen and W i g h t  (1981) and Christophersen et  al .  (1982) devel - -- 
oped a dynamic model o f  ’streamwater hydrology and chemistty for the Birkenes 

watershed. They chose this watershed as the basis fo r  their study because o f  

i t s  small size, extremely low a b i l i t y  t o  neutralize acidic deposition, location 

i n  an area of h i g h  acidic  deposition rates, and because o f  the extensive da ta  

base t h a t  was avallable. Their stated purpose fo r  the development of  the 

Birkenes model was “to test whether the observed (short term) variations i n  

streamwater chemistry can be quantitatively accounted for by a small number of 

physi cat ly real i s t  i c processes” (Chri  stophersen e t  a1 . , 1982) . Thus ,  thei r 

principle interest was i n  looking a t  short term (i.e., w i t h i n  season) varia- 

t i ons  in water chemistry, rather than long term effects such as watershed 

acfdiflcation or recovery. 

4.6.6.2 Conceptual Basis 

The Birkenes model i s  divided i n t o  three major submodels t h a t  deal w i t h  

hydrology, sulfate, and cations, respectively. 

orated the f i rs t  two submodels (Christoptiersen and Wright, 1981); the cation 

The original model anly incorp- 
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submodel was incorporated a t  a l a t e r  date (Christophersen -- e t  al., 1982). 

describe the  conceptual bas is  o f  t he  model, we w i l l  discuss each of these 

submodels i n  turn. 

To 

Deta i l s  o f  t he  Birkenes model are provided i n  Appendix 8 .  

4.6.6.2.1 Hydrology 

The hydrology model d r ives  the  other  two models, and i s  thus, arguably, 

t h e  most important o f  t he  three. 

t h e  importance o f  having an accu'rate hydrological  model before attempting t o  

model t h e  f l u x  o f  chemical const i tuents.  Their  model i s  based on a modif ied 

version o f  a model developed by Lundquist (1976, 1977). 

which water f lows are d iv ided i n t o  two compartments, c a l l e d  the  upper and lower 

reservoi  PO. 

t o  t h e  lower reservoir ,  unless t h e  l a t t e r  i s  f u l l .  

o r ig ina tes  from t h e  upper reservoir .  

Quickflow water tends t o  have r e l a t i v e l y  l i t t l e  opportuni ty f o r  contact w i t h  

s o i l s  w i th  h igh ac id  neu t ra l i z i ng  capacit ies, and thus i t s  q u a l i t y  tends t o  be 

s i m i l a r  t o  t h a t  o f  p rec ip i ta t ion .  

baseflow, and i s  the  only component o f  f l o w  dur ing dry  periods, since the  upper 

The authors o f  t h e  Birkenes model emphasize 

The s o i l s  through 

Water enter ing t h e  upper reservo i r  normally i n f i l t r a t e s  downward 

When t h i s  occurs, runof f  

Such runof f  i s  c a l l e d  quickf low. 

Runoff from the  lower reservo i r  i s  c a l l e d  

reservo i r  becomes dry. 

been i n  contact w i t h  s o i l s  f o r  longer periods o f  t ime)  a n d - i s  thus t y p i c a l l y  

h igher  i n  base ca t ion  concentrations. 

between the  q u a l i t y  o f  baseflow and quickflow, i t  i s  evident how important i t  

I s  t o  be able t o  model accurately the  r e l a t i v e  con t r i bu t i on  of each t o  runoff. 

Baseflow tends t o  be "older"  water (i.e., t he  water has 

Given these substant ia l  d i f ferences 

The hydrology model accounts fo r  p rec ip i ta t ion ,  evapotranspirat ion, 

i n f i l t r a t i o n  t o  the  lower reservo i r ,  and discharge o f  water from both reser-  

v o i r s  t o  the  stream, 

the  upper reservoi  r. 

It does not  inc lude movements of water from t h e  lower t o  
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4,6.6,2.2 Sul fa te  

Su l fa te  i s  t h e  only anion included i n  the  Birkenes model, N i t r a t e  i s  

Considered n e g l i g i b l e  as i s  bicarbonate, inasmuch as the  streamwater has an 

average pH o f  4.5, Chlor ide concentrat ions are s ign i f i can t ,  bu t  appear t o  be 

c-1 osely associated w i t h  sodi um. Both 

the basis of t h e  assumption t h a t  they 

in f luence t h e  concentrat ions of o ther  

Su l fa te  enters the system as wet 

Once i t  enters t h e  upper rese rvo i r  i t  

processes, which are represented by a 

sodium and ch lo r i de  have been excluded on 

balance each other  per fec t l y ,  and do not 

Sons. 

and dry deposi t ion of SO4*' and SO2. 

1s subject  t o  adsorption/desorption 

1 inear  equi 1 i b r i  um model. As we1 1, when 

t h e  upper rese rvo i r  i s  dry, s u l f a t e  minera l i za t ion  occurs. This resu l t s  i n  

elevated s u l f a t e  l e v e l s  (over what would be expected from deposi t ion ra tes  

alone) i n  t h e  f i r s t  runof f  a f t e r  an extended dry period, 

I n  t h e  l one r  reservo i r ,  on ly  adsorpt ion and desorpt ion are assumed t o  

I n  t h i s  case, s u l f a t e  concentrat ions approach an equ i l i b r i um value occur, 

exponent ia l ly  through t ime, with a r e l a t i v e l y  long hal f - t ime (45 days). As 

we l l ,  a ' fas tY  adsorpt ion process occurs, which ensures t h a t  s u l f a t e  concentra- 

tions do not  change as a r e s u l t  o f  evapotranspirat ion, 

4.6.6,2.3 Cat i ons 

The only cat ions included i n  t h e  model are calcium, magnesium, aluminum, 

and hydrogen. Sodium i s  excluded along with ch lo r i de  (see above). Potassium 

and ammonium are considered negl ig ib le .  Calclum and magnesium are assumed t o  

be s u f f i c i e n t l y  s i m i l a r  i n  nature t o  be lumped i n t o  a s i n g l e  parameter. 

The ca t i on  submodel is bared on th ree  primary constraints,  F i r s t ,  

e lec t roneu t ra l i  t y  requi res t h a t  t he  t o t a l  concentrat ion ( i n  equiva lents)  of a1 I 

cat ions must equal t h a t  o f  sulfate. Second, the r e l a t i v e  concentrat ions o f  
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hydrogen and aluminum are determined by the  g ibbs i te  s o l u b i l i t y  equation. 

Third, the  r a t i o  o f  hydrogen i o n  concentrat ion t o  base ca t ion  concentrat ion i s  

a constant, which impl ies a constant l ime potent ia l .  

I n  the  upper reservo i r ,  base ca t ion  concentrat ions are determined primar- 

i-ly by i o n  exchange ( t h i r d  cons t ra in t  above), whereas i n  the  lower reservoir ,  

weathering a lso  replaces hydrogen ions w i th  base cat ions;  a lso some base 

cat ions are adsorbed along w i t h  s u l f a t e  ( t o  preserve charge balance). 

upper reservo i r  i s  dry, t h e  pool o f  water-soluble base cat ions i s  increased 

incremental ly, t o  account f o r  t he  observed r e l a t i v e l y  h igh base cat ion  t o  

hydrogen r a t i o s  i n  t h e  f i r s t  runoff  f o l l ow ing  a dry period. Ion exchange 

(upper reservo i r ) ,  weathering and adsorption/desorption (1 m e r  reservo i r )  a1 so 

in f luence hydrogen i o n  concentrations. 

When the  

Gibbsi te d isso lu t ion  occurs i n  both 

reservo i  rs, and obvi ously i n f  1 uences both a1 umi num and hydrogen. F i  nal l y  , 
aluminum adsorptdon/desorption can also  occur i n  the  lower reservoir .  

4.6.6.2.4 Model Resolut ion 

As mentioned ea r l i e r ,  t he  model i s  d iv ided v e r t i c a l l y  i n t o  two compart- 

ments, o r  reservoirs,  w i t h  f luxes o f  both water and chemical const i tuents  

occurr ing from t h e  upper t o  the  lower compartment. A lso  i m p l i c i t l y  represented 

are  (1) an atmospheric compartment, from which the  inputs  o f  water and s u l f a t e  

derive; and (2) a runo f f  compartment, i n t o  which s o i l  water i s  discharged. The 

model e i t h e r  i m p l i c i t l y  assumes t h a t  t h e  watershed i s  homogeneous, o r  t h a t  t h e  

estimated parameter values represent the  average condit ions, which are 

re f lec ted  i n  the  observed runof f  character is t ics .  The model runs on a dai l y  

t ime step, and only considers the  snow f r ee  seasons o f  t he  year. 
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4.6.6,2,5 Key' Assumptions 

T h e  Birkenes model includes a number o f  key assumptions, some o f  which  

were i d e n t i f i e d  i n  the discussion above. 

t i o n s  a r e  the following: 

Some of t h e  more important assump- 

1. 

2. 

3. 

4. 

5. 

Calcium and magnesium can be considered ident ica l  in their  chemical 

behavior. 

Several ions do not need t o  be included: Na', K', RH,', NO3', Cl., 

HCU3', * 

Organic ion concentrations a r e  constant and unimportant. 

The amount of organ1 cal l y  compl exed a1 umi num s constant , 

A1 1 chemical react ions except weathetrfng and adsorptfon/desorption i n  the 

lower reservot r  reach equi l ibr ium on a da i ly  time scale. 

4.6.6,3 Plodel Inputs 

The primary Inputs t h a t  drive t h e  model a r e  da i ly  measurements of precip- 

i t a t i o n  volume, a i r  temperature, and atmspherjc SO4'' and SO2 concentrations. 

As well, the model requires  es t imates  of a number of i n i t i a l  conditions and 

parameters t o  define t h e  hydrological and chemical processes t h a t  a r e  simu- 

la ted.  These input requirements a r e  summarized i n  Table A.4.8. 

4.6.6.4 Model O u t p u t s  

The ou tpu t s  of t h e  model a r e  da i ly  runoff r a t e s  and concentrations of each 

of t h e  chemical cons t i tuents  included i n  the runoff. The performance of t h e  

model i s  evaluated not only by comparing these da i ly  outputs w i t h  observation, 

but  a l so  by computing to t a l  seasonal discharge and seasonal outputs o f  each of 

t h e  ions. 

results graphically,  showing p lo t s  of changes i n  discharge and ion  concentra- 

t ions throughout t h e  snow free season, 

In the publications descr ibing the  model, the authors present the 
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Table A.4.8. L i s t  o f  Input  Requirements f o r  t he  Birkenes Model 

Inputs  : 

- d a i l y  p r e c i p i t a t i o n  volume 
d a i l y  SO4 and SO2 concentrat ions 
d a i l y  mean a i r  temperature 

I n i t i a l  Values: 

water amounts i n  each r 'eserovir 
water so lub le su l fa te  on s o l i d  phase i n  upper reservo i r  
s u l f a t e  concentrat ion i n  lower reservo i r  

Parameters : 

watershed e leva t ion  and l a t i t u d e  
d ry  deposi t ion ve loc i t i es  f o r  S04, SO2 
hydro log ica l  parameters: 

maximum storage f o r  upper reservo i r  
maxdmum and minimum storage f o r  lower reservo i r  
r e u t i  ng (i n f  i 1 t r a t l  on) parameter 
reservoi  r d r a i  nage ha1 f -t imes 

SO4 minera l i za t ion  r a t e  (upper reservo i r )  
ca t i on  product ion r a t e  dur ing dry periods (upper reservo i r )  
SO4 adsorption/desorption equ i l ib r ium constant (upper reservo i r )  
S O 4  adsorption/desorption equ i l ib r ium concentrat ion and hal f - t ime t o  

g ibbs i te  s o l u b i l i t y  product 
l ime po ten t i a l  ( f o r  ca t ion  exchange) 
weathering r a t e  ha l f - t ime (lower rese rvo i r )  

equi 1 i b r i  um (1 ower reservoi  r )  



4a6e6.5 Sensit i v i t y  Analyses 

The only discussion o f  s e n s i t i v i t y  analyses o f  t he  Birkenes model i s  

provided by Christophersen and Wright (1981). They discuss t h e  s e n s i t i v i t y  o f  

t h e  s u l f a t e  model t o  the  parameters they use f o r  adsorptionldesoeption i n  both 

reservoirs.  They do not  provide, however, any i n d i c a t i o n  of t h e i r  unce r ta in t y  

i n  these parameters, so i t  i s  d i f f i c u l t  t o  evaluate the  s ign i f i cance o f  t h e i r  

f indings. Generally, they d i d  no t  f i n d  t h e  performance o f  t h e  model was 

s i g n i f i c a n t l y  a f fected ( a t  l e a s t  dur ing t h e  snow f r e e  season) by varying the  

parameters over the  range they chose, 

The authors o f  t h e  model a l so  po in t  out t h a t  they experimen%ed w i t h  more 

complex representat ions of some of t h e  processes inc luded i n  t h e  model (@.go, 

a non-equi l ibr ium adsorpt ion re la t i onsh ip  f e r  t h e  upper reservo i r ) ,  bu t  

i n v a r i a b l y  found no s i g n i f i c a n t  improvement i n  model predict ions,  They do not  

descr ibe t h e i r  c r i t e r i a  fo r  determining whether an improvement has been 

achieved. 

