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Abstract

Sulfate aod nitrate content io snow cores collecred in the spring of 1982 indicated that depositi.n
uf.tbosc ionr is grearer in rhe Cascade Mountains, dowriw;ni from the Seattle,Tacoma' urban_
rndusrrral afea,,,rhaa in rhe Olympic Mountaids. Snowmelt and iceout did not fesult in episodes of
Lgy pH Lnd nlkaliniry in the rhree high lakes sampled. The minimum pH was 5.8 arid nenher
pH nor a lkal iory showeJ a seasonal  nend fo l lowing icc.our,  a l rhough spe<i tn ronductantc d id der r rxc
\ l iFhdy.  Thc la,k of  an acid i f icar ion episode was nor surpr is inA becausc rhe pH of  \n^s t rum d
5 r r c  n t ? r  r h e . r u d i e , l  l . r l (  s  a l r r a g ( d  5 . . 1  T h ,  . n o s  q a .  r i ( h r r  i n  r d r i o n r  ( h a ;  h a d  b c e n  r e l r r n J
cadre n precrprrarion trom rhc Cascades, eveo though sulfate concentrations were similar. 

_

,  Chemic" l  srraf i t icar ion ras apparrnr  in che surraci  20 m tayer of  rhc to*. ,  c ie ia i ion lot  " ,  * t , t .
tnc upper i l )  m ol . rhc h '8hest  c levar ion Iake was s imi lar  in a l la l rn i ry conrenr ro rhdf .b 'scneJ in
snow. Ine rntermedrare elevarron takc showed a s l ighr rcndency ro srrdr i fy  in rhe upper 5U m. Thc<(
obeervations suggesr rhar snowmelr.water does not mix with the whole lake vohfie io these deep
raK(rs wrrh reLarrvety low warershed:lake surface. area ratios and low flushing ratcs as might bc
cxpected in lakes with morc extreme chdracrerrslcs.

Inlroduclion

riFashiogton's Cascade Mountain lakes have been classified as some of rhe mosr seosi-
trve warers in rhe ljnited States (Omernick and powers 1982 ). Their low buffering capa-
city is due to rhe graniric ard basalric bedrock and thin soit dwelopment surroundiog
many of these high elevation lakes. Many have relatively small watersheds, and rheir
basios are sreep-sided. Thus, they would be er.pecred to respond rather quickly to even
small increases in acid deposition.

The acidity of pre{ipirariofl reaching the Cascades is greater.ha[ might be expected
normally. Logan (1980) reported a mealr anlrual pH of 4.66 in precipitation collecteci
at Stampede Pass and, more re€eotly, Ingao et dl. (1982) leported a meao of 4.7 at
Snoqualmie Pass for the first half of 1981. Dethier (1!/!) reported a mean value
of 4.8 in an area of the Cascades, norrh of Stevens pass. S/asem 11082; has observed
even Iower values (4.3 ) for rhe North Cascades. Powers and Rambo ( 1981 ) summarized
exisring precipitation data.

Sorne of the acidity in precipitation falling on the Cascades no doubt originates from
anthropogenic soufces in the Puget sound lowlands (.Logat et al. l!S2). However,
thefe are naural sources also. Mount Saiot Helens releasd nearly three times as much
sulfur dioxide, for rhree months following irs eruption in May 1980, as oormally orilli-
nates from anrhropogenic sources (PSAP 1980). Emissions had decreased coosiderablv
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by 19131 (Casadevall et a| 1981). Although the normal pH of precipitation saturated

with catboo dioxide is 5.6. sulfate eerosols also exist naturally and, wheo scavaoged by

precipitat ion, can tesult in lorver than 
"normal" pH. Chadpn and Rodhe (1982) have

s^uggested that rvithout aothropogenic sources the pre(ipitation pH could range bet$'een

1.5 rr.Ll,5.6. They suggest that productive parts of the ocean may be a source fot oaturaL

aciclity.

