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Are Lakes in the Cascade Mountains Receiving High
Ammonium Deposit ion?

Abstract
E | . r u | ( ! ] l l l . p o s i t i o n o f n j t r o g r ' n i n t h e r r e s t e n l n

eULr0 l lh i ( 'a l jon inmount ! lhu- | r l ' ! scontan ingo l igoL | 'o I lh i l jhkesands l Iea

Sur re)  fe l r )  , ! l  \ l l r ' .oncent ra f t , . s  h r rhe  Oregon Cascadt  \ ' l oun la ins  up  to  10p. , t r l . .  rpprc r ima leh  5  ro  l0 l i ) ld  g fea ter  rhah
(on(en l ra t ioDs

i,r the sno\r cheDisLn dllu collected br thc LSGS suggest possible erfurs in rhe reponed \Hi concentrations. I SG,q rcporred
\ H i l 1 ) n . e n t | a l i o D s a l s l ) u ' i n f n s i s t e D t \ i t h i . i ) i n l l i o n o n r e g i o n a l s r l u l r . s o l r " H a n d

l r ) l lu ru ls  1 ( tL ta l  co ! .e r r rd r ions  o l  \Ha '  n r  s ro$  a l , rg  the  Oregor  Casrad( is  rppear  to  be  near  t  { . ks .ound le re ls  {  -  I  p ,a t r l l
rrpected for remote uftas in northern ten4reratr: r'lirnates. The highesr ron(!nlralions of \H4' i,, rh{ qcstern rnountaiiis ur' lbund
i , r  lh . r  S ie r ra  \eudd o f  ( lu l i l im ia  loca ted  do{n$ in , l  o l  ma ior  aer icu l r , r ra l  s r r rces .

Introduction
\ ' losl infrr lmation regarding deposit ion chemisrrv
in the restern Llnited Stares (NADP/NTN
198.1-1990: Yorrrrg et tr l  19BB) indicates lon rates
of.rcicl ic deposit ion. lnd results i iom paleol imno,
logical {Charles et aL. l9B9) and lake chernistrv
studies (Landers et a1. 1987; Challes l99t; Baker
et aL. I99Ol suggests that little. if anv. chronic
acicl i f icat ion has occurrcd in the West. \erothe-
l . - - -  t l r -  l , , s  b . r - e  r , r t i , , ' r  ,  un i l  r l r r t i on -  i r r  r r r n \
ofthese lakes rnrv cau,.e therr to be more suscep-
t ible to acidic inpuls than acidif ied lakcs in the
castern I nited States. such as in Adirondack Park.
Nel \ork (Ei lers et .r1. 1989). Because of the
di lLrte nature of lal<es in the [ 'cst.  moderate con-
centrAtions ol atmospheric conLarninants. $,hic,h
would not be cause for conccln Ibr lakes in thc
eastern flnitcd State-s. could polcntiallv cause r|ater
quali tv problenrs in di lute alpine and subalpine
lakes in the Sicst.

L . , i r c l  o t  n l .  {  I ' rBUr .L r  fF f , , r t r , l ! . , r n ,1 . I t r L r t i on -
ol rnajor ion-. and sclccted rnetals fol alpine/
suha\r ine,.norpacks e\tending i lom the I i .-s., '
Canadian hordcr to the southefn Sicrra Nevtrda.
Cencral lv. thev loLrnd that antluopogenlc sourccs
uere relativel,v insignific,ant in affecting the con-
cenLri i l ions of H.. SOI-. ancl N03 ancl other
chernical consti tuents in the snorr..  One ofthe most
str iking patter-ns obsened \ras the onc for NHr*t
conccntlat ions u'ere lol in the northern Siashing-
ton ( lascades, but increased abruptlr in southerl
Washington. rernaincd high through the Oregon
Cascades. and then decreascd again in the Sierra
Nevacla (Figule 1a). Laird er al.  ( l9B6a) alt f ib-
uted this pattem to remoral of NHo. fr 'onr
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Latitude ('N)
l ipre la. \H.' comtrrtrulions in sDoN Jorg a trused located

on re (r,isl ofrhe Cascade--qicra Nerada ['lour-
ra ins  i r l c r i red  f ron  La i l l  e r  a1 .  J tqs6b l ) .

snor,;fall in Washington and Caliiornia caused br
reactiorr lith SOz aerosols and consequent lbrma-
Lion ol ammonium bisulfatc and ammonium sufate.
The SOz pre-"urrably $as delived frorn emrssrons
ncar Puget Sound in Washington and urban areas
in Cali fornia. Ther assumed that the highcr NHo*
conocntr-ations ([\H.-]) rcported lbr the Oregon
and California Oascades (including the southern
s.ashington Cascades) rrere natural. This manu-
script explores altcrnatile explanations to the high