4,5;m6,6 Model fest ing/Appl  i c a t i o n  

Apparently (i ,e,, from avei t ab le  pub l i ca t ions) ,  t h e  3 i  rkenes m d e l  has 

been appl ied t o  th ree  catchments; two i n  southern Nomay and one i n  cent ra l  

Ontario, A t  Birkenes, t h e  model was ca l fb ra ted  us ing th ree  years o f  data 

(1973-75) and then tes ted  against data from the fo l l on ing  th ree  years 

(1975-78). The hydrology submodel performed most successful ly,  a t  l eas t  when 

evaluated on the  bas is  o f  p red ic ted  t o t a l  seasonal discharge, It was s t i l l  

described as, overa l l ,  t he  weakest l i n k  of t h e  model, however, s ince anomalies 

i n  d a i l y  hydrology seem t o  be responsible for erroneous pred ic t ions  o f  d a i l y  

chemistry. Seasonal pat terns of su l fa te  outputs compared reasonably well w i t h  

observat ion (spr ing and f a l l  flushes of SO4 were predicted),  but  t he  t o t a l  
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predic ted s u l f a t e  outputs were less accurate than were the  aggregate discharge 

predict ions.  

e r r o r s  were i n  the  predic t ions o f  base ca t i on  concentrations. 

Aluminum was general ly underestimated, but t he  most Substantial 

The model 

predicted much greater va r ia t i ons  than have been observed i n  these concentra- 

t. ions between low f l o w  and high f low periods. The authors ascr ibe-these errors  

t o  the  tendency f o r  t he  hydrologic submodel t o  p red ic t  t h a t  f l o w  i s  almost 

always dominated by e i t h e r  quickf low o r  baseflow, ra the r  than a mixture o f  

both. F ina l l y ,  t he  model was successful i n  reproducing the  observed inverse 

r e l a t i o n s h i p  between base ca t i on  and hydrogen i o n  concentrations, as wel l  as a 

p o s i t i v e  c o r r e l a t i o n  o f  hydrogen i o n  w i t h  discharge. 

The Birkenes model has been appl ied t o  another, nearby catchment a t  

Storgama (Christophersen -- e t  al., 1984). The Storgama catchment i s  q u i t e  

s i m i l a r  t o  Birkenes, bu t  i s  a t  a higher e levat ion and f u r t h e r  north, so i t  

receives l ess  deposi t ion o f  a c i d i c  mater ia ls  and experiences substant ia l  snow 

accumulation i n  winter, To apply t h e  model t o  Storgama, Christophersen -- et' al.  

(1984) made a number o f  important modif icat ions. F i r s t ,  they added a snowmelt 

model, SO t h a t  t h e  s imulat ions could cover an e n t i r e  year. As we l l  as modeling 

snow accumulation and ablat ion,  t h e  snowmelt model a l so  accounts f o r  t h e  

chemical f r a c t i o n a t i o n  e f f e c t  as observed by Johannesson and Henri ksen (1978). 

Second, t h e  authors included a s u l f a t e  reduct ion component f o r  t he  upper 

r e s e r v o i r  t o  ac t  dur ing wet periods as the  reverse o f  t h e  dry per iod mineral- 

i z a t i o n  process. 

inasmuch as i t  appears t o  be important dur ing snowmelt, but  i s  ac tua l l y  modeled 

(fee., observed d a i l y  concentrat ions are provided as inputs),  

Third, n i t r a t e  i s  included i n  the  charge balance const ra in t  

F ina l l y ,  they 

also discuss t h e  incorporat ion o f  inorganic carbon (HCU3 and pCOz), although 

they do not a c t u a l l y  inc lude these const i tuents  i n  t h e  model, 
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The performance of the Storgama model was comparable t o  t h a t  for the 

B i  rkenes model . Overall patterns were reproduced fairly accurately b u t  

specific events, such as an observed decllne i n  streamwater hydrogen concentra- 

tions d u r i n g  winter, were not predicted. 

modifications t o  the model t h a t  m i g h t  improve i t s  a b i l i t y  t o  predict these 

event so 

The authors provide suggestions f o r  

More recently, the Storgama version of the model has also been applied t o  

one of the subcatchments of Harp lake i n  Ontario, Canada (E. De tirosbois, 

personal communication). Only the hydrology and sulfate submodels have been 

applied so far.  Once again, the hydrolow submodel appears t o  perform quite 

well (here, least squares criteria have been used t o  evaluate performance). 

Application of the sulfate submodel has been less S U C C ~ S S ~ U ~ .  

4.6.6.7 Model Utility 

As s ta ted  in the introduction t o  thss section, t h e  Birkenes model was 

developed t o  try t o  explain short term variations i n  streamwater chemistry, 

t h i s  regard, the model has been reasonably successful, especially considering 

i t s  re lat ively slmple conceptual structure. The model is not well suited, 

hwever, for looking a t  long term effects of acidic deposition an surface 

In 

waters. The principal reason f o r  t h i s  l imitation i s  t h a t  the model does not 

account for the depletion of base saturation (and thus changes i n  the lime 

potential ) or exhaustion of  the sulfate adsorption capacity of the watershed. 

Given t h a t  these two processes are fundamental t o  determining the 

systems will respond t o  acidic deposition, their combined absence 

model severely limits i ts  u t i l i t y  as a method for  classifying the 

response characteristics of systems. 

rate a t  which 

from the 

long term 
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In their discussion' of the Storgama version of the model, Christophersen 

-- et a l .  (1984) consider approaches t o  looking a t  long term questions. Inasmuch 

as  both Storgama and Birkenes already have acidic surface waters, their 

interest was i n  looking a t  the long term effects of reductions i n  deposition 

rates, They consider the incorporation of inorganic carbon i n t o  the model and 

develop a series of theoretical relationships among anion inputs and ca t ion  (H+ 

and Ca + Mg) outputs ,  based on various assumptions about model parameters. 

They themselves p o i n t  out ,  however, t h a t  these relationships do not  account f o r  

changes in lime potential. 

Although the Birkenes model k y  not be useful for assessing the long term 

rate a t  which systems respond due t o  base cation depletion or sulfate adsorp- 

t i o n ,  i t  m y  nevertheless be useful for other questions related t o  response 

characteristics, 

basis for evaluating the hydrologic characteristics of the system t h a t  are 

In particular, the hydrological submodel may provide a simple 

cr i t i  cal 

reasonab 

original 

be quite  

t o  i t s  response. The fac t  t h a t  the model has been applied w i t h  

e success t o  a watershed (Harp Lake) i n  an area far removed from t s  

s i te  of development and a p p l i c a t i o n ,  suggests t h a t  i t s  generality may 

h i g h .  It  may be quite informative t o  consider I t s  applicability t o  

other areas where sufficient da ta  are available for i ts  calibration and 

testing. 

4.6.7 

4.6.7.1 Purpose of Development (Objectives) 

Integrated Lake-Watershed Acidification Study (ILWAS) Model 

The ILWAS model was developed t o  further understanding of how atmospheric 

and terrestrial acid-base processes interact t o  produce observed surface water 

qual i ty ,  

response o f  surf ace waters t o  increased ,-decreased, or constant 1 oadi ngs of 

In particular, emphasis was placed on being able t o  predict the 
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a c i d i c  deposit ion. 

response predic ted must inc lude not  only pH and a l k a l i n i t y  but a lso the  concen- 

t r a t i o n s  o f  aqueous aluminum species, inc lud ing  organ ica l l y  and inorgan ica l l y  

complexed monomeric aluminum. Aluminum had t o  be fncluded because o f  i t s  

importance t o  the  acid-base chemistry o f  ac id i c  waters and because-of i t s  

t o x i c i t y  t o  aquat ic biota.  

E a r l y  work by members o f  the  ILWAS team ind ica ted  t h a t  the 

To make such predic t ions,  the  model simulates the  movement o f  r a i n  and 

snowmelt water through the  t e r r e s t r i a l  and surface water systems (Figure 

A,4.11), and t h e  major processes which add ac id  o r  base t o  the  through-f lowing 

water. 

included and a t o t a l  o f  16 chemical compontents are fol lowed throughout t h e  

lake-watershed system (Table A.4.9). 

I n  s imu la t ing  water qua l i t y ,  both equilibrium and sate processes are 

From i t s  conceptual izat ion i n  1378, the  IUIAS model has been developed as 

a dynamic ra the r  than as a steady-state model for t h ree  important reasons: 

1 0  

2, 

3. 

It i s  necessary t o  &e able t o  p red ic t  the t ime frame over which water 

quality ni'll change I n  response t o  changes .In deposi t ion ac id i t y .  

C r i t i c a l  a c i d i t y  condi t ions can be episodic (e.g., spr ing  snomnelt). 

Because o f  the  r e l a t i v e  constancy In atmospheric a c i d i t y  loads, t he  best 

t e s t  o f  a l ake -ac id i f i ca t i on  model t o  i t s  a b i l i t y  t o  p red ic t  seasonal and 

episodic var ia t ions  i n  surface Water qua l i t y .  Predic t ing average 

concentrat ions may mask c r i t i c a l  condi t ions and i s  less o f  a t e s t  o f  a 

model's formulation. 

The major facets  of t h e  ILWAS model are summarized i n  Table A.4.10. I t s  

t heo re t i ca l  basis, development, and app l i ca t i on  are described i n  d e t a i l  i n  t h e  

fo l l ow ing  references: Gherini e t  a1 (1984), Chen -- e t  a l .  (1983), and 6o lds te in  

e t  af.  (1984). 

-- 
-- 

A.40 73 



Figure A.4.11. Movement o f  r a i n  and snowmelt waters through a forested lake- 
watershed system (Gherinl e t  a l . ,  1984). 
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Table A.4.9. Solution phase chemical constituents simulated by the ILWAS 
model. 

i. -- 
SOLUTION PHASE tHEf4IW CONSIITUENI’S SIWLATED BY THE ILWAS mDEL I 

Neutral Neutral 
Cations Anlons Species - -  
C P  SO;- HqS ioq 

ng*+ *; Species 
Tracked 
by Uasr 
Balance 

IC+ el - 

Spec i es 
Ca 1 cu 1 ated 
fwm Those 
Above 

Analytical 
Total 

Alk ANI: 

Orp A d d  1 

Otg Acid 2 

Gases 
JInDut Only) 



Table A.4.10. Summary o f  t he  ILWAS model. 