Thus, there is the question of the relative contritrution of anthropogenic and natulal

sources to the acicliry of precipitation reaching the Cascades. Also' there are the assocF

ate.1 quesrions of rvhethet there is ot has been detectabLe acidification of any lakes and

s'hat rhe nature of tesPonse *oujd be in these lakes to incremental increases in acid

deposition. Results teported here are based oo the chemical cootent of snos' coles

coLlectecl in the spring of 1982 in the OIymPic and Cascade Mountains and subsequent

observations oo changin.{ chen'ticai cootent of three highly sensitive Cascade lakes follou'

ing iceout. 
'Ihe 

lakes are Angeline, Big Heart, and CoPPer and lie io rhe Alpine Lakes

Wioclerness area t 7219 to 15t5 m elevation between Snoqualmie and Stevens Passes'

The objectives * ere to 1 ) determine if deposition of acid and rhe associated ions. sulfate

and oitrate, is greater in the Cascadcs than the C)lympics, aod 2) detetmine if there rs

an episodic effect of decreased alkalinity and pH in the lakes following iceout Because

\\€ather fronts move fron \\'est to east across Vashington, it was assumed that most of

the clifferences in aciciity and ionic composirion o{ snoq' collected in the Olympics and

Cascades *oulcl be due to additions from the Seattle-Tacoma' urban-industrial area to

the largely naflrral comPositioo originating over the ocean-

Methods and Materials

Sjx cotes rvere collected, three at each of two sites, ooe in the Cascade and one in the

olympic N{ountains' during the sPring of 1982 Cores *'ere collected q'irh a clean'

anodized aluminLrm. stanclatd core (4.1 cm tliameter) ftom the Minotaur Lake basin

(1700 m elevation) in the Cascades, 11 km north of Steveos Pass' and ftom the Morgan-

roth Lake basin ( 1258 m elevatioo) in the Olympics (Fig. 1) These basins nere selected

for their high elcvxtions ancl ease of access by helicrlPter.

Beceuse mechanized equipment *'as not allorved in the n'ilderness area, it s'as nec-

essery to lo<ate rhe sno\\, corinll site in the Cascades rvhete access \\'as allos'ed, aod at a

sinilar high elevation and as near as possible to the Alpine Lakes \[jlderness area lakes

where lake chemical cofltent $'as monitored. The Minotaur Lake basin iies ooly 30 km

northeest of the san:rpled lakes ( Fig. 1 ). and since most stotms move across the Cascades

frorn tirc southrvest (Vong and \Waggoner 1981), the deposition of acid in the N{inotaur

Lake basin nould be expected to be rather similat to that near the sampled lakes'

Snon-core depth tanged from 3.7 to 7 0 m at the Cascade site on 19 March 191J2 and

2.7 to 4.9 m at the OlymPic site oo 1 April 1982. At each site, cores t'ere collected

from thc lake surface. oo the shole aod about 50 m from the lake shore in a meadow

area. The deepest snorv covef \r'as oo the msados'at both sites.

Cores frorn the Cascades were melted and analyzed for major cations and aoions in

adclition to pH and speci{ic conductance Samples for alkalinity' pH, and specific con

,.luctance rvere analyzecl *'ithln a day or ts'o after returniog to rhe laboratory Cores from

the Olympic site *ere split to delermioe if a concentration effect had oc''Lrrred in rhe

lonet half of the snoq' pack rhrough the thawing freezing proc..ess, *'hich is prevalent
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Figure 1. \)festern \Vashington showiog the locations of aipine lakes (small circles) and snow

core sires (Iarge circles).

in rVashington's mountaio areas. There was no difference detectable in the consritu-
enrs. so resulrs are reporred on rhe composire cores.

The anions, chloride, sulfate, and nitrate were determined by ao ion chromatograph
using a Dionex 3 x 500 mm standard anioo exchange suppressor column. Bicarbonate
u'as determined by alkalinity tirrarioo using rhe cooductomeffic melhod (Gohermin
1969,pp.32 and 141). Precision for sulfate and chloride was t 10 percear and + 25
percenr for nitrate. The alkalinity titration was prices to about t 5 perceor. The carions
sodium calcium, magnesium, and potassium were determined with an Instrumentation
Laborarory model l)3 atomic absorption unit with a precision of abou! t 10 percenr.
An Extech model 609 digital meter was used to determioe pH using a dilute buffer. Com-
parison of rhe pH of snowmelt and lake samples determiqed in rhe field s-ith rno
Extech meters (n:11) showed a meaq deviatioo of =t 0.0j pH uoits, while compari-
son with two bench scale meters in the laboratorv (n:7) showed a mean deviarion of
::t 0.12 uoirs. Specific conductance was determined at 24 !0.5'C n'ith a Barnstead
model PM 70 merer.