[NHa.] concentrat ions reported bv Laird er al.
( l9B6a.b) in the si lor\,pack of the Cascaclt:
\'lountains.
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Onc alternatc inlefpret:r l ion is that [NHa*] are
al natural level-q for the northern Wa-shington
Cascadcs, implving that [NII.- ]  in the southern
Y'ashington. Oregon and California Cascacles
eiiher are ele!ated above background le\,el-r or are
jncorrect. Elevated nitrogen depos;t ion has impor-
tant implications for lakes in the Cascades because
transicnt or long-tclm nitrogcn l imilat ion rs rncr-eas-
ingJ,v lecognized as an irnlo ant f iature o1'
ol igotrophic lakcs in thc Vcst (Nlonis and T,ol is
1988). Other e:ramples of nitrogen-limited lakes
reported ir  the S'est include ( lrater Lake (Larson

19BB) .  Lakc  Tahoc  (Co ldman  l 981 ) .  and  Cas t l e
Lake (Axler et al.  19BI).

ln addition to ser\.ing as a nutlient. NHa* can
act as an acitlifling agent through biological
assimilation of NH: lcafing up to onc or t$,o moles
of H* for each mole of NHo. (Schindler et a1. 1985 r
Asman and Diecleren l9Bi: , \chuurkcs ancl
N{osel lo 1988). Lales in the Cascades are con-
sidered highly susceptible to acidic deposit ion
hecau -e  l he r  ha re  e r t r en re l r  l n r '  ba -e  r r l i o r r  eon -
. cn l r : l l i on -  r - om"  l . r ke -  h . r r e  I ' r - e  c . r t i on  co r r ,  " n -

trations < 20 peqll-) and alkalinitr valucs that trc
as lon as l0 peq/L in Lhe iall (Landels e! al. 1987't
and even lo$,er in the spring (Eiler-. et al. 1990).
Thus. thc potcntial for acir l i f ic:rt ion of thcsc lakes
br' \Ha- is part;culaf lv high. Thr avelage [NH"*]
reported bv Laird et al. (191'i6b) 1or the Oregr.rn
Ca-scades is about B peq/L. equaling the combined
concenhati.ms olall other rneasured cations in the

Here I re-erarr ine infcrrmation on deposit ion
fol the (lascade-Sielra Nelada langes. 1\,ith par-
t icular cmphasis on NHa* dcposit ion data for the
Cascadcs as r-cpor-tcd bv Laird et al.  (1986a.b).

Th i s  ana l vs i s  i s  acc romp l i shed  b r :  l j e ram in ing  Lhe
internal eons;stenc\ '- ;n lhe Laird et arl-  daLa:2) corn-
paring their data $ith results liorn othel studiesl
ancl 3) cvaluating potcntial soulccs of NHa*.

Methods

The snol chernisLrr data reportecl in Lai ld et ol.
(1986a) r 'ere obtained irom Laird ei ol.  (1986b)

and scanned diredl!  into a computer l i le 1o aloid
data entrv erlors. Concentrations of the va ous
analvtcs ncrc convcrtcd into cqujlalcnt units. Thc
equi\alent concentlations fol individual ion-" and
sums of anions and cations $,ere plotted against
one anolher and againsl lal i lude. The l i lerature was
reviel 'ed lcrr oLher releranL studies rcgarding
deposit ion chemislrv in the Cascade N{ountains.

A fLrrther check on snow chemislr,r  was made
bJ collecting multiple snorr cores at tilo sltes rl
the Oregon (iascades. ln April, 1989. I collected
sno$ cores at NIt.  Hood (elelat ion 1770 rn) in the
northern Oregon (lascades and near Srillamette
Pass (elevation 1680 m) irr the central Or-egon
C.r-,  :r ,1"- , lur ing th, p, r i"d ul n, .rr-rnr\ imum snur'
accum lat ion. The cores uere col lected using a
standard Soil Conserration Scrvicc stainlcss-stccl
corer identical to that used b_-v the L.S. Ceoiogical
Surve,v (llSCS). The cores were kept liozen. and
then melted and screened to remo!e particulate-q
belcrre shipment. and maintained near iX b 9oC
during transit  to the laboralorv. The samples rrere
analyzed r,ell rdthin the holding times specified for
the methods bv Environmental Science and Engi-
neering (ESE) chernists; anions \.rere anal,vzed
usinp( ion chromatographv (EPA \ ' lethod 300.6)r
cations u'ere analvzed u-"ing I(IAP (EPA \Iethod
200.7). Arnrnoniurn $a. ' .  measured rr i th the
automalcd phcnate mcthocl (EPA Melhod 350. 1)
and pH and conductivitl lrcrc rncasurcd using pro-
tocrols specif iecl fol precipitat ion samples bv the I l-
l inois State \ l 'ater Srrrver (Ntethods 150.6 and
120.6 r 'cspcrt ivclv). FlSfl  was selected to analvze
the sarnples. in palt .  becarrse Lhev hare cxrn-
. i , J ,  r . r l , 1 ,  - r p . r i . n ,  -  r ' i r h  an rh - i -  u f1 , r - , , 1 , i r r r i , , n
samJrles for the Florida Acid Deposit ion \et lork
and as contr-act Jaboratorl  for thc \at ional Drr
l)eposition Netlork. LISCS chemists also analvzed
several replicate samples litrm the-re recent sno\r

Results and Discussion

This rc-cramination of snor,; chcmistrv in thc
Cascade llountains is divided into (l) an analvsis
of the internal consistenc,v ofthe Laird et al. data.
(2) a comparison of the l .aird el nl.  data l  i th other
f ieasuremenls of deposit ion chernisLrv in Lhe
Icgion. {3) an asscssmcnt of natural and an-
thropogenic sources of rr i trogen ernissions. and (1)

a bricf eranrination of processes affecL;ng ar
mosphefic t fanspoft and transforrral ion ol arr-
rnonium ir the atmosphcrc.

