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INTERPRETATION OF THE CHEMICAL AND PHYSICAL TIME-SERIES 
RETRIEVED FROM SENTIK GLACIER, LADAKH HIMALAYA, INDIA 

By PAUL A. MAYEWSKI, W. BERRY LYONS, 

(Department of Earth Sciences, Glacier Rcsearch Group, University of New Hampshire, Durham, New Hampshire 03824, U.S.A.) 

N. AHMAD, 

(Aligarh Muslim University, Aligarh, India) 

CORDON SMITH, 

(Department of Earth Sciences, University of New Hampshire, Durham, New Hampshire 03824, U.S.A.) 

and M. POURCHET 

(Laboratoire de Glaciologie du CNRS, Crenoble, France) 

ABSTRACT. Spectral analysis of time series of a c. '7 ± 0.3 year corc, 
calibrated ror total f3 activity recovered rrom Scntik Glacier (4908 m) Lad
akh, Himalaya, yields st:veral recognizable pcriodicities including sub
annual, annual, and multi-annual. The time-series, include both chemical 
data (chloride, sodium, reactive iron, reacti\'c silicate, reactive phosphate, 
ammonium, bD, be80) and pH) and physical data (density, debris and 
ice-band locations, and microparticles in size grades 0.50 to 12.7o,um). 
Source areas for chemical species investigated and general air-mass circu
lation defined rrom chemical and physical time-series are discussed to dem
onstrate the potential of such studies in the development of 
paleometeorological data sets rrom remote high-alpine glacierized sites such 
as the Himalaya. 

RESUME. Interpretation des series de variations chimiques eL physiques reconstitutes 
au Selllik Glacier, Ladakh Himalaya, Illde. L'analysc spectrale de l'activitc fJ 
totale d'une s<'rie temporelle de glace 17 ± 0.3 a issue du Sentik Glacier 
(4908 m) Ladakh Himalaya, a perm is de reconnaitre, plusicurs periodicites, 
subannucllcs, 3nnuelles el multi-annuelles. Cetle serie comprend it la fois 
des rcsultats chimiques (chlorures, sodium, fer actif, silicate actif: phosphate 
actir, ammonium, bD, b("O) et pH) et de donnees physiques (densite, 
localisation des bandes de glace Cl de sedimenls el microparticules clans les 

I N  TRO DUC nON 

Adv ances i n  c l i m ate  pred i ct i on d e pe nd on a kn ow 
l ed g e  of h i st ori c al and c l imat i c s e que nces r angi ng  
i n  s c al e  from s e as ons to  mi l l en ni a. Pr oxy d at a  pr o
v i ded  by gl aci ers  c an be u sed t o  c onst ru ct these 
s e quen ces  when d i rect observ at i on s  of the at mos phe r e  
are e i ther  s pat i al ly or tem por al l y  lac ki ng .  The 
g l ac i ers  of h i gh A s i a pr ov i de a un i que t ool f or re 
t ri ev i ng proxy d at a  c oncern i n g  atm os pher i c ci rcu l a
t i on bec ause of t h e ir ge ogr aphy and e l e v at ion . Yet , 
al t h ough these g l ac i e rs c ompri se  by are a 50% of al l 
g l ac i e rs outs i de of t h e  pol ar regi ons and c ont ai n 
appr oxi m ately 33 t i mes  the  are al c ov e r  of the g lac
i e rs  i n  the E ur ope an A l ps ( Wi s sm an ,  196 0 )  they are 
pe rh aps the l e ast  u nderst ood and le ast i ntensely 
s t u d i ed  gl aci er sys t em in the w or l d .  

The import ance  of g l ac iers as pr oxy i nd ic at or s  of 
c l i m at e  in As ia i s  s u bst ant iated when  one c ons i ders  
t h at the mons oonal c i rcu l at i on sys t em t h at int e r ac t s  
w i t h  these g l ac ie rs  i s  of great c once r n  f or t h e  s oc i o
ec onomi c st abi l ity of the  I ndi an s ubc on t i ne nt .  
M ukh e rjee and oth e r  ( 198 1) est im at e  t h at appr oxi m at e 
l y  7 5-9 0% of t h e  ann u al r ainf al l  re ac h i ng the I nd i an 
s ubc on t i nent c omes d ur ing  the summ e r  m ons oon and 
Bah ad ur ( pers on al c ommu ni c at ion in 19 82) suggests t h at 
as m uch as 25-40 % of the  run off i n  Ind i a c ou l d  c ome  
f r om mel t i n g  gl ac ie r s . Fu rtherm ore , t h e  As i an m on s oon 
c i r c ul at i on system m ay even h ave l i nks t o  the seve r ity 
of s now c over over  E ur as i a  ( H ahn  and Sh ukl a, 197 6 )  
wh i ch m ay i n  t ur n  int e r act throu g h  t h e  jet stream t o  
e xe r t  inf l uence on t h e  weather and c l i m ate of N orth  
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plages de dimension de 0,50 it 11,70 Ilm). O n  discute les zones sources pour 
les cspeees chimiques trouvees el la circulation gcnerale des masses d'air 
impliqucc par les series chimiques el physiques invenloriees, on montre les 
possibilites de ee type d'etude pour le developpement des connaissances 
palcometcorologiques dans les sites de haute mOlllagne alpine englacee tels 
que I'Himalaya. 

ZUSAMMENFASSUNG. Inlerprelalion eiller ehemisehen und physikalisehetl <eitreihe, 
gewollnell am Setllik-Glelseher, Ladakh-Himalaya, IlIdi",. Die Spektralanalyse 
einer 17 ± 0.3 a, mit Gesamt·fJ-Aktivitat kalibrierten Zeitreihe aus dem 
Sentik-Gletscher (4908 m) im Ladakh-Himalaya lierert einige erkennbare 
Periodizitaten, darunter solche van weniger als einem Jahr Daucr sowie 
ein- und vieljahrige. Die Zeitreihe enthalt sowohl chemische (Chlorid, So
dium, aktives Eisen, Silikat und Phosphat, Ammonium, bD, .5(180) und 
pH) wie physikalische Oaten (Dichte, Lage von Schutl und Eisbandern 
sowie Mikropartikel in Grossen von 0.50 bis 11.701Im). Urn die Bedeutung 
solcher Studien fUr die Aurstellung palaometeorologischer Datensatze aus 
vergletscherten Gebieten von Hochgebirgen wie dem Himalaya zu zeigen, 
werden die Herkunrtsgebiete der untersuchten chemischen Stolfe und die 
allegemeine Lurtzirkulation, die si ch aus chemischen und physikalischen 
Zcitreihen ableiten lasst} diskutiert. 