Chemical Content of Snow f.l7



Lake Samples

Samples were collected oo three (xcasions in Big Heatt Lake (1386m) and CoPPef

Lake (1208 m); 23 Jr,rly, 11 August,24 August 1982. Angeline Lake was sampled oo

23 July and 24 Aug'ust. Sal.rples were colleced from a rubber raft at depths of 0, 5, 10' 20'

and 50 m in each Lake. Prior to filling, each bonle had been acid washed and throroughly

rinsed and was rinsed again thoroughly with lake water. The bonles were filled com-

pletely and capped. An additional five samples, one from each depth, were collected for

subsequent pH determinatiol on shore.

The constituents determined and associated methods wele ahe same as rhose Lrsed for

snow. Alkaliniry rvas also derermined by the Gran method on y)me samples (Gtan

1952 ). Results were essentially the same as \'!'ith the conductometric method, mean t

SD fot five rePlicates of a rest samPle q'ere 101 t 1.7 and 101 :t: 14 lteq 1 r for rhe

Gran and conductometric methods, resPectively. The change io the slope of specific

cooductance with added acid proved to be a very precise and relatively raPid determina-

tion of alkatinity in rhose poody buffered waters. As noted earlier, the Precisiol at

such low alkalinities ( < 100 tieq 1 1) is at least t 5 percent.

. | , \ f l 1 - l l 1 ' T o n i . ( o n t e n t o f s n o N . o l c s c o l l e c l e t l t t l h r e e s l i e s l ' i a n i l n e n f l l i n o l n | r l , a k e i r i l l r e

Cascade \IoLlrl.ins and lb.ganrolh T,ake in the Ollmpic ll()unlain'" Washinslon rtr lta'ch
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Sno \ /  Co res

Results from the cores are shou'n in Table 1. The tlifferences io pH among all cores are

ooly slight and rvirhin the error of determioation. Ho*ever' the sulfate cootent in the

rhree Cascaclc cores rvas ahut three foid gieater thao that in cores from the Olympics'

Nitrate, on the othet haod, n'as eight fold greater in the Cascade snon' Calciun in

the Cascadc cotes rvas substantially higher than in those from the Olympics (about 15

ireq 1 I ), rvhich could have been responsible for buffering against a lower pH in Cascade

sno$' in spite of mole nitrate and sulfate.

The mean values tbr sulfate aod nitrate in the Cascade cores (lespectivell 117 and

7.1 1.eq 11) ate sin-t i lar to six month rneans in bulk precipitat ion col lect ions at Sno-

quaLnlie p:rss repolted by Loglrrr et irl (1982). They foun.l meao concenfrxt;ons of 148

and 8.6 leq 1 r fot sulfate and nitrate. resPectively-

The chatge baLance shou'ed reasonably good accounting of the ions. The average

cation:enion tatios for the Cascade ancl Olympic cores, resPectively. n'ere 105 and 1 12'
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Nevertheless, Liljestrand and Morgan (1979) have found that rhe calculared pH from
the charlle balance can be in eror by nearly t 0.I units.

' |A l l l - r l  2 .  - { l ka l in i r } ,  spec i r i .  onduchnr ie  lnd  p I I  ( rc i f rmhred { i  l i l e  i ieDths  in  ihe  lop ,o  .  rn  rh r . . l
lakcs iu the Alpino L*es n-iiderness -{rea, \\iashins,ron. alurinB l!S2.

DH

'i i23 r j /11 , l  /24

T,ake F iek l  T ,ab  ! ' i e ld  Lab F ie ld  Lab i / j r !  S /11  t , /2 .1 i / 1 2  S , , 1 1  S / 2 J

-\N{lljLTNI]

; 0  m

(_ . (  )PPl j t t

Lake Ouality

Results from sampling the three lakes at three different times during rhe summer follor,-
ing iceout are shown in Table 2. Minirnum pH \1,rs Jbour LS, "hi.n occurred in Anse,
line Lake about a moorh afrer iceout. Values were slightly higher in Big Heart and b.5
to 0.6 higher in Copper Lake. Field determinations of pH ioAngeline aocl BigHeart gave
higher values chan laboratory determinations by about 0.2 to 0_j units, except for the
last samples. The agreemeot betveen field and lal.nratory rneasuremeors was gocxl
for Copper Lake. Alkaliniry aod specific conductance, as rvell, were higher in Copper
thafl the orher nvo lakes. Cation-anion baiances for rhe rllree lakes are sho\r,n irr
Figure 2.