' ^  "  i / .  D . l ar r> rE r  uy  u l

'lhc 
qualit_-v o{ data can bc cvaluatcd in tcrrns o{

precision (using replicatc li.c.. splitl sarnplcs). bias
iusing aucl i t  samplcs or comparison lr i lh slan-
d r rd . r .  . r n t l  ' 1 ,  t ,  ,  t i on  l im i t  r  r - i rF  b l r nL  u r  J  { . r  i '  -

of salnples lith incrernentallv lor,;er concentra-
t ions). Laird eL a[, \ I986a11 reported a pfecisjon
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of 0.008 rng/L (0.41 peqlL) for NHa. (as \Ha-)
lbr spJit samples and 0.003 mg/L (0.17 &eq/L) ior
dupl icate snot cores. The detcct ion l imit t 'br the
\Ha* analvt ical methrxl r , ;as 0.0Oii  mg/L. Both Lhe
analvtical turd fie1cl precision arc indicative of high
qualitv data. Sample-< from the USGS snow studv
werc analvzed in randorn or-dcr Iith respect to their
posit ion in the transect. uhich should havc mini-
mized problems associated t i th spatial lv-r.elatcd
bios. No audit sarnples or standard reference
mater-ial rcsults rere rcported for NHa* and no in-
Iarmation $'as prcsented regarding analvtical bias.

The anal,vticai accuracv of the resLrlb r{as
er.alualet l  bv computin€i ion balances for the in-
dividual snorr sample-q: the sum ol anions las com-
putcd using Cl_ value-s corrccted for transcript ion
elrors in the repoted dara (H. Ta,vlor. t l .S.
Ceological Survcv. Denver. 1988. personal com-
munication). The rcsults shol rnost samples rdth
high cation exccss (Figure 1b): hoter.er. cation-
anion imbalance can also result f iorn unnrcasured
ions nol included in the summations. In surface
$atels. i t  is comtnon to obserle an anion defici t
causcd by lack of a direct measure of organic
anion-" (e.g." Linthurst e, al.  19fl6l.  ln the Laird
cI al.  data. neithct organic anions or bicarbonate
. r re  i n , l r r d ,  t i  i n  t l r '  r n i o r r  - . rm .  B i ,  r r l , ona r '  i :  : r n

3 0 -

10 20

Sum of Anions (ueq/L)
l isurc lb. Suh ,)l measured r:arn,ns lCar'. \tg". \r'. K'. H'.

\Hi)  \ , , rsus the suD,,1 measu.ed ! ,u,ns iSOl .
\Or - Cl-. F I for e,;sinal data reqrrrert br Land
.1 a! .  ( l986bl  usi r rs obserrar ions s i rh Cl  rahrr"
coref ted lor  t . lnscr ip l ioD eh,rs.  One obser! l ion
>30 peqrL oni  ed.

impoltant anion in precipitat ion occrrrr. ing in arid
regions in the \restern United Statcs where en-
trained soil parlicles ean raise the pH to 6.0 or.
greater '  ( \ADP/\TN 1984-1990). In the Pacif ic
Northtest. holever. pH viilues are generallv much
lo r ' " r :  a l l  pH  r r l r r e .  r . po r ted  h r  l . : r i r d  p r  a / .  s ,  r e
betucen 5.11 and 5.BB (median = 5.5,1,).  Bicar-
bonatc concenLrations, estimatcd using simplii.ving
assumptions ol Henrv's Lat '  (Butler 1982) could
potentiallv cqual aboul 3 peqlL for samples rvith
high pH valucs (median IHCOj] - 1.7 pecl l l .) .
There appears to be Jitlle association. however. bc-
tween esl imated HCO3- and reported NH.* {r =
+0.15) as might be cxpected i f  HCO.- was the
pfincipal unmeasured anion. Estimated [HC03-]
show a pattern of increased values in the middle
ol the transcct. but the concentralions are fa.r lowcr'
than required to balance the [NH.-] ( l ' igure lc).
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Figure 1(. Bicarbonate. ,.slinuted lio.r pH reported br Laird

et al. ilgg.!li). trldL.d asainsr h rrde.