Americ a ( Re i t e r ,  19 81) . The Hi m al ay an i ce m as s  al s o  
h as i nt e r hemi s pheri c tel ec onnecti ons s ince 7 5% of the 
air mas s  e nt e ri ng weste r n  Ind i a c omes f r om t h e  South
ern Hemi s ph e re ( Rangar aj an and E apen ,  19 81) . 

The m os t  d irect g lac i e r  pr oxy monit or i ng of mon 
s oon al c i r c ul at ion i s  g ai ne d  by the det e rm i nat i on of 
the net m as s  b al ance, s ourc e  are a, and t i mi ng of pre
ci pi t at i on u s ing  t ime-ser i es deri ved f r om c hemi c al 
and phy s  i c a  1 s t udi es of i ce c ores .  Th i s pape r presents  
the f i r st  of  a ser ies of s uc h  appr oac h es w h i ch stem 
f r om pri or i nvest i g at i ons of Hi mal ay an g l ac i e r f l uc
tu at ion rec ords (Mayews ki and Jeschke ,  197 9 ) and exam
i n at ion of t h e  feas i bi l i ty of g l aci ochemi c al s am pli ng 
in the Hi m al ay a  ( Mayews ki and others , 19 81) . 

GEO GRAPHY AN D ME TEOROLO GY O F  N UN K UN 

Nu n K un ( l on g .  7 5°7 1' t o  76 °08 'E.; l at .  35°57 ' t o  
3 5°02'N ., Fi g .  1) i s  c omm onl y used as t h e  name f or 
the rect ang ul ar mass if ( 25 km x 13 km ) at t h e  n orth 
western e nd of the Zas kar Range i n  Lad akh , I nd i a. 
It w as c h os e n  as a st udy s i te bec ause i n  add i t i on t o  
c ont ain i ng s e v e r al gl ac i e r s  t h at r ad iate off i t s  cen
t r al s n ow - c ove red pl ate au i t  i s  a rel at i v e l y  ari d  
port i on of t he Hi mal ay a, c l os e  t o  the n or t h e r n  l i m it 
of the s umme r mons oon and i s ,  therefore , pot e nt i al ly 
an are a  s e ns i t ive t o  m ons oonal f l uctu at i ons . 

Mete or ol og i c al c ond i t i ons i n  the Hi m al ay a  are 
d omi n at e d  by the act i v i ty of the  mons oon al system. 
Du r ing  t h e  w i nter months ai r f l ow in the ge ne r al 
reg ion of t h e  s t udy are a  i s  appr oxi m at e l y  north-west 
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Fi�. 1. Location of core site from a portion of NASA Landsat Image E-30531-04491-C dispLaying the Nun Kun massif 
'Ln the Lower center of the photograph. Peaks in massif aenter attain eLevations as high as 7135 m (Nun) and 
?O?? m (Kun). GLacier with banded moraine fLows directLy north off the massif. Moraine bands as seen on the 
photograph are approximateLy 6 km in Length. The Suru River meanders past the snout of this gLacier. S marks 
the core site (4908 m) on Sentik GLacier. 

t o  s outh-east  ne ar t he g r oun d s u rf ace  and wes t t o  
e as t  at the 5 00 mb a r 1 eve 1 ( Bou c he r , 19 75 ) .  Summer 
air- mass ci rc ulat i on i nc ludes s ou t h-west t o  n ort h
e as t  t o  n or th-west  f l ow near the g r oun d s urface an d 
at the 5 00 mbar lev e l  ai r fl ow is e as tw ar d  al ong t he 
nor the r n  port i on of t he H imalay a an d wes tw ard al on g 
t he s outhern port i on of the range ( Bouche r ,  19 75 ) .  
A n  an ti cycl one res t s  f or a por tion of t he s umme r 
s e as on over the Hi mal ay a an d di v ides t he eastw ar d
an d westw ard-fl ow i n g  5 00 mb ar l eve l  ai r system 
(Bou che r ,  19 75 ) .  The l ower ai r mas s i s  be l i eve d to 
be re lati vely t hi n  « 2  k m) and over l ai n  by an ar id 
c ont i nen tal ai r mas s ( Se quei ra  an d Ke l k ar ,  19 78 ) .  

Pri mary maxi mu m prec i pi t at ion c omes t o  t he r e g i on 
of t he st udy s i te dur i n g  the pe r iod Ju ly to Au gu s t  
an d pri mary mi n i mum du ri ng N ove mbe r ( Boucher , 19 75 ) .  
E s t i mat e d  tot al r ai nf al l  f or v al l ey b ott oms in t h e  
N un Ku n area  i s  0.9 0 m a-l w ater  e qui v al e n t  ( Q az i, 
19 73 ) .  R ai nf al l rec or ds are av ai l ab l e  f r om seve r al 
s t at i ons i n  the r e g i on, howeve r t he dat a are sc ant  
an d c on t ai n numer ous i nc ons i stenc i es .  Disc harge rec
or ds f or t he Sur u Ri v e r  ( Fi g .  1) , w hi ch f lows i n  t he 
v al l ey di rec tl y  nor t h  of t he c ore s i t e ,  s ugges t t hat 
the  w ar mes t t i me of t he year i s  Ju ne t o  A ugust ( Q az i , 
19 73 ) • 

The mai n c ore s i te w as c hosen  at an e lev at i on of 
49 08 m on a re lat i v e l y  f lat, s i ng l e - fl ow por ti on of a 
3 k m  long alpi ne g l ac i e r ,  Se nt i k G l ac i er ( S  on Fi g .  1) , 
t h at f lows nort h- e as t  off the Nu n K u n mas s i f .  Seve r al 
oth e r  c ore s i tes w e r e  i nves tig ate d  i n  the mas s i f are a,  
at e l e v at i ons as h i g h  as 5 5 12 m, b ut t hese were e i t he r  

affec te d  by av alanc hes or as i n  t he c as e  of the  N un 
K un plat e au itse lf pr i mar i l y  c omposed of w in d-bl own 
s now . 