A consistent seasonal trend in alkalinity and pH u-as nor apparent io any lake,
although specific condu(ance values rvere lower in the three lakes at all depths in late
summer compared to those observed earlier tight afrer iceout. The means of the fivc
depth sampLes (Table 2) changed during rhe summer frorr 6.2 to 4.j umhos cm1 in
Angeline, from 6.8 to 6.3 to 4.7 in Big Heart, and from 1[J.0 to 16.g to 13.g in Copper.
Except at Copper. rhere was no stratificatioo of rhe concenrrarion r,,,ith depth.

An exception to this lack of trend in alkaiinity and pH during the summer s,as rn
Angeiine, rvhete alkalioity io thc upper l0 m dicl decrease rvith time. ancl an anomalously
low : kalinity occurred at 20 m in Big Heart in thc earliest samples. Overall. horr-cver.
aLkalioity values detetminccl in the upper 10 m (six values in Anseline dnd fline e,Jch
in Big Heatt and Copper ) varied rarhet consisrently in rhe three lakes q,ith means and
scandard <leviations of 21.0 1.8,26.6 | 4.2. and f6.0 = 1l. l leg 1 r fbt Aogelioc,
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Figure 2. Cadon-anion batance for three Alpine Lak{5 \(ilderness Area lakes, 2l Julv 1982.

Ascendiflg order: cations-Ca, Na, Mg, K, H; anions-Hco,, So", CI, NO.

Big Hean, and Copper, respectively; this is an average dwiation of 18 Irycent Considet-

ing that the analytical precision is ! 5 Perceot, an exPected inlakeT sampling variabilitv

in the surface wate$ may be about 113 percent.

Chemical stratification was prooouoced in the upper 50 m in C-opper Lake, but this

was not the case in Aogeline and *'as less aPParent io Big Heart, the tsro higher eleva
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tiori lakes. Figure 3 shows mean bicarbonate content with deprh in the three lakes.
Concentratioos at depth in Copper Lake were consisteotiy three to foff rines sre:rrer
than those in the upper 10 m. Concenrratioos were larher uniform in Angeline, bur
except for the consistently lon'er values at 20 m, alkaliniry teoded to iocrease q,irh
depth in Big Heart, showing a greater tendency for stratification as in Copper. The
lakes are all deeper than the sampled 50 m; Copper, Big Heart, aod Angline, respec-
tively, have maximum depths of 104, 168, ard 155 m ( Dethier et al. I9j9).

1 0 0 200 3 0 0

A L K A L I N I T Y ,  U E Q  L  - 1

Figurc I .  Distr ibut ion of  a lkal in i t l  (  HC_O )  wirh deprh rn rhe upper 50 m of  Angcl in€ (c i rc les) ,
BJg Heart  ( t r iangles)  and Copper lsquiresT Lakei-dur ing rL.  summcr of  1982.
Values are mcans of two samptes in Angrlioe and three cich frorr Big Hean rnd
C,opp.r.

Discussion

Depositioo of sulfate and nitrare appears to be greater io the Cascades dorvnn,ind of
the Seattle-Tacoma, urban-iodustrial area, than io the Olympics. Admirtedly, this indica-
tion is based oo only one set of three cotes ffom one site in each area. Hoq,ever. rhe
mean conceotrations of sulfate and nitrate from the Cascade cores were similar. although
21 and 15 perceor iower! than mean six-month values reported in precipitation fronr
Snoquaimie Pa^ss in 191J1 by Logan et al, (1982). Their six-month mean sultare con,
centration of 14.8 ueq 11 from January through July, 1981, inclicates rhat the rare of
sulfate deposition was about 15 kg hal durin.q that period. Atrut l0 percent of the
sttong acid content rvas due to nirrate and 60 percent to non-marine suifare. Their mean
precipitation pH vas 4.7 *-hile that from 19132 soow cores s,as 5.1. This conrprrison
of the 1981 precipitation results of Logan et al., wirh the snow content from l9ii2. is not
entitely valid because Mount Saint Helens rvas sti l l  ci ischarging significanr rmounts of
sulfur dioxide in 19i11, which no doubt had subsjcled more by rhe tinrc the l9S2 snos
cores wete collected.