Orgarric anions can also be impo ant cl)nst i t-
uents in precipitation samples. Kcene and Gallorvav
|  |  ( rB  I  I  r c l o r t c i  I  t l r . r t  conccn t f r t i on -  n i  . r , , . t i c  a  r , d
ftrrmic acids accounted ior 160/0. bl volume. of frec
aciditv in prccipitation samples from Virginial thcy
cstimated lhat orgen;c acids in NADP/NTN
samples. prcsentlv unmcasured. mav represont
1B-350i of the free ac,iditr ' .  Sickman and Melack
(1989) repoltet l  concentrat ion-c of lot-molecular
rreighl organic anions ( lbrmate. acetate) rdnging
frcrm 2.8 to 5.3 peqlL for snol pit  samples in

24O Eiler-"



the southern Sierr:r Nerada: acelate concentrations

excteded the concentrations of othel measured
anions. l'hc cation-anion diflerence plotted against
reported dissolved organic carbon (DOC) fcrr the
Laird er al. data shot'a signilicant positivc rela-
t ionship (r = +0.33. P < 0.001). but the rela-

tionship accounts f;r onlv I I0/o of the varrancc rn
the ion imbalance. An e\anination oforganic aniorl
concentrat ions compuLed frorn pH and DOC
(Oliver er al.  1983) in ! ' igurc le shor,s l i t t le cor-
respondem:e to the distribution of [\Ha.l along the
study transed sholn in Figure la. ( iombining

organic anions (estimated from DOC and pHi $ ith

the estimatcd HCO:-. horverer. the ion imbalance

obserled in Figure lb is reducetl  ( l ' igurc 1d). A

similar effect can bc achicvcd b,v scoring all obser-

v.rtions $,ith rcforted NHo* exceeding I peq/L frorn
sites norlh of latitudc 39o to I peqll-. a concen-
tration consistent rith othcr measurernents of NHa*

for the region (Figure 11). The ion imbalancc in
the Laird et al.  data is not conclusive evidence of
Jn  JnJ l \ t i . d l  p r . , L l ' n .  I ' rmFH- r r reJ  a r r i o r r - .  p r r

ticularlv organic ar:ids. could account for much of
the ion imbalance. Holeret. the organlc anlons.
as estimated lrom DOC. show little associaLion with

NHa* or r l i th lat i tude.

30

0 10 20 30

Sum of Anions (ueq/L)

Figure  ld .  Sum o f  r r r :asurc r l  ( i r r i , )ns  ! . f sus  the  suh o i

mcasurrrl anions lror thc origirul .lara reported

br l.uird er a1. {1986l,). The anjoD nun ha-. been

adjusted bl using Cl ralues conecre.l lor rranscnr

ftn errors and bv addnrg estinares for bicarbonare

and organic aniors. Tuo obserrationi >30 peqlL

oor i tLed.

Sum of Anions (ueq/t
Figure  l f .  Surn  o f  rnea red  co t ions  rosus  thc  s , , ,n  ,n  n id -

sured anion: in the snow data ol l-oird et ol.
(t986br. Cl xanscription erLor hore been fur

i! rdl an,l all \H.' .or.entrations greater than I

pcrltl. li,r siLes norLh ol ladtude :19' hare been

s.ona l  lo  l

Also of concern is the internal consistencv ol
the summarv statistics for NH.1*. as plcsented b_-v
Laicl et al.  ( l9B6a, Table Vl).  They reported rne-
dian and mean concentrat ions oi 0.01 mg/L
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Figure  le .  AD e i t imare  o f  o rgan i t  an ions  (RCOO ;  O lner  e t

dl 1983)computed fron the rnemurenents ofDOC

rnd pH bi Laird er d1. (1986b) plotted agairNr

la t i tude.  Threc  o t rs rna t ions  >10 p .q iL  on i l ted .
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{0.55 peq/L) and 0.08 mg/L (,X.4 peq/I-;  n :  70),
respectirelv. I  computccl a rnean [NH.*l  equal to
thcir-reportecl ralue. but I computed a rnedian crrn-
centrat ion ol 0.05 rng/L (2.5 peq/L). f ivc t irnes the
ralue reporred bv I.aird er d1. {1986a). The dif-
lcrr:nccs are not r-esolved br treating ralues
repofled at detection l i rnit  di i fercntl l ' le.g..  scor-
ing to zero. one-half of detection l i rnit  value. etc.)
or b! variat ions in treatment of dLtpl icatc sarnples.
Th i -  i l c , ' r ' - i . t ' n ,  r  ,  o r r l d  h " . a . r - - d  l , r  r  t " . r n ,  r i p
tion error in either thc final reported rnedian valuc
or a series ol transcript ion errofs in thc individual
\Ho* observations.