I nt e r pret at ion of dow n - hol e gl aci oc he mi s try re 
c ove re d f r om the Sent ik G l ac i er c ore is b as e d  on the 
ass umpt i on t hat ne ither me l t in g  nor per c ol at i on ,  t o  
de pths s i gn i fi c ant ly l es s  t han seas on al acc u mulati on 
level s ,  i s  presen t at the c ore s i te. Al t houg h , as al
re ady n ot e d, few me te or ol og i c al data are av ai l able 
from the reg ion, r adi os on de me as urement s  f r om 
Sr inag ar ( 1700 m a.s .l. 120 km e as t  of N un Ku n )  re 
ve al that even  dur ing the w ar mes t mont hs of t he year ,  
June-A ug us t , at on ly 5 00-6 00 m ab ove Sri n ag ar ,  me an 
monthly t e mpe r at ures b are l y  r i se  to O °C .  F urthermore ,  
a set of dow n - hol e te mpe r at u res made at t he s t udy 
s i te in Jul y s ugges t th at al t hough t he uppe r few cen 
ti me te rs of t he g lac i e r  are c l ose t o  O °C ,  i mme diately 
be ne ath t he s u rface , te mpe r at u res dr op unt il f i n al l y 
at a de pt h of 9 m t he c ore  att ains and maint ai ns a 
tempe r at u re of - 3.0°C t o  a de pt h of at l e as t  16 .6 m. 

As an addi t i on al test  f or the invest i g at i on of 
mel t -w at e r  potent i al ,  pl e xi g l ass tr ays des i g ne d  t o  
c apture me l t  w ater were ins e rt e d  i n  s n ow - pi t s  c l ose 
to the s ampl e s i te. Al thoug h t hi s  mon it or i n g  w as c on
duc te d i n  l ate  July , c l os e  t o  t he pe ak of t he su mmer 
seas on and at several de pt hs ( 5 ,  10, 20, 3 0, 4 0  and 
5 0  c m) n o  me lt w ater w as f ound in t he t r ay s .  The 
presence of s everal th i n  i ce b an ds ,  c ompr i s ing <5 % of 
t he tot al c ore , s uggests t hat mel t event s , al t h ough 
n ot c ommon , do occ ur at c e rt ain ti mes .  H as t e nr at h  
( 19 78 )  has de monstrat e d  t hat hi g h- al ti t u de are as , 
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such as the summit of Quelccaya ice cap, Peru, may 
absorb too little net radiation to allow melting. 
Although we do not have radiation data to compare to 
Hastenrath's, the same situation may have existed at 
the Sentik Glacier core site for much of the time 
period represented by the core. 

ME THODOLOGY 

Samples collected from a 16.6 m core on Sentik 
Glacier were analyzed for density, microparticles, 
and chemical properties (chloride, sodium, reactive 
iron, reactive silicate, reactive phosphate, ammonium, 
60, 6 (180), total fl-activity, and pH). Although the 
collection interval was continuous at 8 cm, most 
analyses were performed at 16 cm intervals due to 
sample volume constraints. Extreme care was taken at 
all times during sample collection, handling, and an
alyses to prevent sample contamination as required 
by the nature of the chemical studies. Cores were 
taken using a manually operated pre-cleaned teflon
coated SIPRE-type auger. Plastic suits, plastic 
gloves, and particle masks were worn by all members 
of the party who came in direct contact with the 
exposed core. 

Each sample had its outer 1-2 cm scraped immedi
ately after sectioning from the cores using pre
cleaned plexiglass scrapers, and the scrapings were 
discarded to reduce possible contamination by the 
auger. Once scraped, samples were placed in pre
cleaned plastic bags. Pre-cleaning of bags, scrapers, 
and the auger involved a soap and water wash with 
rinsing several times in distilled-deionized water. 
After melting in the plastic bags each sample was 
transferred to two 30 ml and one 125 ml (LPE) con
tainer, pre-cleaned as described above, and one 
125 ml (LPE) container that was pre-cleaned by acid-

washing in concentrated hydrochloric acid f ollowed by 
rinsing several times in distilled-deionized water. 

The portion of the sample in the soap-and-water 
cleaned 125 ml container was used for analysis of 
chloride (Zall and others, 1956) and of reacti ve 
phosphate emp 1 oyi ng AutoAna lyzer techni ques (Gl i bert 
and Loder, 1977). The portion of each sample in the 
acid-cleaned 125 ml container was used for analysis 
of reactive silicate and reactive iron by AutoAnalyzer 
using the techniques of Glibert and Loder (1977) and 
Stookey (1970), respectively. These samples were 
acidified with ultrapure HN03 and allowed to sit at 
room temperature for at least two weeks prior to ana
lysis. Sodium was analyzed via atomic absorption 
spectrophotometry. All of the aforementioned were 
analyzed at the University of New Hampshire. Duplicate 
analyses of standards were used to determine the pre
cision of analysis for chloride, reactive iron, re
active silicate, reactive phosphate and sodium. Ana
lytical precision of the replicate analyses of stand
ards was ±1% at 7.0 �M, ±1% at 4 . 5 �M, ±1% at 4 �M, 
±4 % at 0.5 � M, and ±3 % at 13.0 �M, respectively. 

The two 30 ml (LPE) containers mentioned previous
ly were used for collecting portions of the melted 
samples that were analyzed for 60, 6 (180), and total 
fl-activity measurements were made in the CNRS Labora
toire de Glaciologie, France, on one set of 30 ml con
tainers that were sealed with wax to prevent diffusion. 
Volumes required for total fl-activity measurement re
quired lumping of samples. pH was analyzed in the field 
on the other set of 30 ml samples using an Orion Ion
analyzer T.M. model 399A portable pH meter with an 
Orion 91-06 combination pH electrode standardized 
using NBS buffers of pH = 4.01 and pH = 7.00. pH an
alyses were made without stirring. Microparticles were 
analyzed at The Ohio State University using the 30 ml 
sample set from pH. The technique employed a Coulter 

TABLE I. MEAN VALUES FOR TIME-SERIES SETS IN APPENDIX A 

Time-series set Mean Sample number 

Chloride 2.94 �M 114 

Sodium 3.14 �M 114 

React i ve iron 13 .91 �M 228 

Reactive silicate 8.35 �M 228 

Reactive phosphate 0.39 �M 228 

Ammonium 1.07 �M 114 

OD -97 .90 0/00 114 

-15.07 0/00 19 

4.12-5.85 pH units* 114 

Total fl-activity 224.76 dph kg-l 21 

Dens ity 570 kg m-3 209 

Microparticles (examples of 3 out of the 15 size grades available appear below) 

0.50-0.63 �m 34 x 103 �m size particles/500 114 
�l of sample 

1 .00-1 .25 �m 20 x 10 2 �m size particles/500 114 
�l of sample 

8.00-10.00 �m 3 �m size particles/500 �l of sample 114 

* range rather than mean is specified due to the log scale used to measure pH. 
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Counter (L.G. Thompson, 1977) and yielded 15 size 
grades in the range 0 .50 to 12.70 �M. 