Use: P red ic t  changes over t i m e  i n  surface and ground water q u a l i t y  
given changes i n  p r e c i p i t a t i o n  a c i d i t y  and a i r  qua l i t y ;  t e s t  
s c i e n t  i f i c hypotheses . 

Outputs: Surface and ground water flow, and the associated 
concentrations o f  16 chemical consti tuents, inc lud ing the  
base cations (Ca, Mg, K, Na, NH ), strong ac id anions (SO , 
NO3, C l ) ,  monomeric aluminum sptcies, a l k a l i n i t y ,  pH, a mho-  
or t r i p t o t i c  organic ac id  analogue, dissolved inorganic 
earbon, 5, t o t a l  f l uo r ide ,  FT, and s i l i c i c  acid. 

Inputs: Basin cha rac te r i s t i cs  (e.g., land slopes, s o i l  depths, 
p e n e a b i l i t i e s ,  chemical cha rac te r i s t i cs )  
P r e c i p i t a t i o n  Quan t i t y  and Q u a l i t y  
A i r  Qual i ty  

Code: FORTRAN 66 and FORTRAN 77 
Computer Versions: PRlME 

IBM 
CRAY 

t i n e s  of Code: 12,000 

Core Memory Requfrment: 0.96 Megabyte 

Cmputer Execution Time (8 Subcatchment System - r e l a t i v e l y  d e t a i l e d  
system) 

1 year simulation: CRAY-1A 0.5 minutes 
IBM 3081 5 minutes 
PRlME 550 130 minutes 
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The Sections w h i c h  follow will briefly discuss the major points o f  the 

model . 
4,6.7.2 Conceptual Basis 
- 

tributary t o  a lake or stream, t h e  model must determine the flow pathways, the  

relative distribution of precipitation among the pathways, and the time spent 

by water traversing the pathways. In addition, the model must determine the 

amount of acid or base added t o  the through-flowing water by major watershed 

and surface water biogeochemical processes. With in  the model, flow rou t ing  i s  

treated by a hydrologic module; the acidl-base processes, by a chemical module. 

The processes simulated by these two modules are discussed briefly below. 

The conceptual basis for the ILWAS model Is quite simple. For water 

4.6.7.2.1 Key Processes and Levels of Parsimony 

4.6.7.2.1.1 Hydrologic Hodule 

The chemical characteristics o f  water depends upon where the water has 

been (Figure A,4,12). 

uses equation which determine: 

In routing the incident precipitation, the ILWAS mdel 

10 

2. 

3. 

4. 

5. 

60 

7. 

a. 
9. 

the fraction of  incoming precipftatiun which is r a in  or snow, 

Interception of precipitation by vegetation, 

evapotranspiration, 

snowpack accumulation and melting, 

flow t h r o u g h  soil layers, 

stream flow, 

t h e  thermal p rof i le  of the lake, 

t h e  vertical d i s t r ibu t ion  of lake Inflow and withdrawal o f  outflow, and 

1 ake volumetric discharge, 
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PH = 4.15 

f igure A.4.12. The depth t o  which preclpitdion seeps into the soi l  before 
flowing laterally influences lake water pH (Gher'lnl - et - e '  a1 
1984) . 
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Three general types o f  equations are used, The mass conservation 

p r i n c i p l e  i s  used t o  make water balances f o r  the  snowpack, $041 layers, stream 

segments, and lake  layers, 

potent la1 d r i v i n g  forces. For example, Darcy's Law i s  used t o  r e l a t e  percola- 

Rate equations are used t o  r e l a t e  water f low t o  

t- ion and l a t e r a l  f l ow  i n  a s o i l  l aye r  t o  the  l o c a l  hydrau l i c  processes such as 

evapotranspi ra t ion ,  

4.6,7.2.1,2 Chemical Module 

The chemical module sfmulates those major processes t h a t  produce o r  

I n  most consume a l k a l i n i t y  and a l i m i t e d  number of anc i l lary  processes, 

na tu ra l  waters, t h e  carbonate system ( i n  pa r t i cu la r ,  bicarbonate) makes up over 

95 percent of t h e  a l k a l i n i t y ,  I n  d i l u t e  surface waters suscept ib le t o  a c i d i f -  

i ca t i on ,  however, o ther  solutes can be (and o f ten  are)  important components o f  

the a l k a l i n i t y .  

system, 

Included are organic ac id  l igands and the  aqueous aluminum 

To proper ly  s imulate low a l k a l i n i t y  waters, t he  XlWAS model's alka- 

l C n i t y  d e f i n i t i o n  includes these other  species. The r e s u l t i n g  extended 

a l k a l i n i t y  i s  def ined r e l a t i v e  t o  a proton reference l e v e l  which includes CO2 

(aq), A13', and Hgl o r  HR2 0- t h e  l a t t e r  two species being the  f u l l  protonated 

o igan ic  ac id  analogues. This extended a q k a l i n i t y  has been shown t o  be mathe- 

m a t i c a l l y  (Gherini,  1984) and emp i r i ca l l y  (Schofield, 1982, 1984) equal t o  the  

&an t i t r a t i o n  l a k a l i n i t y .  

acceptors minus t h e  proton donors r e l a t i v e  t o  t h e  above proton reference level ,  

or as the  d i f f e rence  between t h e  sum of t h e  base cat ions* ( CB, ueq/ l )  minus 

t h e  sum of the  s t rong ac id  anions ( CA, ueq/ l ) ,  (i.e,, Alk = CB- CA). The use 

o f  t h e  l a t t e r  concept makes i t  easy t o  determine whether a process w i l l  ac id i f y  

It can be represented by e i t h e r  t h e  sum o f  proton 

* Actual ly ,  t h e  sum o f  t he  nonhydrogen cat ions t h a t  have charge a t  t h e  equiva- 
lence point, 
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o r  a l k a l i z e  a water. For example, if the  process removes base cat ions from 

so lu t i on  i n  excess of s t rong ac id  anions, i t  w i l l  ac id i f y  t he  solut ion.  

I n  t h e  ILWAS model, t he  H+-ion concentrat ion i s  determined i m p l i c i t l y  from 

t h e  a l k a l i n i t y  and the  ana ly t i ca l  sums o f  t o t a l  inorganic  carbon, CT ( a l l  o f  

which are t raced by the  model 

The ILWAS model accounts 

s to ich iomet r ic  equations t h a t  

using d i  r e c t  mass balance procedures ). 

f o r  acid-base production and consumption by 

quant i f y  t he  amount o f  a l k a l i n i t y  produced o r  

consumed by each reac t ion  simulated. For example, t he  weathering o f  p lag io-  

clase, as occurs i n  t h e  Adirondacks, consumes 1.19 equivalents o f  H+-ion and 

releases an equal number o f  equivalents o f  base cat ions t o  so lu t i on  f o r  every 

mole of p l  agi oclase weathered t o  k a o l i n i t e :  

agio lase)  Fe( I I ) ~ . O ~ K O . ~ ~ ~ ' O . ~ ~  I a0.17A1 1.17si2.8208 + 1.19 H+ + 0.575 H20 

+ 0.0025 02 0.005 Fez03 + 0.01 K+ + 0.84 Na+ - 0.17 Ca2+ 

+ 1.65 Si02 + 0.585 HqA12Si20g 

Likewise i o n  exchange can replace H+-ions w i th  base cations, e.g., 

( b o 1  i n i  t e )  

H 
SOLID Ca2+ + 2H+ SOLID H + Ca2+, 

and s u l f a t e  adsorption, by removing a strong ac id anion from solut ion,  

increases the  so lu t i on  phase a l k a l i n i t y :  

OH 
SOLID OH + SOq2' SOLID SOq*" + 20H'. 

The ILWAS model simulates both f a s t  and slow reactions. Fast react ions 

are defined as those t h a t  go t o  90 p lus  percent completion w i t h i n  hours. These 

react ions are represented by equ i l i b r i um expressions and reac t ion  quotients, 

and inc lude ion-exchange o f  so lu t i on  phase acid-base equ i l i b r i a .  

t h e  hydro lys is  of At3+, 

For example, 

Al3+ + H20 A1 (OH)Z+ + H+ 

~ ~ 4 . 8 ~  



i s  represented by I t s  reaction quotient, as follows: 

lH+] [A1 { OH]2+j = KAl 

[AI 3+ J . 
Slow reactions, on the other hand, are represented by rate expressions. 

for example, the weathering of plagioclase, as shown aboves i s  slow and i s  

represented by a rate expression of t h e  form 

Yhere 414 = rate of decrease i n  plagioclase concentration 
T€ 

k = specific reaction rate constant 

W = mass of  plagioclase 

[H+J = the hydrogen ion concentration 

- a  = the power dependency of the reaction rate on the concentration 

of hydrogen ion. 

Other rate expressions used include saturation kinetics (e.g., for nitrifica- 

t i o n )  and mass-action-1 imited approaches t o  equi lfbrium (e.g., for the dissolu- 

t i o n  o f  gibbsite). 

Chemical processes simulated by the model are presented i n  Table A.4.11. 

Canopy processes are simulated t o  include the enhanced capture of dry deposi- 

t ion  which occurs on leaf surfaces. Tree growth I s  simulated, i n  part, because 

nitrient uptake can produce acidity i n  comparable amounts t o  atmospheric 

deposftion. Quantitatively many of the most important acid-base processes 

occur i n  the soils. A schematic of these processes, occurring w i t h i n  a single 

roil layer, i s  shown i n  Figure A.4.13. 
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Table A.4.11 . Chemical process slmul ated by the  ILWAS model . 

.- 

CHEMICAL PROFESS SIMULATED BY THE ILWAS MODEL 

Canopy Processes Surf ace Water Processes 

Dry Deposition Gas Transfer 
f o l i a r  Exudat ion 
Nit si f i cat i on 
Solution Phase E q u i  1 ibrat ion 

Snowpack Processes 

Accmul a t  i on 
Sub1 imation 
Leaching 

Mixing (Advection & Dispersion) 
He a t  E xc h ange 
Algal Nutrient Uptake 
N i tri f i ca t  ion 
Reductive Loss of Strong Acid Anions 
Solution Phase €qui 1 i b r  a t i  on 

Soi 1 Processes 

Litter Accumulation 
1 1  t ter  Decay 
N i t r i f i c a t i o n  
Nutrient Uptake ( t r e e  growth) 
Root Respiration 
CO, Exchange 
Cmpet i t ive  Cation Exchange (Ca, Mg, K, Na, NH4, H) 
Anion Adsorption (SO$; PO,, organic acid) 
Mineral Weathering (up t o  5 minerals) 
Aluminum Dissolution - Precipi ta t ion 
Sol id-L tqu  i d-Gas Phase Equ i 1 i brat i on 
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4.6.7.2.1.3 Resolution 

4,6,7.2.1,3.1 Temporal Resolution 

The ILWAS model time s tep  is set by the model user. Because o f  the  

solution techniques used by t h e  model, short  time steps a re  not necessary for 

either model s t a b i l i t y  o r  f o r  convergence -- any time step can be used, 

Typically, dai ly  time s teps  have been selected by model users. This gives good 

temporal resolution and s t i l l  allows long-term (> 50 years) simulation runs t o  

be made a t  reasonable cost. Much o f  the i n p u t  data used by the monthly 

precipi ta t ion quali ty.  Model o u t p u t  can be made on a dai ly ,  weekly, o r  annual 

basis,  a t  the model users discretion. Typically, predicted flows and concen- 

t r a t i o n s  a re  plotted dai ly  and elemental cycle char ts  a r e  produced yearly. . 