3 02 01 0
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Water sampliog followed iceout in three lakes in the Alpine Lakes Vilderness area,

about 30 km southwest of and at a similar elevation as the snow core site, did not

teveal an episode of low pH and lorv alkalioity. The minimum PH observed, determlned

ulder labofatoly conditions, was 5.8. Values {ere abut 0 5 units higher in the lower

elevation lake. It is not clear why field determinations on the first two occastoos were

0.2 to 0.5 pH units higher lhao those measufed io the laboratory However, strong

peaks in photosyothesis were obsefl/ed to occur following iceout io another high Cascade

lake (Hendrey and Welch 1974). Evett modest photosynthetic rates could significantly

raise pH in such poorly buffered waters. The discrepancy between field and laboratory

pH determinations was in fact fyeater after iceout than later io the summer, which tends

to suPport this hYPothesis.
Considering that the PH of the snow may have been neaf 51, ir was oot surPrising

rhar a definite iceout episode did not occur' If the pH io the snow pack had beeo as

loq' as the mean precipitation pH determined by Logan et a/, at Snoqualmie P^ss \4-l ),

a low pH episodic effect probably *'ould have occurred, at least in the surface waters of

these lakes. Except for ammonium, all cations v'ere considerably higher in the Cascade

snow cores than in rhe Snoqualmie Pass precipitation collected by Logan el al This was

especially true for calcium. There appears to have beeo some additional buffering in the

sflow pack with cations, as indicated from the cores, that was not foufld io precipitation

reported by Log n et dJ. Howevet, cotes were collected in open areas in a lake basin

wjth titcle vegetation and, therefore, should have rcPresented preciPitation only Aoo-

ther possibility is that snos' io the Cascades may not rePrcsent the most acidic precipi-

rarion falliog on those high lake watersheds Recent precipitation sampliog at a loq'er

elevation ( 1ll0 m) west of the Alpine Lakes Vilderness area lakes sho\ts that the annual

mean pH was 4.6, but during spriog and summer it was much more acid at pH 415

(Vong and rWaggoner 1983 ).
Although acidity of the snorvpack was oo sufficient to cause an episode, rhe mote

clilute rvatets eotering the surface waters of the lakes following iceout aPPdrentli/ Pro-
duced some chemical stratificarion. This phenomenon rvas indicated in all three lakes

by specific coflductance, which decreased consisteotly over the one-monrh period Diiu-

ti,cn of the sulface waters producing chemical stratification rvas mosr apprrenr in

Copper, the lorvest elevation lake sampled, where bicarbonate in the upper 10 m was

one-fourth to one-third the bicarbonate content of the deePer \\'ater' There was a more

subtle indication of this Phenomenor in Big Heart, rhe next higher lake, but in Angeline'

the highest in elevation, bicarbonate was felatively constaot $'ith depth and *'as simjlar

to levels determined in the snowpack. The surface content of bicarbonate in Copper

was only abolr! ts'o tenths that at 50 n; the tatio fot specific conductance wxs one third

Stratification may exist at greater depths in the higher lakes also: nevertheless, iake alka-

linity seems to be more affected by other sources of alkaiinity (probably groundv':rter

and rveathering), as eievatioo decteases, thao only the contents of sno\\'melt watel'

This partern of chemicaL changes due to sno\!'melt being restrict'd ro rhe sr'rrfacc

waters of lakes is probabiy typical of relatively deep lakes *ith lo* v'atershed area:

lake area ratios. The two higher elevacioo lakes, rvhich are over 150 m in depth' have

warershed:lake surface rarios of aboLrr 5, and flushing rates cruclcly eslimated al aloLlnd

0.1 t,rr. ln such systems it can be assumed that the sno\\ 'nelt *trrer rvil l  move lergely

rhrough rhe surface \\'aters, even before iceout. as the constiuent profiles in these lekes
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may suggest. Hendrey et al, (1)80) observed that snowmelt warer in two Adirondack
lakes with relatively small watershed : lake surface ratios (6.9 and 9.0), lorvered the pH
io the npper 1 m ooly, while the lake with a large ratio (69) became well mixed. The
latter lake v/as deeper, but irs flushing rate was 5.6 yr 1, about threefold greater than the
other two lal<es.

ln such systems that remaio stratified during the snowmeh episode there would rend
to be a refuge for mobile arrimals, such as fish, in the deeper waters, which wouid be
relatively unaffected by the lowered pH of the srtowmelr water. In shallower lakes rvith
higher watershed: lake surface area ratios and consequent faster flushing rares, such
suatification may not persist and there would be no refuge. Lakes with ahe later
morphometric and hydrologic cha.tacreristics would tend to be more sensirive biologicaily.