DA TA ARRAY AND IN TERPRE TA TI ON 

equivalent to an average net mass halance of � 0.92 rn a-I. 
Using an average core density of 570 kg m-3 this yields 
an average net mass balance of 0.62 m a-I water equiva-
1 ent • 

Time-series sets of down-hole chemical properties 
(chloride, sodium, reactive iron, reactive silicate, 

reactive phosphate, 60,6 (180), pH, and total fl
activity) and physical properties (debris and ice band 
locations, density, and three selected microparticle 
size grades out of the 15 size grades analyzed) appear 
in Appendix A. Table I contains a list of mean values 
for all of the data sets appearing in Appendix A. Re
sults stemming from the analysis of this data array 
follow. 

Periodic events 

Core chronoLogy 
Total a-activity measurements although integrated 

over more than one sample are available for the entire 
length of the core. The resultant total fl-activity 
record has a built-in ±0.3 error in down-hole position 
due to the sampling interval required for this analysis. 
In the depth range 15.40-15.96 m a maximum total e
activity value for the core was encountered, 639 dph 
kg-I, which is believed to coincide with the 1963 
thermonuclear test level. The time period represented 
by the core is therefore � 17 ± 0.3 years whi ch is 

311 
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29 
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3.23 .65 .46 . 36 

PH 

311 3.23 
PElltt 

1.08 .65 

With the exception of total a-activity, 6(180), 
and debris and ice band locations all of the data sets 
in Appendix A are nearly regularly spaced. The latter 
yield an array of 23 time series sets each with a 
value every 0.16 m down core and some (reactive iron, 
reactive silicate, and reactive phosphate) with values 
every 0.08 m down core. The volume of data and poten
tial combinations presented by these data require 
synthesis using a statistical technique capable of re
vealing trends such as periodicity. Spectral analysis 
involving the computation of spectral density (power) 
at chosen frequencies provides just such a statistic
al tool. Power at a gi ven frequency is the measure of 
how much of the variance of a time-series, or in this 
case a depth-series exists at a particular frequency 
(peri od) • 

Power, frequency, peri od, and confi dence i nterva 1 , 
at specified frequencies, appear in Figure 2a-c. For 
most of these depth-series several power peaks are 
recognizable. Reliability of peaks was tested using 
simplified filtering and by varying lag number in sev-

.46 .36 2.5 

5001\.11 

IUCROPAJlTIQES( I .25) 

8.31 8.61 8.93 1.2� 1.55 1.86 1.17 1.48 1.79 3.1 8.31 1.61 1.93 1.1� 1.51 1.86 1.17 1.48 1.79 3.1 1.31 8.61 8.93 1.1� 1.55 1.86 1.17 1.48 1.79 3.1 

FlIEIIOO 

2a - incLudes time-series sets dispLaying annuaL and subannuaL power peaks at 10 Lags (n 114). 
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2c - includes time-s er i e s  s ets at 10 Lags dispLaying jus t  subannuaL power . 

Fig. 2. Power (unit2 Icy m-i) , period (m) and frequency (cy m-i) for time
series s e t s . units equaL to 11 M for chemicaL species, 0/00 for <5 D, pH units 
for pH, kg m-3 for densi ty and particLes/500 ilL of sample for specified 
IJm microparticLe size gra d e s. VerticaL bar represents 80% confidence intervaL 
for power peaks at 12 degr e e s  of freedom for n = 114 and 24 degrees of freedom for 
n = 228 ( af t er Koopmans ,  1974). The Lower Limit of the ver t i caL bar defines whether 
the peak departs significantLy enough from baseLine to the cLassified as a peak. 
Note that confidence intervaL is vaLid onLy at frequency ( period) specified . Confidence 
interval for period = ± 0 . 16 m using a 20 sampling in tervaL 

e r al ru ns. The se pe ak s occ u r  at peri od i c i t i e s of : 
�3 .22 m ,  <3 .22 t o>0.3 2 m and ",0.3 2 m .  Usi ng t he 
c h r onol ogy provi ded  by t h e  t ot al a- ac t i v i ty me asure 
me nt s  and t he resu l t ant ave r age net m ass b al ance,  
0.9 2 m a- 1, a depth t o  t i me c onversi on y i e l ds p ower 
pe aks at �3 .5 a, <3 .5 t o  <0.35 a, and �0.35 a. 

Power  pe ak s w i t h  p e r i odi c i ty �3 .5 a ( �3.22 m )  
are d i spl ayed by al l t i me - ( dept h- ) se r i e s. These 
eve nt s  c annot , h owever ,  be preci se l y  c onst r ai ne d w i t h  
t h e  sampl e number and l e ngth of rec ord av ai l abl e i n  
t hi s stu dy .  Powe r at �3 .5 a i s  bot h  a p r oduct of t he 
l e ngth  of the t i me - se r i e s  use d i n  t h i s st udy and of 
"re al " t re nds i n  the d at a. The l atter  w as t e sted by 

i ncreasi ng t h e  number of l ag s  e xami ned i n  t h e  spect
r al stu dy .  The p re se nce of p ow e r  i n  the mu l t i - annu al 
peri od su gge st s  t h at c ol l ec t i on of l onger t i me - se r i e s, 
i .e .  deeper c or e s, may yi el d v al u abl e i nf orm at ion 
c oncerni ng e v e nt s  w ith  peri od i c i t i e s �3 .5 a. 

P ower pe aks w i th peri od i c i ty ",0.35 a ( �0.35 m )  
are di sp l ay e d  by sever al t i me - ser i es. Howev e r ,  e v e nt s  
represe nt e d  b y  p ower i n  th i s p e ri odi c i ty are al m ost 
i ndi sti ng ui sh ab l e  from noi se and thu s at t he samp l i ng 
i nterv al used i n  th i s st udy fu rther  resol ut i on of 
these event s  i s  not st ati st i c al l y ju st i fi ab l e .  