4.6.7.2.1.3.2 Spatial  Resolution 

The spa t i a l  heterogeneity i n  lake-watershed sys t em is  represented i n  the  

ILWAS model by a series of interconnected homogeneous compartments. 

accoRmodate lake-watershed heterogeneity, the hydrologic basin i s  divided in to  

subcatchments, stream segments , and a lake (or series of interconnected streams 

and lakes)  (Figure A.4.14). 

represent the canopy, snowpack and s o i l  layers,  The lake i s  divided in to  

horizontally mixed layers t o  allow fo r  calculation o f  temperature and water 

qual 1 t y  prof i 1 e s  . 

To 

In each subcatchwnt,  there  a r e  cqmpartments t o  

The number of  subcatchments i n to  which t h e  t r ibu tary  watershed is  d iv ided  

is  determined by the model user, as Is t h e  number of  s o i l  layers i n  each 

subcatchment and the number of layers in the lake, Rarely would a watershed be 

d iv ided  in to  more t h a n  about 8-10 subcat?chments, a s o i l  i n to  more than f i v e  

layers,  o r  a lake in to  more than about 10 layers. A disaggregation of  a fores t  

s o i l  in to  layers  i s  shown i n  F igure  A.4,15. An a l t e rna te  layering scheme m i g h t  
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Figure A.4.15. Simple model representation o f  a spodic forest so i l  . 
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d i s t i n g u i s h  an organic horizon, an upper mineral horizon (A2, BEhir, BZir, plus 

63 horizons), and a deeper mineral hor izon (C horizon). 

4.6,7,2.1.3,3 Sol u t i  on Technique 
- 

se r ies  o f  CSTR's as shown i n  Figure A.4.26. For each CSTH, f o r  each t ime step, 

t h e  dequence o f  computaitons i s  as shown I n  F igure A.4.17. 

The ILWAS model represents t h e  system modeled (apart from t h e - l a k e )  as a 

The lake i t s e l f  i s  

modeled by a ser ies o f  d i f f e r e n t i a l  equations which are solved simultaneously 

for each o f  t he  lake layers. 

4-6.7.3. Model Inputs 

Inputs t o  t h e  XLWAS model are of tuc types: t ime va r ian t  meteorological, 

a i r  q u a l i t y  and p r e c i p i t a t i o n  data which are used t o  d r i v e  the  model, and t ime 

i n v a r i a n t  data which describe t h e  hydro log ica l  and chemical proper t ies o f  t he  

basin being modeled. 

The major t ime va r ian t  inputs  required by the model are summarized i n  

Table A.4.12. The t i m e  i n v a r i a n t  hydrological  and chemical data required are 

b r i e f l y  described i n  Tables A.4.13 and A.4.14. Thermodynamic data used by tbe 

model are given i n  Table A.4.15. Detai led discussion of model i npu t  data i s  

given by Gherini -.c- e t  a1 , (1984) and Goldstein -- e t  a1 . { 1984) (see a l so  Appendix 

A-2). Minimum inpo t  d a t a  requirements f o ?  t h e  ILWAS model are l i s t e d  i n  Table 

Am4.16. 

Experience has shown t h a t  t he  paramexers t h a t  a re  most important f o r  

c a l i b r a t i o n  o f  t h e  ILWAS model are the  fo l lowing: 
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Figure A.4.16. Idealization o f  system compartments as CSTR's along flowpaths 
through a subcatchment (Chen et  a l . ,  1983).  
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Figure A,4,17. Batch reactor analogy for s i n g l e  CSTR over tfme step (Gherini - e t  -* a1 ’ 1984). 
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Table A.4.12. Time var iant  model input  data. 

Dai ly preci  p i  t a t  i on 

b a i l y  minimum and maximum a i r  temperatures 

Monthly or  d a i l y  p r e c i p i t a t i o n  q u a l i t y  -- major cations and anions 

Monthly a i r  q u a l i t y  -- major cations and anions, SO, and NO, concentrations 
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Table A.4.13. Time invariant  model i n p u t  data: basin hydrologic 
charac te r i s t ics .  

TIME IWARIANT WDEL INPUT DATA: BASIN HYDROLOG-IC 
CMARA CT ER I ST I CS 

E vapo t r ans p i r a t  i on Data 

Monthly vegetation leaf  area indices* 
Monthly re1 a t i  ve humi d i t4  es 
Seasonal evapotranspi r a t  i on coef f i c i ent s 

Snowpack Data 

Snow sub1 irnatlon r a t e  t oe f f i c l en t  
Snomelt r a t e  coef f ic ien t  
Moisture capaci ty  of snowpack 

Subcatchment Data 

Land slope 
Aspect 
Percent vegetative cover* 
Number of s o i l  layers, and by soil layer  modeled, 

So i l  l ayer  thickness 
Sol 1 1 ayer penneabi 1 i t y  
Soil layer f i e l d  capaci ty  
Sai 1 l ayer  saturated moisture content 

Stream Data 

S t r e m  segment dimensions 

l ake  Data 

Lake bathymetry 
Depth-volume re1 ationshlp 
S tage-outf low re1 a t  i anshi p 
Energy budget coeff icients 

* = by vegetation type (deciduous, coniferous, open area)  
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Table A.4.14. Time i n v a r i a n t  model i n p u t  data: basin chemical 
cka ra c t e  r i  st i cs. 

TIME INVARIANT KIDEL INPUT DATA: BASIN CHEMICAL 
. CHARACTERISTICS 

Veqetation Data 

Monthly vegetation growth coeff ic ients* 
Canopy and bole composition, by element* 
Monthly vegetation resp i ra t ion  rates* 
Monthly f o l  lar  exudation rates* 
Monthly 1 i t t e r f  a1 1 rates* 
Gaseous and pa r t i cu la t e  deposition ve loc i t i e s  

Soi l  Data 

Ldtter decomposition r a t e  coef f ic ien ts  
Soi l  n i t r i f i c a t i o n  r a t e  coef f ic ien t  
Mi ner a1 weath e r  i ng s t o  i c he o met r i es 
Mineral weat herin r a t e  coef f ic ien ts  

Cation exchange capaci t f*  
Cation exchange s e l e c t i v i t y  coefficients** 
Anion adsorption coefficients** 
I n i t i a l  sol 1 solut ion and adsorbed phase concentratfons** 

S o i l  layer minera s canposition** 

Surf ace Water 

Monthly primary product iv i t ies  
Behavior w i t h  respect t o  amorphous 
I n i t l a l  so lu te  concentrations, by 

g ibbs i te  
on 

* = by vegetation type (deciduous, coniferous, open area) 

** = by each s o i l  layer 



THERMODYlSAMlC DATA USE0 BY TttE 1tWAS MOM1 c 
' .. 

. Ion Product o l  Water :'ir : f lu 

Ft rs t  Olssociatfm for H2CO; 

4 secwl  Otssoclattm Comtant for H2(n3 

Ft rs t  n lssoc lat lm Comtmt far 
f r l p r o t l c  Orgrnlc Acld A n r l p u r  

sccowl Olsraclntlfm camtant for 
l r t p r o t l c  Organlc Acld Anrtagm 

Thlrl Olfsoclatlon Constant f a  
l r f p r o t l c  Organlc Acld Analogue 

Olsr l~ I r t tan Cowstant tor lhoprottc 
Orqrnlc Acld Analogue 

A l u m l m n  system Rych.olysls CanstHlts 

Almlmn-Sulfate Cmplcratfen t o m t n t s  

A t u t d t u a r t d t  Canplcrrtlon Comtmtt 

A t u m l w - l r t p r o t i c  Orpanlc Acld Anrtogut 
Cmplcratlon Constant 
A f u n l n u a  Manoprotfc Organic Acld Anrloguc 
Canpltxat Ion Constants 

G l h k l t c  I n l u h l l l t y  Product 
(pKw 9 32.6 used) 

4.0 

6.1 

9.25 

1.5 

1.99 - 5.15 

8 14' 

m 94.2* 

8 3.21 

5.11 

8 '7 + 4470.99 6.M175 4 O.Blt06 1 
{ S t m a ,  198l, p. 127) 

215.21 l q  1 - 0.1?675 * 1 -515.36 
(LaeuenthrI, 1978, p. 84) 

(tomnthrt, t9?8, p. 84) 

(Stun, 1981, p. 204) 

* - T -  . -7- 2902.39 + 0.02379 ' 1 - 6.198 

'7 -2381.?3 + 11.0184 - 0.0152642 1 

(Ghrrtnt, Hudson, L Cronm, 1991) 

(fittertnf, Hudson, & Cronan, 1988) 

(Orlscotl, 19821 

, <  fbrtscoll, 1982) 

9 7.02, 12.16, 17.03, 19.13, 20.92, 20.& (fbld;) 

* 31.19 (fhorghous Gihhslte) 

= 33.22 (Natural Glbbsitc) - 33.fl8 (Synthetlt Glbbsitcr) 

: %P : #3p * 32.61 (Hircrocryst a i  I ine Cfbhs I tc )  



Table A.4.16. Minimum input  da ta  requirements. 

Topographic map o f  t he  hydrologic basin (VSGS 7.5 min sheets) 

Descr ipt ions o f  watershed vegetation 

D a i l y  p r e c i p i t a t i o n  amounts (nearby weather s t a t i o n  data adequate) 

Monthly p r e c i p i t a t i o n  q u a l i t y  -- major cations, major anions (can be 

obtained f rom NADP) 

Estimate of d ry  depos i t ion 'qua l i t y  

S o i l  depth (depth o f  permeable media) 

S o i l  permeabi l i ty  ( i f  data not  avai lable,  value can be estimated from 

g ra in  size d i s t r i b u t i o n  or by model c a l i b r a t i o n  t o  stream o r  lake 

d i  scharge) 

S o i l  ca t i on  exchange capaci ty o r  g ra in  s ize  d i s t r i b u t i o n  

S o i l  mineralogy -- 2-3 weatherable minerals ( I  by weight) 

SOq2' adsorpt ion -- isotherm coe f f i c i en ts  

Stream -0 l eng th  and 2-3 cross-sections 

Lake bathymetry (1 o r  2 t ransects)  

I n i t i a l  s o i l  so lu t i on  0- major cations, major anions, pH 

I n i t i a l  surface water -- major cations, major anions, pH Si02 
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Hydrologic Parameters Chemical Parameters 

Land slope Soi 1 cation exchange capaci t y  

Soi 1 permeabi 15 t y  

Soil depth 

Soil cation selectivity coefficients 

Sot 1 ani on adsorpt i on coef f i ci ents 

Soi 1 f 4 el d tapaci ty* 

Soil saturated moisture capacity* Soi 1 n i t r i f i ca t ion  rate coefficient 

Seasonal evapotranspi ration I n i t i a l  soil and surface water solute 

Mineral weathering rate coefficients 

toef f i ci ent s* concentrations* 

Indicates parameters o f  secondary importance. 

4.6.7.4 Model Outputs 

O u t p u t  fromthe ILWAS model can be produced i n  three major forms: 

Plots of volumetric flow rates (e.gel, fake or stream discharge) and 

solution chemical ConCi?ntratiOfS a t  various locations w i t h i n  the basin 

{lake surface water so i l ,  soil layws,  etc.) on a dally, weekly, or yearly 

basis; 

1. 