Compar son with Other Deposition Data

Anolher check on the acclrracv of data can be
made irv comparing thc Laird et a1. snow data lith
information from other so(rrces. Amrnonium data,
dcrived liom -"now sarnpling conductecl at selecLed
sites in lhc norlhern Washingk)n Cascatles and the
southern Sierr-a Ncvada (Sickman and N'lelack
1989). -dror, close a!1-ccment with the data
repoltcd bv Laird eL ol.  (1986b). Sickman and
Slelacl (1989) rcported [\H..]  in snol (col lccted
during marirnum act:umulationl ranging irorn 0.9
n 2.5 peql l .  in l9B7 and frorn l . l l  to 5.2 p.ct l lL
in 1988, at ibul latelsheds in the Sienr \elada.
In compalison" Lailcl et al (1986b) reporrcd [NH1.]
ranging liorn l I to 2.8 Aeq/L for the l0 southcrn-
rnost si tes. Sini lar ' lv. T,oranger and Blakke (1988i
reported [NHa*j < 1 4eq/L. in agrccment t i th
those of the l0 no hclnmost sites lrorr Lai ld et
al. Duncan et al. (1989) repolLcd volurnc-t'eighted
mean [\Ho.] irr bulk snorr samples collected at tw.o
local ions in the centralWashington Cascades rang-
ing lrorn 0.3 to 1.1 peq/L at -Stererrs Pass (cleva,
t ion 1525 rr) and 1.5 to 3.5 Aeq/L at Snoqualmie
Pass (clcvation I220 rn) fol 1983-1988. r ' i th an-
nual rnedian lalues of 0.7i> and 1.64 peq/L.
rcspectivelv. Laird el o1. (1986b) measured [],r"H..]
ranging lrom ddcction l ini t  to 0.6{r peq/L at si tes
in thc vicinitv of thcse l lo \ tashington Lrcation,..

So rne  o i  t he  ea r l i c s t  sno l  che rn i sL rv
measurcnlents in the Oregon Cascades con-"i."ted
rl1 t$,o sno$ samples col lected adjacenL to S aiclo
T.akc (elevation - 1650 m. lat i tude = ,1:J'  .10')

bv NlalLreg et a1. {1972). Thev reported INHa.] oi
1.4 and 0.8 peq/L lbr samples collccted I m belol
the snou' surfacc in ! 'ebruarv 1969 and 1970,
rcspectivelv. Recenl snol chemist lv clata in thc
Oregon Cascades afe also available lron bulk

deposition data collected at Crater-Lakc and from
tlto snorr cores collected nolth of Crater Lake. The
leeklv bulk deposition data collerled at Crater
Lake (site located near the park heaciquarters on
thc southlrest r im of the caldcra, elevation 2150
rn), lbr the period Novcmber through N'[arch 198B
shtxr' [NHa.l in filterecl samplcs of about 1.2 peqlT.
on a lolurne-r,cightcd basis (Reil ly 1989). In con-
trast. Laird el dl.  (1986b) reported lNH.*l  aL " i t"
37 near Crater Lake of 7.8 peql l- .

T  a l ' ' , , ' 11 . ,  t ,  J  5n6s  co le  -a rn1 , l - .  J l  t \ o  - i t c -
adjacent to sitcs sampled bv Laird et oL lI9B6h).
LairLl et al. (19{36b) reported [NH..] concentra-
t i , , n -  L r f  8 .3  4 ,  q  L  rnd  7 .8  pe ,q  I  .  l u f  { i t p -  nca r
fr l t .  Hood (site 23) and Wil lamette Pass (s;rc 33).
tespcctivclv, r,".hereas I found alerage concentra-
t ions oi 1.7peqll-  ancl ( 0.7 peql l  fcrr snow cores
liom the sarnc locales lTable I). The split sarnples
of thesc r-cccnt cores sho*ed closc agreement be-
tr,".een NHo* measured at a plir.ate laborakrry (ESE)
and l ISCS. Examination of other ions in the snot
sample-s shor,is thal rnost of these recent samples
also exhibit  tn apparent anion clcf ici t  {Table 1).
Hvdrr-,gen and l i icarbonate ions account for dbout
I t(r 5 /.ieq/L in thcse samples. brrL do littlc to alter
the anion defrcit. It is likrll that the majoritv ol
thc anion deiicit in Lhese rcccnt snot' core samplcs
i :  a t t r i l , . r t , , l  l o  unmea- r r re , l  , , r g . r r r i l  r n i on - .

Data frorn \ADP/I\TN (1984-19901 have been
used e\tensi l .clv to chalacterize dcposit ion
chemistn' in the United SLatcs. \ADP/NTN main-
tains seve|al sites adjacent to or on Lhe \rcstcrn
slope-< of Lhe Cascade-Sierla Nevada ranges (the
numbcl of operating si les varics among vears).
NAIIP/\TN reports moderately high [NHa-] for
sone of the site-s in the central and southern Sierra
Nelada (Tablc 2), nhich is r:onsisLent l.ith the high
proport ion o{ agricultural land use t 'est of thc
Sierra Noada. Thc NADP,0,IT\ daLa also shol lor,

[NH.*] for sitcs in t'estern Oregon and \\ ashington.
Annual r.ariabilitr oI\lJa* at the sites receiving lol
ammonium deposit ion ta-s abouL I pcql l- .
Vtliabilitl of NHa* hrr sitcs in the Srest werc
among the loi.rcst reported in the United States
(Knapp et al.  t98B). suggcsting that annual lar ia-
t ion cannol cxplain the deriat ions bctt 'een \Ho*
data rcpolted by Lai ld et ol.  (1986b) and other
in!estigations.