7 0  

Assumi ng a n  average net m ass b al ance f or t he c ore 
of 0.9 2 m a- 1 and an error i n  sampl e p osi t ion of 
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± 0 .16 m events w i t h  peri odi c i t i e s  of 0 .92 ± 0.15 m 
an d 0 .4 6  ± 0 . 16 m are annu al an d s u bannu al ,  res pe c t 
i ve l y . Al l t i me - s e r i es  sets di s pl ay power i n  t h e  
s u bannu al peri od w h i l e  on l y  chl or i de ,  react i ve ph os 
ph ate ,  mi c r opart i c l es i n  the s i ze r an ge <0. 5 0  t o  
0 . 63 IJm, an d re act i ve s i l i c ate di s pl ay s i gn i f i c ant  
powe r pe ak s i n  t h e  annu al r ange . 

Non-periodic events 
Si nce s pect r al an al ysi s pr ov i de s  a v i ew of t h e  

per i odi c el ements  i n  a t i me-se r i e s  ass e mbl age t h i s 
tech n i que  yi el ds a s moothed di s pl ay of the dat a. N on 
pe r i odi c c omponent s of the t i me - s e r i es  set s ,  al t h ou gh 
c ompr i s i ng a s mal l port i on of the  rec or d  i n  th i s s t u dy ,  
nee d t o  be e xami n e d  on an i n di v i du al bas i s .  The most 
apparent n on - pe r i odi c an omaly i n  c on c e n t r at i on i s  
f ou n d  at the de pth 3 .0 t o  3 .5 m .  I t  i s  di s pl ayed  by 
den s i ty ,  de br i s  ban ds , an d the t i me - s e ri es for c h l or
i de ,  s odi u m, reac t i ve  i r on ,  re act i ve s i l i c ate,  re 
act i ve ph os ph at e ,  ammon i u m, an d mi c r opart i c l es i n  t h e  
r ange  0 .50 t o  0 .80 IJm an d 3 .17 t o  10. 00 IJm as re l a
t i v e l y  h i gh v al u es . The presence of a maj or dens i ty 
t r an s i t i on at t h i s de pth suggests  t h at dens i f i c at i on 
an d/or abl at i on may e xert s ome c on t r ol on the di s t r i 
but i on of c oncent r at i ons down c ore . A l tern ati ve l y ,  
r e l at i ve ly  h i gh c on c e n t r ati ons of c h e mi c al s pec i es may 
i mpl y de pos i t i on du ri n g  a peri od of i ntens i f i e d  at mo
s phe r i c c i rcu l at i on .  The l ack of s pect r al power i n  
t h e  annu al peri od f or the dens i ty t i me-seri es an d t he 
g e n e r al n on -sync h r on e i ty of the s pect r al s i gn at u re 
( Fi g .  2 c )  of th i s t i me-seri es w i t h  others  i n  th i s 
s t u dy su ggests t h at t re n ds i n  t h e  den s i ty t i me-s e r i e s  
are n ot ass oci at e d  w i t h  tre n ds i n  t h e  chemi c al s pec i es 
an d/or mi c r opart i c l e  t i me-seri es . 

N ot ably al t h ou gh several of t h e  c h e mi c al t i me 
s e r i es rec or d  annu al an d su bannu al e v e nt s ,  the nu mbe r 
of de br i s  ban ds e n c ou ntered down c ore  does n ot mat c h  
t h e  t ot al �- act i v i ty of the c ore . The presence of 
de br i s  ban ds i s  t h e re f ore n ot u s abl e as a st r at i 
g r aph i c  marker but r ather  as an i n di c at i on of events  
such  as unusu al abl at i on an d/or i nt e ns i f i e d  t r an s port 
of de br i s  t o  the c ore  s i t e .  

Sources 
C h e mi c al an d phys i c al c onst i t u e n t s  i n  the c ore 

are i nt r oduced f r om several s ou rce  ty pes , s i ze s ou rce 
are as ,  an d di st an ce s . Sou rce i n pu t  t i mi n g an d at mo
s ph e r i c  c i rcu l at i on i nterpret at i on s , where appr opr i 
ate ,  f or the chemi c al an d phys i c al c on s t i tuents 
an al y z e d  are di s cu s s e d  in the f ol l ow i n g  or de r :  c h l or
i de ,  s odi u m, re act i ve i r on ,  react i ve s i l i c at e ,  re
act i ve ph os ph at e ,  ammon i u m, pH, mi c r opart i c l es ,  60, 
an d 6 ( 180) . Vol c an i s m  al th ough a pot e n t i al s ou rce f or 
seve r al of the prece di ng  h as been  de l et ed from t h e  
di s c u s s i on th at f ol l ows  s i nce i t  i s  u n l i kely as a 
per i odi c al l y occu r r i n g  s ou rce at t h e  stu dy s i te . 

The pri mary s ou rce  f or the c h l or i de i n  th i s  c ore 
i s  mar i ne an d the c l osest mari ne  s ou rce to Nu n K u n  
du ri n g  t h e  peri od of t h e  su mmer mons oon i s  t h e  A r abi an 
Se a, a di s t ance of � 125 0  km f r om t h e  c ore s i te . 
Val u es of chl ori de f r om fresh s u r f ace  s n ows an al y z e d 
at s e v e r al s i tes i n  t h e  Nun K un are a  ( M ayews ki an d 
ot he r s ,  1983 )  c ompar e d  t o  t h ose of f resh  ran s ampl e s  
c ol l ected  75 km down -wi n d  from Nu n K u n  at Gul mar g 
( Se qu e i r a  an d Ke i l k ar ,  1978 ) ,  su gg e s t  progres s i ve de 
pl e t i on of ch l ori de as ai r t r avel s off the Ar abi an 
Se a t o  the c ore s i t e  ( M ayews ki an d ot hers ,  19 �3 ) . The 
ann u al power pe ak der i ved  from the s pect r al an aly s i s  
of t h e  ch l ori de t i me- s e r i es i s  l ar g e r  t h an the s u h
ann u al pe ak whi ch  i s  c ons i stent wi t h  the  v i ew t h at t he 
major i n put  of c h l or i de c omes once e ac h  year . Si nce  
c on cent r ati ons of c h l ori de i n  f resh  s u mme r s n ow 
( M ayewski  an d ot h e r s , 1983)  are v e ry s i mi l ar t o  t h os e  
re present i ng annu al pu l ses i n  t h e  t i me - se ri es rec or d, 
t h e  h i gh c ore v al u es  are as su me d  t o  be su mme r event s . 
Su bannu al i n put of c h l or i de pr obabl y res u l t s  f r om t h e  
i n f l ow of oce an i c  ai r whi ch t o  a v ary i n g  degree e n t e rs 
t h i s s i te throu g h ou t  the  ye ar f r om s ou rces more di s 
t ant  t h an the Ar abi an Se a. 