2, cycle charts for  the indiv idua l  chemical constltuents, which show the 

storage, change i n  storage, reaction, and fluxes between the various 

compartments within the basin; 

summary.tables which present the solution phase and adsorbed solute 

concentrations, and moisture concewntrations throughout  the basin, An 

example.of a cycle chart is shown i n  Figure A.4.18 for calcium, a pre- 

dicted and observed lake outflow p l o t  i s  shown i n  Figure A.4.19, and a 

predicted and observed pH and a l k a l i n i t y  p lo t  is  shown i n  Figure A.4.20. 

3. 
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Figure A.4.18. Example yearly Cycle char t  for calcium (Chen - e t  -- a1 ' 1983). 
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b) Panther Lake Outlet Alkalinity 

Figure A.4.20. Simulated and observed outflow water quality f o r  Panther Lake: 
( a )  pH; (b) alkalinity. 
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4.6.7.5 Sensitivity Analyses 

Several Sensitivity ana’lyses have been performed w i t h  the ILWAS model t o  

determine the key factors t h a t  control the volumetric discharge rates and lake 

water qua l i ty  i n  systems w i t h  moderate relief (e.g., Woods and Panther 

dasins). The hydrologic output variables and model coefficients t D  w h i c h  these 

were found t o  be most sensitive are given below: 

o Total annual lake outfl ow--evapotranspiration coefficient. 

o Snowmelt hydrograph, rising limb--incipient snowmelt temperature- 

o 

o 

Snowmelt hydrograph, f a l l i n g  limb--snowmelt rate coefficient. 

Peak f l o w  a t  lake outlet-hydraulic conductivity and thickness o f  organic 

soil horizon. 

o ease flow a t  lake outlet-hydraulic conductivity and thickness o f  

inorganic soil horizons. 

Non-snowmelt bydrographic recession-the dlfference between soil  f i e ld  

capacity and saturation moisture content. 

o 

Factors t o  which lake water quality showed highest sensitivities included: 

o 

o 

o 

the particle and gas deposition velocities; 

the percent l i t t e r  content In the organic sot1 horizon; 

the soil cation exchange capacities (a t  low values) and the base satura- 

t i o n  indices; and 

t h e  rate coefficients t h a t  describe net tree productivity, l i t t e r  decay, 

humus decay, soil nitrification, gfbbsite solubilization, and mineral 

weathering, To d i  spl ay sensitivity t o  such parameters, the parameter 

values are adjusted up and down indiv idua l ly  from the calibrated values 

and the responses i n  the lake water qual i ty  are plotted. 

Uhen such analyses are made, many of t h e  responses are found t o  be nearly 

linear, Figure A.4-21 presents such a p l o t  for the atmospherjc particulate 

o 
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matter deposition velocity ( t h i s  influences the dry depositional loading) .  

figure A.4.22 presents a similar p l o t  for the soil  nitrification rate coeffi- 

cient. Here, some of the responses appear t o  be nonlinear. As migh t  be 

expected, the relative sensitivities t o  the model parameters are-site- 

specific, What is sensitive i n  Woods Lake, for example, may not be as 

sensitive i n  Panther take and vice versa. 

parameters and decay rate coefficients are sensitive parameters, The ca t ion  

exchange capacity and the mineral weathering rate coefficients, a t  the values 

encountered, were relatively insensitive, 

In general, the depositional 

4.6.7.6 Model Testing and Application 

The ILWAS model was original ly developed for Woods, Panther, and Sagamore 

Lakes i n  t h e  Adirondatk Mountains of New York. The same model was calibrated 

t o  all three lakes w i t h  three years of field data which included dai ly  precip- 

i t a t i o n  quant i ty ,  weekly or monthly averaged precipitation q u a l i t y ,  weekly dry 

deposition measurements, daily maximum and m i n i m u m  ambient a i r  temperatures, 

three snowpack transect surveys per year, daily lake outlet flows, weekly water 

q u a l i t y  a t  the lake outlets, and monthly lake water quality profiles. Compar- 

lsons between the calculated and the observed time series of data were made a t  

many check points w i t h i n  the lake-watershed system i n  addition o t  the lake 

outlets. The confirmations were good and the results have been published. 

After calfbration, the model was used t o  project the lake responses t o  

reduced atmospheric sulfate loadings. The results showed the responses t o  be 

site-specific. 

sulfate load, whereas i n  Moods Lake, the ounrmertirne pH increased, w i t h  the pH 

dur ing  the springmelt period jncreasing t o  a lesser degree (Gherini -- et a l . ,  

Panther Lake pH responded very l i t t l e  t o  a h a l v i n g  i n  the 
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1984). 

t h ree  t o  four years a f t e r  t he  reduction i n  loads. 

For these two systems, the ma jo r i t y  o f  the response occurred w i t h i n  

Since the  o r i g i n a l  development o f  the model, i t  has been appl ied t o  seven 

addi t ional  basins i n  t h e  Adirondacks, inc lud ing seepage and interconnected 

take-watershed systems. The data base used covered a two-year per iod w i t h  

monthly water q u a l i t y  values. 

lakes i n  northern Wisconsin, i.e., Hound Lake and East Eightmile Lake. 

The model has also been applied t o  two seepage 

This 

appl icat ion i s  continuing. 

successful ly t o  a stream-watershed i n  North Carolina, and data are now being 

co l l ec ted  f o r  appl icat ion o f  tbe model t o  two lake-watershed systems i n  the 

S i  erra Nevada. 

In  addit ion, t h e  ILYAS nodel bas been applied 

4.6.7.7 Model U t i l i t y  

The ILbiAS model has been used t o  organize the f i e l d  research, i d e n t i f y  

c r i t i c a l  knowledge gaps, and in teg ra te  pf-oject resu l t s  on t h e  lLWAS and HILWAS 

invest igat ions.  

loads has been demonstrated. In addit ion, the model has been use t o  t e s t  

s c i e n t i f i c  hypotheses. Three, 5 4 a y  hypothesis t e s t i n g  workshops were held 

wi th ILlJAS p r i n c i p a l  invest igators,  U.S. €PA personnel, and u t i l i t y  scien- 

t i s t s .  The f i r s t  day o f  each workshop was devoted t o  the presentation and 

discussion o f  model theory, model structure, hypothesis formulation and 

hypothesis t e s t i n g  procedures. 

formulated hypotheses and projected resuf ts .  Among the hypotheses formulated, 

12  t o  14 were selected for t e s t i n g  with the  model dur ing the  fo l lowing two 

days. On the f i f t h  day, t he  pa r t i c i pan ts  regrouped t o  analyze the  resul ts.  

A sampling o f  t he  hypotheses tested dur ing t h e  three workshops are given 

Its a b i l i t y  t o  p ro jec t  lake responses t o  changing deposit ion 

- 

On t h e  second day, t h e  workshop par t ic ipants  

i n  Table A.4.17. One o f  the  hypothesis tested was the importance o f  the depth 
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Table A.4.17. Samples o f  t h e  hypotheses tes ted  us ing  the ILWAS model at t h r e e  
hypothesis t e s t i n g  workshops. 

SAWLES OF THE HYPOTHESES TESTED USING THE ILWS 
MODEL AT THREE HYPOTHESIS TESTING WCRKSHOPS 

ILWAS INPUT WORKSHOP 

Par t ic ipants :  C. Chen, H. Clescerf, C. Cronan. J. Dean, 
R. Finch, 5. Gherlnl, R. t ioldsteln, 
'A. Johannes, 5. Lindberg, and C. Vasudevan 

Sample Hypotheses Tested: 

1. Year t o  year f l uc tua t i ons  (e;g., 22'~) I n  c l i m a t i c  
temperatures alone w i l l  a f fect  lake ac id i ty .  

2. Exudatlon by f o r e s t  f o l f a g e  does no t  a f fect  lake ac id i ty .  

3. Without the  presence o f  a snowoack and i t s  subsequent melting, 
there would be no spr ing pH depression i n  Panther Lake. 

4. Other things being egual, a watershed wf th  more coniferous 
vegetation w l l l  have a lower lake water pH. 

5. The prtsence of organic ac id  l igands I n  throughfa l l  wi l l  lower 
t h e  th rough fa l l  pli. 

ILUAS TERRESTRIAL SYSTEM H R K S H O P  

Part lc lpants :  R. April, C. then. C. Cronan, J. Dean. R. Finch, 
S. Gherfnl, R .  Goldstdn,  0. Srlgal,  R. Newton, 
N. Peters, and C. Schofleld 

Sanole Hvpathaes f a t e d :  

1. l o n g  term droughts produce cycles of ac fd l f l ca t i on  In tens i ty .  
A l k a l i n l t y  Wtll increase i n  dr years followed by a decrease 
as r a f n f a l l  re turns t o  noma1 Tcvels. 

2. fnwcas lng  t h e  p c n c a b l l i t y  of the mineral r o l l  layers ui l l  
increase the a l k a l i n i t y  supply r a t e  of a basln. 

3. Increasing tht p a r t i a l  pttssurt of carbon d lox lde i n  thc fo i l  
W t l l  Increase lake water a l k a l i n t t y .  

4. Rmovin hornblende from the r o i l  dl1  decrease the basin 
r l k a l i n ~ t y  output and thereby the  lake water a l k r l l n l t y .  

5. Without my ca t ion  exchange capacl ty  I n  the so i ls ,  t h e  lake 
waters 411 kcme m r e  acidlc.  
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Table  A .4.17 (cont i nued) 

1 
Table 8 (cont'd) 

Patticlpants: D. Bennet, C. Chen, R. Church, C. Drisroll, 
R .  Ffnch, J. Gsl?oway. 5. Gherlnf, R. 6oldstein, 
6. Hendrey, R. Kanrratani, PI. Levfn, L. Mok, 
N. Peters, and G. Schofisld 

Smote Wymtheses fa ted :  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

3. 

9. 

Doubling the dmor i t ion  o f  sulfur will double the lake water 
sulfate wncanttat lon wtthin five jrcars. 

Deweastfig the annual n l t t a t e  loadhg by 75% w l l l  produce B 
large increase in lakg watw alkal fn i ty.  

Lake water pH and a lka l ln l ty  wit1 rUriafn th same Whether thc 
s u l f a t t  I n  deporttion i s  assocfattd uith c a l r l m  ot hydrogen 
ion. 

Lake water p# snd a l k a l i n f t y  wit1 decrease i f  thc Sulfate i n  
depasttion I s  assoelated 4 t h  annmium rather th rn  hydrogen 
ion. 

D f r t c t  p tec lp l ta t lon  In to  the T a k a  does rmt suoply t d f f c h n t  
phosphorus to  support the observed prlmary produCtlvlty. 

So11 n i t r l f i c a t l o n  d e t e d n c r  spring la l i t  surface w a t n  levels 
of f i l t ra te  and regulates the tharrges I n  8 l k r l l n l t y .  

Uet primary produttlon i n  Uoods and Panther Laka has only a 
mal1 c f f e d  (<S-lLW) on l s k t  water alkalinity. 

Yoods Lake, l imed t o  $i valws of 5.5, 6.0, w 6.5, ul11 
return t o  i t s  orjgtnal pH regime w l t h h  2 to 3 years 
[Alternates: 
In February). 

As the watershed area t r ibu tary  t o  a given lake decreasCS, SO 
v l l l  the lake water ptC and a1ka;lnjty. 

. I .  * 

Lime lake In SeptmCer or place Iim w lake kt 
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of the s o i l s  (permeable media) i n  the t r i b u t a r y  watersheds. 

i f  the s o i l  depth i n  Panther watershed was reduced t o  tha t  o f  Woods, the lake 

It was argued t h a t  

waters would become acidic. To complete t h i s  test ,  it was hypothesized t h a t  

Woods Lake waters would become a l ka l i ne  i f  i t s  s o i l  depth was Intreased t o  t h a t  

o f  Panther. The t e s t  resu l t s  confirmed t h i s  hypothesis (Goldstein -- e t  a1 . , 
1984). 