T s o  I ' n t e r r t i a l  p r , , l , l - n  - . r r i - e  l h e r r  c , , r n l r r i n !
N-ADP/NT\ data t'ith tbe Laird et a1. data. As
noted earl ier. \ADP/NTN deposit ion col lectors in
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TdBLE l Analrtical .sults ol snoiv core. surface sror- rn(l tllnk somples collected D dre Oregor Carades. April 1989. Al1
anahses $crc compltted b' ESE'(ith the c\(1'r)ri,)n ol rhe split samples arahzed ior NHr'bv LSGSi. Unirs for all
ions are in 4e,lr1-.

Ut.  Hoor l '

Trpe

G)re 5.49

o,rr :  3.69

Surface 5.33

l l lank 3.31

Core 5.51

core 5.53

Blank 5.51

(hnductiritr

3.,1
: l .6
J.:r
1 . 5
'2.7

2 .6

l . ?

6 .7  l  2
5 .6  2 .2
3 .0  1 .6
0 .2  0 .6

\ . 9  L2
:1.5 1.3

0 .3  0 .7

3 .5  0 .3
t-.2 0.3
3 .3  0_5

<0 .5  <  0 .1

r . 7  0 .2
1 .9  0 .2

<0 .5  <  0 .1

8.9 ,1.0

8 .1  1 .0
3 .9  5 .3

<0 .6  <0 .8

L 8  1 . 2
2 .6  1 .2

<0 .6  <0 .8

\Ho '

E.iE"

1 .9
t . 5
2 .3

<0_ l

<0 .7
<0 .7

<  0 .7
;

L]SG,q' N:' \o, CL SO. '

2 .2
0 .2

'En i tunnr fn la l  Sc ience and Eng i i reernrg .  1 , r . .  ca ines l i le .  FL .
'1..S. Geological Surre.. A.r!la- Cojorado. Results represert the h.!n ol l;re feplicate analvses.
'Samples  co l lec ted  on  {p r i l  1 lL rsL  o l  T ;mber l ine  Lodge. la t i tude  15 '  19  50  . lons i rude 121.  ,13 '01 ' . , sn , , r '  d . rp rh  $as  appror
inat( lv 5 n. but rhe corer oDl\ r,e,rtrat,rl ro dorrt 2.5 n. ESI- lahraLor (!d.,s are {RLP* 15 rhrough tSr &,kl i!,des are T I
lhrough l-,tr.

"Samplcs  co l lec ted  on . {p r i l2  $es t  o f \ l i l amdre  Pass  Sk i  - { rea .  la t j tude ,13 '35  5 t1 ' .  long i tu i le  122r  02 '23- .  Snon depth$as
$, )u l  J  m.  r \  cores  |eneta ted  t , )  rh ,  { ) i l  a re r .  ESE labora tor r  codes  ar .  {R l . t ' *  11 ,  12 .  and 1 .1 :  f ie l r l  codes  d f t ,  \V  1 .  2 .3 .  and 5 .

TAB1.E2.  t r {ean annua l  la rd  \n i t ,  r , tuor rc f  lDe(  Feb l ) lo lume-$e ighr { r l  l \Hr ' l fo r  \ - {DP/ \T \  s i tes  lo .a r l r lNcsr  o i  and a tacent
to  thc  Cascade S ier ra  \e rada ra rscs  (Sourcer  \ . {DPr \TN l9B1-1990) .

-qite Lat i tude

F l l rva t i rn NH,'  l teq Lr

l9 i l3 1986 t  9 i l7 19BB 1989

Cascades \atn,,u Pork
La Crande

Oregon
BulI Rur
H. J. .{ndreus }:yer;

Calihm;a
\'lontague
Yosemire \atnnal Park
Sequoia \ational I'erl

-  2 .2 t2 .2 )
-  0 .6

5 .0
t-.2 8.Jl2. i l )

]  t  t . t
l . ;  2 .8 i 1 .  ? )

1 . ;  3 .3
t . 1  1 .1 (0 .6 )

5 .0  5 .0 (3 .9 )

1,t. ,1 -(5.5)

3 .9 \2 .2 )  6 .1 (6 .1 )
1B .B

- ( l . 71  15 .5 (1 . , 1 r

4 8 . 3 2 '
, 1 6 ' 5 0 '

11. 12'

, l l ' 1 5 '

3 ; .  l ; '
3 6 . 3 . 1 '

1 2 0
607

26 t'
,t36

805
I '108

1 8 5 6

? 1"'n'
2 .2 l t . t )
0.6i0.6)

2.2(0.6)
3.30.6)