S odi u m  is br ou ght  to the c ore s i te e i ther i n  c om-
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bi n at i on w i th ch l or i de f r om a s e a-s al t s ou rce  or i n 
de pen de n t l y  f r om crust al w e at heri ng . Si n c e  s odi u m  h as 
a hi g h e r  me an c oncent r at i on t h an chl or i de i t  pr obably 
comes f r om an admixt u re of t hese s ou rces . S odi u m  h as 
a rel at i ve l y  strong su bann u al s pect r al pow e r  pe ak an d 
a weak an n u al pe ak . Cru s t al weatheri ng  w ou l d be a 
s ou rce f r om any wi n d  di rect i on an d, t h e re f or e ,  any 
seas on t h u s  e xpl ai n i n g  t h e  s t r onger pe ak i n  the  su b
ann u a  1 pe r i  od. 

The pri mary s ou rce f or peri odi c al l y occu rr i ng re
act i ve i r on an d react i ve s i l i c ate i s  c ru s t al weather
i n g .  R e act i ve i r on h as t h e  h i gher me an c oncent r at i on 
an d a domi n ant su bannu al power pe ak s u g g e s t i ng per 
h aps a more l oc al an d/or l arger s ou rce . A nn u al power 
in the re act i ve s i l i c ate  s pect r al s i g n at u re i s  l ess  
pr omi nent  t h an su bannu al power suggest i ng t h at annu al 
i n puts  of t h i s s pec i es c ome f r om a s ou rc e  t h at i s  
l i mi t e d  or l ong-t r avel l e d  by c ompari s on w i t h  the su b
annu al i n pu t  or i n puts of r e act i ve i r on .  Su bannu al i n 
put of t h e  r e act i ve s i li c at e  may c ome f r om t h e  s ame 
l oc al we at he r i ng s ou rce as the  re act i ve i r on whi le 
the ann u al re acti ve s i l i c at e  pu l se may be s e par ate . 
Measu re me n t s  of re act i ve i r on an d react i ve s i l i c ate 
on fresh s u mmer  s n ow f r om Nun Kun ( M ayews k i  an d others , 
1983 ) s u g g e s t  t h at these s pec i es are der i v e d, i n  gen
eral ,  f r om a rel at i ve ly  l ow - e l e v ati on ai r mas s di rect 
ed off e i t he r  the I n di an s u bc onti nent or t h e  Ti bet an 
Pl at e au . 

R e act i ve ph os ph ate h as potenti al ly both bi ogen i c  
an d ant h r opogen i c  s ou rc e s , an d for th i s s t u dy di s 
pl ays s pect r al powe r i n  bot h the ann u al an d s u bannu al 
r anges . E xami n at i on of t e mpor al an d s pat i al di stri 
buti on s  me asu re d  i n  th i s s t u dy of react i ve ph os ph ate 
reve al : ( 1) t h at seve r al of the  h i gh re act i ve ph os 
ph ate v al u e s  i n  the t i me - s e r i es c orres pon d w i t h  de br i s  
ban d pos i t i on s  whi l e  the  me an react i ve ph os ph ate v al ue 
of s ampl e s  h av i ng n o  v i s i bl e  de bri s ban ds i s  l ower 
t h an t h at of r ai n  from re mote n orthern h e mi s pheri c 
are as <0 . 0 6  IJM (Grah am an d Du ce,  197 9 )  an d ( 2 )  s i mi 
l ari t i es i n  di stri but i on of react i ve ph os ph ate an d 
re act i ve i r on c oncent r at i on s  i n  fresh s u mme r s n ow 
c ol lecte d  f r om several e l e v at i ons  on Nu n K u n  ( M ayewski  
an d ot h e r s ,  1983 ) .  The f or e g oi ng are s u g g e st i ve of 
ph os ph ate i n f l u x  du e t o  ads or pt i on ont o  w i n d- bl own 
materi al s  s u c h  as i r on oxi de c oati ngs as mi ght  be ex
pecte d f r om an agri cul t u r al s i te whe re e xpos e d  t e r 
rai n  h as been  su bject e d  t o  fert i l i zer u s age  ( M ayewski  
an d oth e r s , 1983 ) .  Aer os ol l oadi ng f r om e r ode d s oi l  
materi al i s  a n ot abl e c omponent of the at mos phere 
in n orth -wes t  I n di a  (Bry s on an d Swai n ,  198 1) . Si nce 
su mme r re ac t i ve  ph os ph at e c on cent r at i on s , det e r mi ned  
from t h e  f re s h  s n ow stu dy ( M ayewsk i  an d ot h e r s , 1983 ) 
are s i mi l ar t o  the maxi mu m v al ues di s pl ay e d  i n  the 
re act i ve ph os ph ate t i me - s e r i es  the annu al power pe ak 
pr obabl y re presents su mmer i n put . Whi l e  t r an s port of 
wi n d- bl own materi al may be a l i kely s ou rce  f or su mmer 
i n puts  of r e act i ve ph os pat e ,  su bannu al i n pu t s  may 
al s o  be der i ve d from t h i s s ou rce as wel l as bi oge n i c  
e mi s s i on s  an d fuel - bu rn i n g  ( D av i ds on an d others , 1981) . 