Acknowledgments

The research described in this article has been funded wholly by the United Srates Envi-
ronmental Protection Agency through order agreement no. 2B0629NAEX to Eugene B.
\Welch; however, it has nor been subjected to Agency review and therefore does not
oecessarily reflecr the views of rhe Agency aod no official endorsement should be inferred.

Literature Cited

Casadevall, P. J. et al. 1981. SO" emission rates at Mount St. Helens ftom March 29 through De,
cember 1980. /, P. rV. lipman and D. R. Mullineaux, the 1980 erup.ion of Mount Saint
Helens, Washington. U.S. Geological Survey Professional pap€r No. 1250, pp. 193-200.

Charlson, R. J., and H. Rodhe. 1982. Facors controlling the acidity o{ natural rain*'ater. Naturc
291 681-685.

Dethier, D. P. 1979. Atmospheric contributions to steam lvater chemistry in the Norrh Cascaclc
Raoge, \Fashington. Sfater Rer. Reseatch 15: 787-794.

- ,  P l  HeLLer,  and A.  S.  Saf io les.  1979. Reconnaissance c lara on lakes in rhc AlFj .e
Lakes Wildetness Are4 Stashington. U.S. Geological Survey, Open-Iile Reporr 19-1.165

Golterman, H. L. 1969. Methods for Chemical Analysis of F'resh Vaters. IBP Handbook No. 8,
Blackwell Scientiiic Publ. Oxford and Edinboureh.

Gnn, G. 1952. Determinat ion of  the equivalence fo int  in potentrometr ic  r i r r^r ;ons.  Part  I
Aoalyst ,  77:  661-611.

Hendrey, G. R., and E. B. Welch. 1974. Phytopiankton productivity jn [indlcy I-ake. H)'dro-
bio logia,45:  41.61.

-, J. N. Galloway, and C. L. Schofield. 1980. Tempoial and spatial trends in drc chemistq
of acidified lakes under ice cover. In D. Drablos aod A. Tollan, eds. Int. Con{. I(ol. Impa.l
Acid Precip., SNSF Proj. Rep., Norway, pp. 68-7,{.

Logan, R. M. 1980. Acid Precipitation at a Site or Stampede Pass, lvashington. MS Tbesis, Cenrral
\{ashington Statc University, Ellensburg.

C. Derby, and L. C. Duncan. 1982. A.id precipitation and iake susceptibilitl'
in the Ccntral Washington Cascades. Environ. Sci. Technol, 1C .771.,171.

filjestrand, H. M., and J. l. Moryan. 1979. Irror analysis applied ro indirect methods for precipita
t ioo acid i tv .  Tel lus,  l1:  , {21-431.

Omcrnik, J. M., and C. F. Powers. 1982. Totai alkalinity of surface waters-a nat;onal map
EPA,600/D,82-t l l

Powers, C. F. and D. L. Rambo. 1981. Thc occurrence of acid precipirarion on the s'cst coasr ot
the Uni ted States.  Environ.  Moni tor ing and Assessmeot,  1:  9 l -105.

Vong, R. .[., and A. P. rvaggoner. 1983. The chcmical composition of \(estern rvashington ra;n,
water. Proje.t reFot to Environmental Protection Ageocy Rcgion X, Department of Civil
Eogineering, Universiry of Vashington, 54 pp. (with appendices).

Vy'asem, R. 1982. Recent chxracteristics of precipitarion pH in the Northern Cascade range. Pres
enrarion, Symposium on Acid Precipirar;on and Armospheric Deposition: A Western Per
spcrtivc, B€llinaham, \Vash.

Receilted, ApiL 13, 1983
Accepted lot publication Ja\t 3. 1983

Chemical Content of Sno*' 9 3