6 . 1 n . ; )
1 . 1 [ . 1 )

the S'est are tvpicallv located 1000 to 2000 m
lover than the alpine and subalpine lakes. Dcposi-
t ion chemistrv is cxpected to change l i th clcva-
tion as a consequence of a r.arictv of processes rn-
cluding diffcrences in drr and ocorlt dcposition.
increasing distance from emission sources. and
changing proportions ol rain and snow. Hot'cvcr.
it is unlikch that sites at lowef elelation t'ould ex-
hibit lot'er [NH..] than high elevation sites in the
same r.icinitv. Blanchard er nl. (1989), for exam-
ple. found the [NHa*] in deposition increased t'ith

decr-easing elevation along a transtlct in southern
California (elevation ranged fiom 140 m to 2800
m). Another possiblc limitation of the NADP/\TN
data for this comparison is thc dela,v in collection
and analvsis of the precipilation samplcs flom the
buckets resulting in possible loss of nitrogen from
the samphs, I t  sccms reasonable to assurnc, hon-
ever. that delays rvould allect samplcs from all sites.
not just those from selectcd sites in the transect.
Th r r - .  t he  p re -ence  o l  s l ' p re l i r o I  eoncen t ra t i on -
of \Ha* lrom the California NADP/NTN sites
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l"isure 2. \H.' concertrations in snow reported b! Laird ar d/. {1986a.b)(.), .oinplni to precip arion

and sno$ chen, isb\  r rported br  NADPINTN {198.1-1989) (a) :  Duncln cr  dt .  (1989) ( ! ) :
Loranser and Br*le (19881(')r Ualues er al. (19:2) (+)j Reill' {r989) iopen diamondl si.krnan
a,x l  l ' ldack (1989) 1 j :  ! r . l  rh is srLdr i+t .

suggesls ammonium loss from thc !,iet depositbn
samples is probablv insufficient to explain the
discrepancv behr,een the IISCS snow core data and
the NADP/NTN precipitation data.

Othcr precipitation data for the West general-
]y show NHo* concentrat ions that are comparablc
to concentrations rcported bv NADPII{TN; concen-
trations nere generallv less than I pcq,/i- rn western
Oregon and slightlv gleater than 2 peq/L in t'est-
ern Washington (Junge l95B). Precipitat ion
concentrations on the east side of the Cascades er-
ceedcd 20 peqll- NHo* during the spring and sum-
mer, but these sites were located in agricultural
areas with alkaline soils where NHa* emissions
rtould be high and retention in the soils lould be
comparatively !ow. The data from these recentlv
r i t ed  , l . pos i l i on  - t ud ie . .  r .  h -n  p l o t t e r J  . r ga ins r  r h .
Lairrl et o,l, data (Figure 2). show a marked devia-

t ion beginning near lat i tude 46o (southern Wash-
ington) and extending southrvard to latitude 39o
(northern Califcrrnia).

Sources of NHo.

Ammoniurn is natl[ally ernitted {rom soils and
forest littcr during denitrification. The rate of NH4t
emission is. in part. a functioD of the pH of the
media. Alkaline conditions far.or emission ofNHo*,
r,".herea.s NH"* is morc highly retained under acidicr
conditions. Thus. precip;htion in areas ofthe Great
Ba - i n  a r rd  t he  c .n t re l  Un i l pd  S ra t c - ,  on t r i n  g r ca te r

[NH.-] thun areas \!'est of the Cascades (Junge
1963). The Spodosols, Inccptisols. and LIl t isols in
lrcstern Washington and Oregon are relatively lov
in basc saturation and pH and these soils would
not be considered major sources of NHa* to the
Cascades.

a  a a

aao a -a-

! a  a a  a  o  a

a  a a a  a a -

-
a
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O a

o
+
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o ^
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Anthropogenic sourccs of \Ha* can be signif i-
canl in some areas. For example. feedbt-< (beef.
hogs. poultr,v) and dairv operations are principal
sources of NH.* affccting surface r,;atcrs in the
Netherlands (Schuurkes ancl Nlosello I988). In Lhe
Par i f i ,  C , , . r s t  - l J l p - .  l i \ ' - t u i l  ' l " n - i t i " .  r . " r , :
greatest in the Sacramento/San Joaquin \ allev oi
California nhich mal explain. in pa . the higher
NHa. deposit ion mclsured at NADP/NTN sites
located east of the lal lct.  ' l 'hree 

ol the four largcst
caltle-producing counties in California Iere hcate<l
in the San Joaquin Vallev up$ind of thc Sierra
Ncvada. Lir,estock drnsitics in Calilbrnia excccdcd
those in Oregon hr a factor of 2 lbr beef cattlc.
5 for dairv cattle, and 14 for poultry; den-qities for
hogs and shecp vere cornparable (Hornbeck l98i:|;
Jackson 1975). \ Iost l ivestock operations in Cali-
fornia are dlso located in the ccntral vallev up*incl
ofthe Sierra Nevada, $'heleas there is a more unr-
form distr ibution of l ivestock on cither side of the
Oregon Cascades.