A mmon i u m  present i n  t h e  c ore s ampl es  h as as i t s  
most pr obabl e s ou rces i n  t h i s area  ant h r opogen i c  an d 
bi ogen i c  act i v i ty .  The ammon i u m  t i me-ser i e s  di s pl ay 
the s ame r e l at i ve power i n  both the annu al an d su b
annu al per i od as mi ght be e xpected  c on s i de r i n g  poten
ti al mu l t i pl e  s ou rces an d mu l t i pl e  t i mi ng of i n puts . 
No u n i qu e  s ou rces can be def i ned  an d t h u s  t h i s s pec ies  
may n ot be u sefu l  as a s t r at i  g r aph i c  mar ke r . H owever, 
an al ys i s  of ammon i u m  f r om f resh ly  fal l en  s u mmer s n ow 
c ol l ecte d  i n  the stu dy are a  reveal s  t h at t h e  rel ati ve 
l y  h i gh v al u es , > 0.5 IJM, are f ou n d  at e l e v at i ons  be
l ow 5 3 00 m ( M ayews ki an d ot h e r s ,  1983 ) .  E xami n at i on 
of Ne pal e s e  aer os ol s  by I ke g ami an d oth e r s  ( 19 8 0) 
reve al s  a s i mi l ar di st r i but i on i n  ammon i u m  c on cen
t r ati on w i t h  ammon i u m  s u l f at e  part i c les at e l ev at i ons 
<3 000 m an d su l f ate part i c l es at >5 000 m. 

pH h as s i mi l ar s pect r al power in bot h annu al an d 
su bannu al pe r iod whi ch i s  pr obahly i n di c at i v e of the 
fact t h at i t  i s  a c ompos i te me asure of s t r on g  ac i ds 
(i .e . n i t r i c  an d su l fu ri c )  an d we ak ac i ds ( i  .e . c ar
bon i c )  f r om mu l t i pl e  s ou rce s . Wh i l e  pH me asu r e ments 
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on fresh summer snow from Nun Kun in conjunction with 
other measurements have been used to help differenti
ate air masses (Mayewski and others, 1983) their use 
as a climate reconstruction tool in areas such as the 
Himalaya is suspect not only because of potential 
multiple sources but also because a number of workers 
(Scholander and others, 1961; Berner and others, 1978; 
Stauffer and Berner, 1978; Oeschger and others, 1982) 
have shown that even polar ice and snow are easily 
"contaminated" with C02. 

The fifteen size grades of microparticles measured 
as part of this study display a regular decrease in 
concentration per size grade as expected from Junge 
(1963, p. 111-201). This relationship indicates that 
sorting in transport and source area exert control on 
the microparticle distributions measured in this study. 
Microparticle sources are not only varied but they can 
be additive and include, as summarized by E.M. Thompson 
(1980), chemical reactions (natural and anthropogenic) 

and i ncorporat i on of vo 1 cani c, ext raterrest ri a 1 ,  ter
restrial, and marine components. 

Junge (1963, p. 111-201) divides microparticles 
up into: Aitken «0.1 Ilm), large (0.1 to 1.0 Ilm), and 
giant (>1.0 Ilm) sizes. Preservation of this grouping 
was investigated for the microparticle size grades in 
this study as a first approximation prior to inter
pretation of the data. The microparticle size grades 
used in this study, <0.50 to 12.70 Ilm, do not provide 
sufficient detail to differentiate Junge's (1963) 
finer grade, Aitken size particles, but they are 
divisible by comparison of their spectral properties 
into three size-grade groups (Fig. 2a and b): <0.50 
to 0.80 Ilm, 0.80 to 2.00 Ilm, and 2.00 to 12.70 Ilm. 
This division roughly spans Junge's (1963) large and 
giant range with an intermediate "gray" group at 0.80 
to 2.00 Ilm. The < 0.50 to 0.80 lJm microparticle size 
group displays power in both annual and subannual 
periods (Fig. 2a) while the 0.80 to 2.00 lJm group has 
a spectral signature in which power in the subannual 
period dominates over power in the annual period ( Fig. 
2a). The 2.00 to 12.70 IJm group di spl ays power in the 
subannual period but none in the annual period (Fig. 
2c) • 

As noted by Lamb (1970) and Shaw (1979), micro
particles �1.00 Ilm are believed to have long resi
dence times in the stratosphere and/or high tropo
sphere. Residence time, transport distance, and 
potential multiple sources for these microparticles 
prevents determination of unique source types and/or 
source areas. Although no elemental analysis of the 
microparticles in our study was undertaken, such 
studies at South Pole (E.M. Thompson, 1980) reveal 
that a large portion of these microparticles contain 
iron and silicate. This is substantiated in our study 
by the similarity in spectral signatures of the time
series for reactive silicate and the< 0.50 to 0.80 lJm 
size grade of microparticles. 

The 2.00 to 12.70 Ilm microparticle size group is 
probably derived from a more local source than the 
0.50 to 0.80 lJm group based purely on size. The site
specific local derivation of the 2.00 to 12.70 IJm 
microparticles is further substantiated by their high 
concentration in the Nun Kun area relative to concen
trations of microparticles in other high-altitude al
pine areas such as Mt Kenya (L.G. Thompson, [1981J and 
Quelccaya, Peru (Thompson and others, 1979). 

Values of 60 were measured regularly every 0.16 m 
down core whereas 6 (180) was only measured at selected 
depths. To test 60 to 6 (180) relationships down-core 
values and a suite of fresh summer snowfall samples 
collected in the elevation range 5130 to 5512 m 
(Mayewski and others, 1983) were examined. Best-fit 
linear regressions for 60 and 6(180) down-hole and sur
face samples are 60 = 7.1 6 (180) + 5.2 and 6D = 8.1 x 
6 (180) + 13.4, respectively. By comparison the best 
fit for northern hemisphere continental stations is 
60 = 8.0 6 (180) + 10 (Dansgaard, 1964) and for suites 
of samples relatively close to Nun Kun in the central 
Hindu Kush and Garhwals 60 = 8.1 6 (180) + 12 and 60 
8.0 6 (180) + 10, respectively (Niewodniczanski and 
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others, 1981). Although it should be noted that the 
surface and down-hole samples in our study come from 
different elevations, comparison of these with fits 
from Dansgaard (1964) and Niewodniczanski and others 
(1981) suggest that our down-hole samples may have ex
perienced some degree of post-depositional alteration 
perhaps due to slight diffusion and/or melting. Al
though post-depositional alteration may have had some 
effect on the distribution down core of 60 values it 
has not affected the distribution of other chemical 
species and the microparticles. Glaciochemical an
alysis of a core collected from a low elevation Nor
wegian glacier (Davies and others, 1982) reveals that 
ions migrate down core by order of solubility. The 
coincidence down core of reactive iron, reactive 
silicate, and microparticles all of low solubility, 
with higher solubility chloride, reactive phosphate, 
and ammonium suggests that post-depositional alter
ation by melting and/or diffusion if present is mini
mal at the core site. 

Spectral power for the 60 values is apparent for 
the subannual period but not annually even though mon
soonal circulation in the area results in major shifts 
in the temperature of the air masses entering this 
site. The study of the fresh surface snow reveals why 
a major annual 60 power peak may not exist since it 
can be used to demonstrate that during any single 
event two adjacent air masses may have quite differ
ent temperatures and thus individual storm events may 
be as effective as seasonal air mass shifts in creat
ing 60 distributions. 