Another hypothesis advanced was t h a t  the snowmelt associated pH depression 

i n  Panther Lake (pH dropping f r o m  about 7.2 t o  4.5) would not occur i f  the 

winter  ambient a i r  temperatures stayed above freezing. It was f e l t  t h a t  

without t he  co ld  a i r ,  snow would not form and p r e c i p i t a t i o n  during the winter 

would be applied uniformly over t ime t o  the s o i l s  instead o f  during a short, 

one t o  two week snowmelt period. 

o f  percolat ion i n t o  the organic horizon and hehce reduce the shallow l a t e r a l  

It was argued t h i s  would minimize the backup 

f low o f  water through t h i s  ac id i c  layer. When the hypothesis was tested, no 

s i g n i f i c a n t  springtime pH depression was observed i n  the  model output. What, 

a t  t h a t  time, appeared t o  be an academic r e s u l t  was confirmed the fo l lowing 

year i n  the f i e l d  when l i t t l e  snow f e l l  i n  the Adirondacks. 

depression was observed a t  Panther Lake or a t  any o f  t h e  24 RILWAS lakes 

No springtime pH 

(Goldstein -- e t  al., 1984). 

4.6.8 Others 

4.6.8.1 Bobba and Lam 

Bobba and Lam (1984) have recent ly developed a hydrological model f o r  

i nves t i ga t i ng  long-term a c i d i f i c a t i o n  effects, which they intend t o  l i n k  w i th  

one o r  more chemistry models (Lam and Bobba, 1984). Though t h e i r  model does 

not ye t  include chemi cal  i n t e r a c t i  ons , t s  s t ructure 1 s appropriate f o r  

appl icat ion t o  the question of watershed response rates. 
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Conceptual Basis 

The model consists of mass balance calculat ions fo r  snow accumulation and 

melting. soil moisture budgeting, runoff generation, and hydrologlcal routing. 

St ructura l ly ,  t b e  model represents the watershed as a set o f  subbasins, each 

with s i x  compartments: 

1, atmospheri c inputs ; 

2. the snowpack; 

3, an upper s o i l  reservo i r  (surface l i t t e r  zone); 

4, a l o w e r  s o i l  reservo i r  (unsaturated zone, incuding the roo t  zones o f  mort  

of the perennial vegetation); 

5. a groundwater reservoir ;  and 

6. a stream. 

Snowmelt ca lcu lat ions are based on two empirical formulations, one f o r  

r a i n  periods and on@ for  rain-f ree periods. The input data and parameters used 

i n  these equations are l f s t e d  i n  Table A,4.18. 

The model uses three basic ru les of water movement: 

a e r i a l  i n f i l t r a t i o n  Is proport ional  t o  the  volume remaining i n  the upper o 

s o i l  zone; 

outflow from any of t he  three reservoirs 1s l i n e a r l y  proport ional  t o  the 0 -  
c 

reservo i r  storage; 

evapotranspirat ion i s  proport ional  t o  the product o f  t he  po ten t i a l  evapo- 

r a t i o n  r a t e  (required by heat balance consideratSon$) and the reservoir  

storage. 

Each subbasin has i t s  own So i l  moisture budget and output hydrological 

o 

response. The runoff values from each subbasin are combined v i a  a transforma- 

t i o n  funct ion (o r  f i l t e r )  t o  account fo r  inter-subbasin di f ferences i n  t he  t ime 

o f  t r a v e l  and magnitude of  runoff,  
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-Table A.4.18. Estimated parameters and inpu t  da ta  requirements i n  t h e  model 
developed by Bobba and Lam. 

Estimated Parameters 

convection-condensation mel t  

const ant 

shortwave r a d i a t i o n  mel t  f a c t o r  

i n f  i I t r a t i o n  c o e f f i c i e n t s  for 

t h ree  rese rvo i r s  

recession constants f o r  t h ree  

rese rvo i r s  

p o t e n t i a l  evaporation r a t e  

0 

Input  Data Requirements 

p r e c i p i t a t i o n *  1 

maximum and minimum 'ai r 

temp e r a t  u re*  

so la r  rad ia t i on*  

wind speed* 

X f o r e s t  cover 

mean monthly evaporation 

watershed drainage area 

watershed soil  and land cover 

chasacteri  s t i  cs 

i n i t i a l  soi l  moisture condj t ions 

* Dad ly measurements 
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Model Inputs and Outputs 

The input  data requirements of the model are summarized i n  Table A.4.19. 

Lam and Bobba (1984) po int  out t h a t  for  t h e  investdgation o f  long-term e f f e c t s  

o f  ac id i c  deposit ion (.e., over several decades o r  a century), d a i l y  f lows are 

not necessary. A few runs of the hydrological model for  some representative 

years are probably su f f i c i en t  t o  'establ i s h  general hydrological pathways. 

weather records can be used t o  establ ish the frequency d i s t r i b u t i o n  o f  d i f f e r -  

ent 'types" o f  years. 

Past 

The output of the model Includes d a i l y  values fo r  overland flow, i n t e r -  

f l a w ,  and groundwater flow. 

Model Appl jcat ions 

No s e n s i t i v i t y  analysis Of the model has been published. The model was 

ca l i b ra ted  t o  1981 data from the Turkey lakes Watershed (near Sault Ste. Marie, 

Ontario) and then v e r j f i e d  against 1982 data from f i v e  stream stat ions. Agree- 

ment between observed and simulated flows was very good, p a r t i c u l a r l y  since 

the re  was a considerable di f ference i n  snowfall between the  c a l i b r a t i o n  and 

va l i da t i on  years. 

The model i s  current ly  befng applied t o  t h e  l ake  L a f l a m  watershed (north 

o f  Quebec City) and the Mersey River i n  Nova Scotia. 

U t i l i t y  

inasmuch as t h i s  model does not y e t  include chemical processes, i t  cannot 

be used t o  p red ic t  t he  r a t e  of watershed response. The s t ructure o f  the model # 

however, f s s u f f i c i e n t l y  simple t o  make an appropriate hydrological  submodel 

f o r  t h e  MAGIC model, which focuses almost e n t i r e t y  on chemical processes. 
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4.6.8.2 Booty and Kramer 

Th is  model was o r i g i n a l l y  developed t o  simulate t h e  movement of water and 

hydrogen ions through a fo res ted  waershed, and t o  assess t h e  parameter sensi -  

t i v i t y  o f  model p red ic t i ons  (Booty and Kramer, 1984). 

- 

summarized i n  Table A.4.19. The most unusual fea ture  o f  t h e  model i s  i t s  use 

o f  laboratory-determined ac id  n e u t r a l i z a t i o n  capaci ty  functions f o r  each so i  1 

The ove ra l l  s t r u c t u r e  o f  t h e  model i s  i l l u s t r a t e d  by F igure A.4.22, and 

horizon. These functions are meant t o  represent t h e  short-term capaci ty  o f  

s o i l s  t o  n e u t r a l i z e  i npu ts  of vary ing ac id i t y .  

s u l f a t e  adsorption capaci ty  a re  not  modeled e x p l i c i t y ,  i t  i s  not  c l e a r  ( a t  

l e a s t  f r o m  t h e  Booty and Kramer 1984 paper) how t h e  model could produce a 

delayed response t o  constant l e v e l s  o f  deposition. Also, t h e  model on ly  

Inasmuch as base sa tura t ion  and 

budgets hydrogen i o n  concentrat ions and a l k a l i n i t y ,  but no t  s u l f a t e  o r  

n i t r a t e .  

A p a r t i a l  s e n s i t i v i t y  ana lys is  (indep\endent v a r i a t i o n  o f  s ing le  para- 

meters) i nd i ca ted  t h a t  l ake  a c i d i f i c a t i o n  ra tes  were most sens i t i ve  to :  

i n f i l t s a t f o n - p e r c o l a t i o n  ra tes;  (2) s o i l  depth; and (3)  s o i l  hor izon a c i d  

n e u t r a l i z a t i o n  capaci t ies.  

(1) 

To date, t h e  model has only  been app l ied  t o  one system: Batchawanana 

Lake, i n  t h e  Turkey Lakes watershed. 

da ta  on streamflow and ' lake pH, b u t  v a l i d a t i o n  runs have no t  been published. 

On t h e  c a l i b r a t i o n  year data, t h e  model accurate ly  t racked streamflow and t h e  

sp r ing  pH decline, b u t  overestimated summer pH. 

It was ca l i b ra ted  against one year of 

I n  conclusion, t h e  absence o f  delay mechanisms i n  t h e  s t rue tu re  o f  t h e  

model and t h e  lack  o f  v a l i d a t i o n  t e s t s  o f  model predic t ions,  make i t  cu r ren t l y  

inappropr ia te  f o r  addressing t h e  issue o f  watershed response times. 



-- 

Figure A.4.23. Schematfc o f  computer sinulatfon model. See fab le  1 for  
details. The a.n.c. i s  the acid neutra l iz ing capacity o f  soi l  
horizon (source: Booty and Kramer, 1984). 
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Table A.4.19. Summary o f  methods t o  represent hydro log ica l  and chemical 
processes i n  t h e  Booty and Kramer (1984) model. 

Hydro1 ogy 

canopy i n t e r c e p t i o n  

Snow accumul a t  i on 
snowme1 t 
sur face runo f f  

s t  reamf 1 ow 
j nf i 1 t r a t i o n  

s o i l  mois ture 

evapot ranspi r a t  i on 

perco l  a t i  on 

groundwater f l  ow 
1 ake 

t i m e  i n t e r v a l  
i ntput-output 

Ckemi s t  ry 

canopy modi f i c a t i o n  

snowpack and snowmelt 

s t r e  amf wat e r 

s o i l  water 

1 ake 

Processes 

moisture.balance between p rec ip i t a t i on ,  evapotranspira- 
t i o n ,  and canopy storage capacity; 
evenly d i s t r i b u t e d  and measured as equivalents; 
temperature and r a i n  induced f o r  forested and open areas; 
on ly  considered t o  be s i g n i f i c a n t  over exposed bedrock 
o r  over f rozen s o i l  dur ing  t h e  spr ing  mel t ;  
based on t h e  c o n t i n u i t y  equation f o r  low order  streams; 
a l l  moisture i n  excess o f  i n te rcep t ion  storage i s  
assumed t o  go d i r e c t l y  t o  i n f i l t r a t i o n ;  snowmelt w i l l  
i n f i l t r a t e  t h e  s o i l  if t h e  ground i s  no t  frozen which 
i s  determined by t h e  degree-day method; 
water balance between storage, i n te r f l ow ,  evapotrans- 
p i ra t i on ,  and pe rco la t i on  f o r  each s o i l  horizon; 
empi r i ca l  formulae us ing a i r  temperature and r e l a t i v e  
humi d i  %y ; 
moisture i n  excess o f  f i e l d  capaci ty  whlch increases 
l i n e a r l y  t o  t h e  saturated hydrau l i c  conduc t i v i t y  o f  t h e  
s o i l  hor izon a t  saturat ion;  
l i n e a r  f l o w  based on tohe Uarcy equation; 
water balance between p rec ip i t a t i on ,  streamwater and 
groundwater in f lows,  evaporation, and lake  out f lows 
s i n g l e  or mul t i - layer ;  
d a i l y  t ime step; 
i n p u t  d a i l y  p r e c i p i t a t i o n  depth, mean d a i l y  temperature, 
and vapor pressure; output canopy moisture content, 
s o i l  hor izon moisture contents, streamflow groundwater 
flow, l ake  and bas in  ou t f low volumes; 

determined by t h e  use o f  attenuation-enrichment c o e f f i -  
c i e n t s  f o r  s p e c i f i c  t r e e  species; 
snowpack water and snowmelt are t rea ted  as aqueous 
carbonate systems; exponential f unc t i on  i s  used t o  
determl ne 1 on enrichment o f  ea r l y  snormel t ; 
mass balance o f  conservative ions a t  a con t ro l  p o i n t  
(aqueous carbonate system); 
a c i d  n e u t r a l i z a t i o n  capaci ty  func t ions  determined 
a n a l y t i c a l l y  f o r  each s o i l  horizon; func t ions  incorp-  
o ra te  c a t i o n  exchange and mineral d i s s o l u t i o n  over 
spec i f i c  pbl ranges; 
aqueous carbonate system modi f ied by b i o l o g i c a l  
reac t  i ons ; . .  