Combustion oI vegetation and lood products
: r l . o  c rn  L "  a  - i gn i f i , . r n t  . ou r . c  n t  r i t f ^g rn  ,  m i - -
sions- Wood buming for home hcating purposes.
howeler. appears to bc insigniiicant relative to the
ma€(nitude of the [NH.-] diflercnccs along the
transect. Potassium. often associated uith combus-
t ion of lood product-q. sholtcd no concornrtant rn-
crease with NHo* in the Laitd et rrl. data. l'unhel-
more. emis-cions invcntorie-q o1 \O, (S'agner el a1.
l986) arc inconsistent uith the spatial patterns in
NHo* reported b1' '  Laird et a1. (1986a). Cali lbrnia
rankcd 2nd in the LniterJ States in N0. emissions
(1.411 tons/yrl .  compared b onh 0.291\l  ton/vr for
W. r -h rnFo r r  ' r a r r l  30 r l r r  r nd  0 .2 j t \ l  t , , n -  l o r
Oregon (runk 37th). Ther-e appcars to be no ma-
jor source of NHa. to erpiain the rclativeh high
concentrat ion,q in lhe Cascades repoltecJ bv Laird
e t  a l .  l ) 946a .b ) .

Transport and Transformation of Nl-lr.

Thc rnechanisrn lbr supposedlv lcxrer [\Ha-] in
Vashington and ( ial i lolnia offelcd bv Laird el ol.
(1986a) is inconsistent r l i th Lht behavior ol
(NH4),SO1 part iculates. Thev suggested that -sO,;
emi-qsions at the nofihern and southern ends of the
transect oxidized and readed lith arnmonia. form-
ing ammonium bisulfate and ammoniurn sulfate
which subsequentlv cleposited belbre reaching the
morn l J i n - .  Ho r re r . r .  ammun ium - r r l i a t .  pa r t i ,  u -
lates are easilv transpo ed. Data from visibilirv

monitoring sitcs shot ' that ammonium sufate par-
ticulates aeoount for about 20 Lo 500/o of the line
pa iculate mass in thc West (T jonisetol.  1990).
The r,idcspread distribution of ammonium sulfate
part iculates in thc United States is evidence ofthe
cdse \!'ith uhich [NHa.] is transported €ireat
di-t .rn, e..  \  et \ i . i l ' i l i t \  alL,np the tran-cct i :  prrrtcj l
al  thc Crater Lake visibi l i tv monitoring site l i th
a median visual range of I 76 km (Energy and Re-
soorce Consultants, Inc. 19BB), suggesting that am-
monium sullate particulates arrd ammonium de-
position rates in the Or-egon Cascades are ven, Jorr'.
Thus. although ammoniurn sulfate aerosols are
lbrmed as a consequence of S02 ernissions. there
is no elidence lhat this process disproportionatell
affects the ammonium concentrat ions;n the sno\t
along thc transect.

Summary and Conclusions

LairLl et ol. (I986a) speculated that the pattern ol
\Ha* concentrations in snol along the crest of the
Cascade-Sierra \cvada was caused l , ; ,-  r  ross or
\Ha. at both ends ofthe tlansect. DaLa from areas
uith low dcposition of SOa'- stronglv suggesl that

[NHa.] are naturallv lo$ in no hern Slashington.
Rather than being low as a consequence of an-
t l r r opoeen i r  em i . s i uns  o iS0 , .  \H1 ' , | - po . i t i on  i n
the soulhcrn Sierra \evada appcars to be elevaLed
abnre narural levels (NADP/NT\ I9B4-199O:
Blanchard et aL. I9B9).

Based on a re-examination of these and other
data. I conclude that the relativclJr high [NH.-l
reportcd for the Cascades b_v Laird et ol. arc in-
correct and that the highesl [NHa.] in deposit ion
in this region occrrrs in the southern Sierra \evada.
Thc evidence to support this conrlusion includes
(l) the internal inconsistencv of Laird el a1. data:
the ion irnbalancc is inconclrrsive evidcnce ol an
an . r l r l i ,  c l  e l r o r .  l " r t  t h -  l r ck  o l  ae rc -mFn t  i n
reported and cal<rrlated median [\Ho*] is verv
suspicious: (2) the inconsistency betl ,een Laird et
al. daLa and deposition data from several indepen-
den t  soo rces  ( JL rnge  1958 ;  NADP/NTN
1984-1990: \{aleug er ol.  1972: Reil ly l9B9: this
studv); USCS reports an averagc [\Ha-l ol B peqil
1or the Oregon Cascades compared to lalues near
I trreq/L for other studies; (3) the lack of ap-
preciable sources of natural and anthropogcnic
emissions ol nitrogen in Oregon; livestock densities
and lirtilizer-intensive crops are substantialh lor,,er
in L)regon compared to California. r,hich explains
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the higher concentrations of NHo. in the Sierra
Nevacla; and (4) thc lack of rcalistic mechanisms
lo r  t r . r n - f o l t i ng . r r r r l  l l r n - f o rm ing  n i l f oepn  - l , c c i p - :

hmm" r , i u rn  - ' r l i a t - -  a re  ,  apa l , l -  , , i  be ing  t r ; r r . -

1 , L r r t - d ' , ' n . i , J - r ' . r L ] '  J i - t . r r r , - . .  r , t  J m m u n i u m
sulfatc particulate concentrations are lern lo\{ in
Oregon. Avai lable evidence indicales that [ \Ha-]
in snorr in the Oregon Cascades are loirer than
values reportcd b,v Laild et al. bv ncarlr an order
of magnitude and are generallv about I peqll-.
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