Input: d a i l y  p r e c i p i t a t i o n  pH and a l k a l i n i t y .  

Output: pH of s o i l  hor izon waters, pH of streamwater, pH o f  groundwater, pH of 
lakewater. 
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4.7 CONCLUSIONS 

4.7.1 Advantages and U t i l i t y  of Approaches 

The preceding sections discussed vaTious s t a t i c  and dynamic methods f o r  

assessing system response. 

i t l y  characterize and categorize a system's h i s t o r i c a l  s ta te  o r  response, i t s  

present state, o r  t o  predic t  future responses. Although each method provides 

useful  informat ion for  eva1uatSn.g system response, each nethod also has 

dnherent assumptions and l im i ta t i ons  tha t  must be incorporated i n  the  in terpre-  

t a t i o n  and conclusions of results. H is to r ica l  trends analyses, for  example, 

my i nd ica te  a t i m e  t rend for a pa r t i cu la r  var iable t h a t  may be useful i n  

p red ic t ing  t t s  future s ta te  or values, An important assumption, however, i s  

t h a t  h i s t o r i c a l  environmental condit ions w i l l  be repeated or  continue i n  the  

future. Single factor  response t i m e  estimates ind icate the r e l a t i v e  response 

o f  the  system t o  the  r a t e  of change o f  an iso la ted or ind iv idual  process, 

These processes, however, are h igh ly  i n te rac t i ve  and do not operate I n  i so la -  

t ion. The greatest advantage i n  havfng many applicable methods l i e s  i n  the  

in tegra t ion  o f  these resu l ts  for  a h o l i s t i c  perspective of system response. 

Each method bas been used t o  I m p l i c i i l y  o r  expl ic -  

4.7.2 lntegrati ,gn o f  Approaches 

There i s  s t i l l  a great deal o f  uncertainty associated w i t h  our understand- 

i n g  of t he  processes t h a t  inf luence surface water ac id i f icat ion.  Although each 

o f  the mthods discussed i n  t h i s  chapter has inherent assumptions and l i m i t -  

ations, t h e i r  combined use can provide corroborative support for resu l t i ng  

conclusions. I f  each o f  the  methods prodtices s lmi la r  results, the  f i n a l  

conclusions may be derived w i th  greater canfidence than from using only a 

s ing le  method. Conversely, if t he  methods diverge i n  the i r  results, addit ional  

review o f  the  data, assumptions, and other factors  i s  necessary and warranted. 
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Therefore, i t  i s  important t o  consider the meri ts o f  each approach i n  the 

context of the others. The in teg ra t i on  o f  s t a t i s t i c a l  analyses, input-output 

budgets, s ing le factor response time estimates, dynamic systems model simula- 

t ions,  and other approaches can s i g n i f i c a n t l y  improve our knowledge and 

understanding of process important i n  surface water ac id i f icat ion.  

4.7.3 Recommendations/Limitations f o r  Further Model Development 

The dynamic models discussed i n  Section 4.6 represent our current 

hypotheses on the  mechanisms and process in teract ions t h a t  control  surface 

water ac id i f i ca t i on .  As working hypotheses, these models need t o  be tested 

using f i e l d  and laboratory data. The models can be tested i n  three ways. 

F i r s t ,  where possible, these models should be ca l ibrated on one o r  t w o  years o f  

data. Simulated water chemistry and actual water chemistry should be compared 

f o r  successive years of data. Second, these models should be ca l ibrated on one 

watershed and then used t o  simulate the water chemistry i n  a s i m i l a r  watershed, 

changing only those parameters (e.g., soil  depth, watershed area, etc.) and 

inpu t  values (e.g., meteorologica1 inputs, etc.) required t o  characterize the 

physical  regime o f  the t e s t  watersheds. These t w o  exercjses require data t h a t  

are presently avai lable, a l b e i t  l i m i t e d  both 1-n length o f  record and number o f  

I n tens i ve l y  studied watersheds. The t h i r d  model t e s t  should occur on an 

experimental manipulation o f  a whole watershed o r  catchment. This experiment 

can be used t o  evaluate not only t ime var iat ions i n  w a t e r  chemistry but also 

t h e  conceptual basis o f  the models and r a t e  estimates for  various mechanisms. 

Mathematical models general ly are data l imi ted. Our a b i l i t y  t o  formulate 

model equations exceeds the avai lab le data t o  t e s t  these models. Experimenta- 

t i o n  and in tens i ve l y  studied watershed studies are required f o r  model improve- 

ment. Because of t h i s  lack of data, these models should be viewed as h e u r i s t i c  
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tools t o  improve our understanding o f  surface water.acidi f icat ion.  These 

models have not been v e r i f i e d  and should represent working hypotheses, Their 

p red ic t i ve  uncertainty i s  unknown, Therefore, they cannot be used t o  provide 

precise, accurate estimates of the in teract ions among ac id  depositton and 

surface water chemistry. The models can, however, be used; 

1, t o  t e s t  hypotheses concerning ac id i c  deposit ion and surface water 

chemi s t  ry ; 

2. and t o  c lass i f y  systems w i t h  respect t o  t h e i r  response t ime characteris- 

t i c s  [i .e,, d i r e c t  response, delayed response, and capacity protected 

systems ) 



4.8 REFERENCES 

Almer, B. W, Dickson, C. Ekstrom, and E. Hornstrom, 1978. Sulfur p o l l u t i o n  

and the  aquatic ecosystem. - I N  Sul fur  i n  the  Environment. 

Ecological impacts. Edited by 3. 0. Nriagu, 3. Wiley and Sons, Inc., New 

Past 11. 

- York, New York. 

Ardakani, W. So, and A, 0. Mctaren. 1977. Absence o f  l oca l  equi l ibr ium dur ing 

ammonium t ranspor t  i n  a s o i l  column. So i l  Sci. Soc. o f  Am. 3. 41:877-879. 

Banwart, S. A. 1983, Development o f  a t ime-variable hydrologic aubmodel f o r  

ac id  p r e c i p i t a t i o n  event simulation. M.S. Thesis, Universi ty o f  Iowa, 

Iowa City. 

Batterbee, R. W. 1984, Diatom analysis and the  a c i d i f i c a t i o n  o f  lakes. 

mil .  Trans. Royal S o d .  London B. ( I n  Press). 

Beamish, R, J., and H. H. Harvey. 1972. A c i d i f i c a t i o n  o f  the LaCloche 

Mountain lakes, Ontario and r e s u l t i n g  f i s h  morta l i t ies .  

Board Can. 29:1131-1143. 

J. Fish Res. 

Beamish, R. J., W. L. Lockhart, 3, C e  Van Loon, and H. H. Harvey. 1975, 

Long-term a c i d i f i c a t i o n  o f  a lake and r e s u l t i n g  e f f e c t s  on fishes, 

Ambio. 4:98-102, 

Bobba, A. G., and D. Lo L. Lam. 1984. Appl icat ion o f  l i n e a r l y  d i s t r i b u t e d  

surface run-of f  model f o r  watershed a c i d i f i c a t i o n  problems. Proc. Can. 

Hydrol. Symp. June 11-12, 1984. Universi te de Laral,  Quebec. 

1984. Booty, W. G., and J. R. Kramer. S e n s i t i v i t y  analysis o f  a watershed 

a c i d i f i c a t i o n  model. Phil. Trans, R. SOC. Lond, B. 305:441-449. 

Busenborg, D,, and L, N. Plummes. 1982. Am. 3. Sci. 282:45, 

Chen, C. W., S. A. Cherini, N. E e  Peters, P. S. Murdoch, R. M. Newton, and R. 

A. Goldstein. 1984. Hydrologic analyses of ac id i c  and a l k a l i n e  lakes, 

Water Resources Res. 16:1875-1882. 

A.4.116 



Chen, C. W., S. A. Gherini, R. 3. M. Hudson, 3. 0, Dean. 1983. The Integrated 

Lake-Watershed Acidification Study: Volume 1, Model Principles and 

Application Procedures. Electric Power Research Institute, Research 

Project 1109-5, EA-3221. 

&en, S. W,, J. 0. Dean, S. A. Gherini, and R. A. fioldstein. 1982. Acid rain 

model: hydrologic mdu1 e. 3, of Environmental Engineering. A X E ,  

18 : 4 5 5-4 72 . 
Chen, C. W., S. A. Gherini, and R. A. Goldstein. 

Acidification Process. - In Proceedings of Uorkshop of Ecological Effects 

o f  Acid Precipitation. Central Electricity Research Laboratory, United 

Kingdom. Section 5, pp. 1-26. 

1979. Modeling the Lake 

Christophersen, N., and R. F. Wright. 1981. Sulfate budget and a model f o r  

sulfate concentrations i n  Stream water a t  Birkenes, u small forested 

catchment i n  southernmost Norway. Mater Resources Res. 17: 377-389. 

Christophersen, N., H. M. h i p ,  and R. f. IJright.  1982. A model f o r  stream- 

water chemistry a t  Birkenes, tiorway. Uater Resources Res. 18:977-996. 

Problems I n  predictively modelling the effects Church, W. R. (ed.). 1984. 

of acidic deposition on the chemistry of surface waters: 

discussions held a t  a workshop i n  Raleigh, North Carolina. July 12-15, 

1983, 

summary of 

Cosby, 3.  J , ,  R, F. Uright, 6. M, tiornberger, and 3. PI. 6alloway. 1984. Model 
I 

of acidification of groundwater i n  catchments, (In Preparation). 

Davjs, R, B., S. A. Norton, C. T. Hess, and D. F. Brakke. 1983. Paleolimnolo- 

g4 cal ceconst rutti on of the effects of atmospheric deposi t i  on of aci ds  

and heavy metals on the chemistry and biology of lakes 5n New England 

and Norway, Hydrobiol . 103:113-123. 

A.4.11.7 



Davis, R. B., M. 0. Smith, J, H. Ba i ley  and So A. Norton. 1978. A c i d i f i c a t i o n  

Verh. I n t .  Verein. Limnol. o f  Maine (U.S.A.) lakes by a c i d  p rec ip i t a t i on .  

20: 532-537. 

fe lny ,  A. R., 0. S. Girv in ,  and E. A. Jenne. 

- 

1983. MINTEQ -- a'computer 

program f o r  ca l  cu l  a t i  ng aqueous geochemical equi 1 i b r i  a. 

Northwest Laboratory , R i  ch l  and, Washington. 

B a t t e l l  e Paci f i c 

Furu ich i ,  R., N. Sato, and Okarnoto. 1969. Go Chimia. 23:455. 

3 Galloway, J. N., S. A. Norton, and M. R. Church. 

t i o n  from atmospheric depos i t ion  o f  s u l f u r i c  acid: 

Envi ron. Sci . Techno1 . 17: 541A-545A. 

1983. Freshwater a c i d i f i c a -  

a conceptual model. 

Gasrels, H. M a ,  and C. L. Christ.  1965. Solutions, minerals, and equi l ibr ium.  

Harper and Row, New York. 

Gherini, So A., C. W. Chem, L. Mok, R. A. Goldstein, R. 3. M. HUdSOn, and 

6. F. Davis. 1984. The ILWAS Model: Formulation and Application, 

Chapter 7, i n  t h e  In tegra ted  Lake Watershed A c i d i f i c a t i o n  Study, Volume 

4: Summary o f  Major Results. Research Pro jec t  RP1109-5, EA3221, E l e c t r i c  

Power Research I n s t i t u t e ,  Palo Alto, Cal i forn ia .  

Goldstein, R. A., So A. Gherini, C. W. Chen, L. M O k ,  and R. 3. M. Hudson. 

1984. In tegra ted  A c i d i f i c a t i o n  Study (ILWAS): A Mechanistic Ecosystem 

Analysis. Phil. Trans. R. Soc. Lond. 3305, p. 409-425. 

Gramdataff , D. E. 1977. Geochem. Cosmochim. Aeta. 41:1097. 

Grosbi s , E. 1985. Personal communi cat1 on. 

Haines, 1. A. and J. A. Akielaszek. 1983. A reg ional  survey o f  chemistry of 

headwater 1 akes and streams i n  New England: 

cation. 

vu1 nerabi 1 i ty  t o  a c i d i  f i - 
U.S. f i s h  and W i l d l i f e  Service, Eastern Energy and Land Use 

Team. FWS/OBS-80-40.15. 

A.4.118 



Harvey, H, H., R. C, Pierce, P, 3. Dil lon,  J. P, Kramer, and D. M. Whelpdale. 

1981. Ac id i f i ca t i on  i n  the  Canadian aquatic environment: s c i e n t i f i c  

c r i t e r i a  f o r  an assessment o f  the ef fects  o f  ac id ic  depositon on 

aquatic ecosystems. Nat. Res. Council Canada Report No, 18475, Ottawa, 

- Ont. 

Hendrey, G. R., 3, N. Galloway, and C. 1, Schofield. 1980, Temporal and 

spat ia l  trends i n  the chemistry of ac id i f ied  lakes under i c e  coverr 

Proc, I n t o  Conf. Ecol. Impact Acid Precip. Nornay. 1980, SNSF Project: 

266-267, 

Hendrey, G. H., C. 6. Hoogendyk, and N, F. Gmur, 1984. ARalysis of trends i n  

chemistry o f  surface waters o f  t he  United States, 

National Acid Prec ip i ta t ion  Assessment Program, Project €1-8 and E2-11. 

Final  Report 

Henriksen, A. 1982a. Changes i n  base cat ion concentrations due t o  freshwater 

ac id i f icat ion,  

Research. 

Henricksen, A. 

NIVA Report OF-81623, Norwegian I n s t i t u t e  for  Water 

1980, Acid i f i ca t ion  o f  freshwater -0 a large scale t l t r a t f o n .  

Proc. Int.  Conf. Ecol. Impact o f  Acid Precip.. Norway. 1980, SNSF 

Project : 68-74. 

Hingston, f, J . ,  A, M. Posner, and J. P, Quirk, 1972, Anion adsorption by 

goethi te and g ibbs i te  1, The r o l e  of the  proton i n  determining adsorption 

envelopes, 3. Sol 1 Science 23: 177-192. 

Hornbcrger, G. M.* and R. C. Spear. 1981. An approach t o  the  prel iminary 

analysis o f  envj ronmental systems. 3, Env. Hgmt, 12: 7-18. 

Johnson, 0. W., and D. E. Todd, 1983. S m e  re lat ionships among Fe, A), C, 

and SO4= i n  a var ie ty  o f  fo res t  soils. Socl, Scf. Soc, An, J. 

47:792-800, 



Jones, M. t., D. R. Mamorek, and G. Cunningham. 1984. Predict ing the 

extent of damage t o  f i she r ies  i n  in land lakes o f  Eastern Canada due 

t o  ac id i c  prec ip i ta t ion.  

ESSA Ltd. 

FOP Department o f  Fisheries and Oceans by 

Kelso, J. R. M., C. K. Minns, J. E. Gray, and M .  L. Jones. 1984. A c i d i f i -  

cat ion of surface waters i n  eastern Canada and i t s  re la t ionship t o  a 

aquatic biota. 

Kramer, J. R., and A. Tessies, 1982. Ac id i f i ca t i on  of aquatic systems: a 

c r i t i q u e  o f  chemical approaches. Environ. Sci . Technol. 16:606A-615A0 

Kramer, 3. R., and A. Tessier. 1983. Erratta: a c i d i f i c a t i o n  of aquatic 

systems: a c r i t i q u e  o f  chemical approaches. Environ. Sci. Technol. 

17: 366A. 

Lum, D, L. L., and A. @. Bolla. 1984. Modelling watershed r u n - o f f  and basin 

ac id i f i ca t l on .  Proc. IHP Workshop on Hydrological and Hydrochemical 

Mechanisms and Model Approaches. Uppala U. Sept. 1984, 

Lundquist, 0. 1977. Hydrochemical modell ing o f  drainage basins. SNSF- 

project. IR31/77. 

Lundquist, 0. 1976. Simulations o f  the hydrological cycle. Results f o r  

t h e  B i  rkenes catchment. SNSF-project, IR31/77. 

Malmer, N. 1976. Acid prec ip i ta t ion:  chemical changes i n  the so i l .  

Ambio. 5:231-234. 

Marmorek, 0. R., M. L. Jones, and C. K. Minns. ( I n  Preparation). A simple 

model t o  predic t  the extent of damage t o  in land f isher ies t o  ac id i c  

prec ip i ta t ion.  

Nais, D. R. 1984. Mul t i p le  regression analyses of factors  a f f e c t i n g  alka- 

l i n i t y  o f  lakes i n  northeastern United States. Unpublished. M.S. 

Thesis, Universi ty of Iowa. Iowa City, Iowa. 

A.4.120 



NAS. 1984, Acid deposition: processes o f  lake ac id i f icat ion.  National 

Acadeqy Press, Washington, D.C, 

'Norton, S. A. 1984, The ac id ic  deposit jon phenomenon and i t s  effects, E-4. 

Ef fects on aquatic chemistry. IN C r i t i c a l  Assessment Review Papers. 
111 

- EPA-600/8-83-016BF 

Norton, S. R . ,  R e  B, Davis, and D. F. Brakke. 1981. Responses o f  northern 

New England lakes t o  atmospheric inputs of acid and heavy metals. 

Completion Report Project  A-048-M€, Land and blater Resources Center, 

Universi ty o f  Maine, Orono. 

W r n i k ,  3.. and C, Powers. 

. nat ional  map, EPA-600/D-82-333, Environmental Protection Agency, 

1982. Tota l  a l k a l i n i t y  of surface waters -- a 

Corval l  i s Oregon- 

OTA, '1984. Acid r a i n  and transport  a i r  pol lutants: impl icat ions f o r  publ ic  

policy, Washington, D.C., lJ,S, Congress Office of Technology Assessment, 

OTA-0-204, June 1984, 

Pfe i f fe r ,  M, ti., and P. J. Festa. 1980, Ac id i ty  status of lakes i n  the  

Adfrondack region o f  k w  Yorlc i n  r e l a t i o n  t o  f i s h  resourcesr 

State Department o f  Environmental Conservation, 

New York 

Rajan, S. S, S. 1978. Sul fa te adsorbed on hydrous aluminum, l igands 

displaced, and changes i n  surface charge. Soi l  Sci. Soc. An. J. 42:39-44. 

Rems, 3, 0, 1983, Impl icat ions of t h e  Cad1 exchange system f o r  the e f fec t  

o f  ac id  p rec ip i t a t i on  on soils, J. Environ. Qual. 12:591-595. 

Reuss, J. 0, 1980. Simulation of s o i l  nu t r ien t  losses resu l t i ng  from r a i n f a l l  

ac id i ty .  Ecol. Model . 11:15-38. 

Reuss, 3, 0.. and D. W. Johnson. 1985. Effect of so41 processes on the  

a c i d i f i c a t i o n  o f  water by acid deposition, J, Environ. Qual , 14:OOO-000. 



Schnoor, J. L. 1984. Lake resources a t  r i s k  due t o  ac id  deposit ion I n  the 

northeastern United States. 

Program Effects Research Review, Ashevil le, North Carolina, November 

National Acid P rec ip i t a t i on  Assessment 

12-14, 1984. 

Schnoor, 3. L., G. R. Carmichael, and F. A. Van Schepen. 1982, An integrated 

approach t o  acid r a i n f a l l  assessments. p. 225-243. - IN: L. H. Kirch 

(ed.) Energy and environmental chemistry. Ann Arbor Science, Ann Arbor. 

Schnoor, J.L., W. D. Palmer Jr., and 6. E. Glass. 1984. - I N  "Modeling o f  

t o t a l  ac id  p r e c i p i t a t i o n  impacts." Schnoor, 3. L. Ed. Butterworth 

Publishers, Woburn, Massachusetts. 

Schnoor, 3. 1. 1983. Lake resources a t  r i s k  due t o  ae id ic  deposit ion i n  the 

northeastern United States. Research proposal t o  the U.S. Environmental 

Protection Agency. Universi ty o f  Iowa, Energy and Engineering Division. 

Schnoor, J. L., and W e  Stumm. 1984. Ac id i f i ca t i on  of aquatic and t e r r e s t r i a l  

systems. - IN Chemical Processes I n  Lakes. Y l ley Interview. 

Schott, J., R. A. Berner, and E. L. Sjoberg. 1981. Geochem. Cosmochem. Actv. 

34:2123. 

Smith, R .  A., and R. 8, Alexander. 1983. Evidence f o r  acid-precipi tat ion- 

induced trends stream chemistry a t  hydrologic benchmark stations. 

geological Survey C i r cu la r  910. 

U.S. 

U.S. 001. 

Stumm, U., Go Furrer, and 9. Kunr. 1983. The r o l e  of surface coordination i n  

p r e c i p i t a t i o n  and d i sso lu t i on  of mineral phases. Water Chem. Actv. 

56 : 593-61 1. 

Stumm, W., 3. 3. Morgan, and 3. b. Schnoor. 1983. Naturwissenschaften. 

70:216. ( I n  German). 

A.4.122 



Thompson, Me E, 1982, The ca t ion  denudation r a t e  as a quan t i t a t ive  index o f  

sensi t vi t y  of ea s t e rn  Canadi an ri vers t o  aci  d i  c atmosphert t precf - 
pi ta t ion .  Water, A i r ,  Soil  Pol lut .  18:215-226, 

Thompson, M.E. and M. Bo  Hutton, 1982. Sulfate In lakes I n  eas t e rn  Canada: 

- ca lcu la ted  atmospheric loads compared w i t h  measured n e t  deposit ion.  

National Hat, Research Institute, Environment Canada, Burlington, 

Ontario. 

Watt, We D., D m  

changes i n  

Scot t ,  and S. Ray, 1979, Acidif icat ion and other chemical 

Halifax County lakes af ter  21years. Limnol. Oteanogr. 

24:1154-1161. 

LJollast, R. 1967. Geochem. Cosmochlm Act. 31:635. 

'Wright, R, F, 1983. Predict ing a c i d i f i c a t i o n  o f  North American lakes. 

Norwegian Institute f o r  Water Research (NIVA)  Oslo, Norway. Rep. 

NO, 0-81036. 

Wright, R, F,, and E, Snekvik, 1978. Acid prec ip i ta t ion :  chemistry and 

f ish populations i n  700 lakes  i n  southernmost Norway. SNSF-project. 

TN 37/77. 