Synchroneity of seLected time-series sets 

Time-dependent relationships between two time
series sets can be expressed using cross-spectral an
alysis in terms of phase shift and the stren�th of 
their dependence at various frequencies (Edwards and 
Thornes, 1973). Coherence between base and cross 

sets as close to unity as possible are sought although 
knowledge of the zero level of significance for co
herence values (Koopmans, 1974) provides information 
concerning the reliability of coherence values less 
than unity. Phase shift (lead or lag) of selected time
series sets that are useful as annual and/or suh
annual indicators in this study, and that display 
power at statistically similar periods are examined 
( Table 11). Since air mass circulation in the Himalaya 
is complicated, it cannot be assumed that all time
series sites with annual or subannual spectral power 
necessari ly enter the core site simultaneously. How
ever, several examples of time-series sets which do 
enter simulataneously are dealt with below. 

Phase shift for the chemical-species time series 
chloride, sodium, and reactive phosphate ( Table 11) 
suggest that all three species enter the core site 
in-phase annually. Since the annual pulse of high 
chloride concentration enters the core site in summer, 
the cross-spectral analysis demonstrates that the 
annual power peaks of sodium and reactive phosphate 
correspond to summer events. 

Phase shift for examples of the spectrally de
fined groups equivalent to Junge's (1963) large and 
giant microp�rticles are also presents ( Table 11). 
Based on thelr.cross-spectral relationships the large 
and glant partlcles enter the core site in phase sub
annually. 

S UMMARY AND 01 SCUSS ION 

Analysis of selected chemical properties (chlor
ide, sodium, reactive iron, reactive silicate, re
active phosphate, 60, 6 (180), total fl-activity, and 
pH) and physical properties (density, dehris band and 
ice lens locations, and microparticles in 15 size 
grades from 0.50 to 12.70 Ilm) reveal rletails concern
ing the net mass balance, timing of precipitation 
events and source of precipitation for a core collect
ed at 4908 m on Sentik Glacier. The core is believed 
to have experienced minimal post-depositional alter-
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TABLE II. CRO S S- SPE CTRAL RELATION SHI P S  FOR SELECTED TIME-SERIE S SET S 

AmpLitude of 
Zero significance 

Base Cross LeveL for 
s e t  s e t  Period 1 power peak2 coherence coherence 3 Phase" 

m m 

Chloride Sodium 0.81 5.03 0.85 0.66 0.05 f O .Oll 
Chloride Sodium 1.08 5.92 0.86 0.56 1.00 1.08 

Reactive 
Chloride Phosphate 0.81 1.73 0.70 0.44 0.91 (0.74) 

Reactive 
Chloride Phosphate 1.08 1.70 0.70 0.44 0.91 (0.99 ) 

0.50 to 0.63 to 
o .63 �m 0.80 IJm 
Mi cro- Micro-
particles particles 0.45 40 x 106 0.87 0.66 0.99 (0.45) 

0.63 to 8.00 to 
8 .00 �m 10.00 IJm 
Mi cro- Micro-
particles particles 0.45 23.90 0.98 0.66 1.00 (0.45) 

2 - 0.81 and 1 .08 m are used2to spar the annual period. 
- chemical species in (�M) Icy m- ; mi c ropa rt i cl es in 

-1 (�m)2 Icy m 
- from Koopmans (1974) at 90% confi dence 1 eve 1 • 

" - in fractions of a circle. 

ation and thus to be a true monitor of the combined 
wet and dry deposition reaching this site. 

Based on a total e-activity core chronology the 
16.6 m core represents an � 17 ± 0.3 year record. The 
average net mass balance computed from this chron
ology is 0.92 m a-I which using an average core dens
ity of 570 kg m-3 is 0.62 m a-I water equivalent. 
The latter value is somewhat less than the precipit
ation rate of 0.90 m a-I water equivalent estimated 
for the valley bottom adjacent to the core site 
(Qazi, 1973) suggesting a decrease in precipitation 
with elevation in this area. 

Spectral analysis of chemical and physical time
series sets developed from the core reveal recogniz
able periodic events at �0.32 m (noise), <3.22 to 

>0.32 m, and �3.22 m. The periodicity <3.22 to 
>0.32 m includes annual and subannual events. The 

existence of spectrally defined periodic events is of 
particular significance in this study since they help 
to prove that selected high-altitude temperate gl�ciers 
in the Himalaya can provide stratigraphic records for 
use in the delineation of former climate. Discussion 
of these periodic events and the source and atmospheric 
circulation implications of the chemical and physical 
time-series are summarized below. 

Chloride concentrations are highest in the summer 
and are derived at this time from a marine source, 
the Arabian Sea. Subannual chloride inputs probably 
come from more distant marine sources. Sodium covar
ies with chloride since much of it is marine-derived. 
However, some sodium is probably brought into the 
core site from crustal weathering during both the 
summer and winter monsoon events. Reactive phosphate 
is probably carried to the core site during the sum
mer adsorbed onto wind-blown materials derived from 
exposed agricultural sites. Subannual inputs of this 
species may come from combined biologic and anthropo
genic sources. Ammonium has multiple sources which are 
not differentiable in this study. Reactive iron and 
reactive silicate are both derived from crustal 
weathering and are deposited at the core site during 
at least the summer and winter monsoons and silicate 
comes to the core site from either a distinct limited 
source or over a long di stance annually. pH di stri
bution with time may be a composite monitor of strong 
and weak acid contributions to the site and interpre-

tation of its distribution down core may be too com
plicated to allow development of a useful record. 
Microparticles have multiple sources and are spect
rally divisible into two major groups with a "gray" 
intermediate group. The smallest particles, <0.50 to 
O.tlO \.Im, have a strong annual input and a weaker sub
annual input, are believed to be long-travelled and 
derived from a relatively high-altitude air mass and 
composed of at least silicate. Microparticle size 
grades 2.00 to 12 .70 �m are probably of more local 
derivation than the <0.50 to 0.80 IJm group. 60 dis
plays a weak subannual periodicity either due to 
dampening by melting and/or diffusion or because tem
perature differences season to season are no greater 
than those found during subseasonal events. 

f�ultiannual periodicity is displayed by all time
series. Events with periodicity �.5 years require 
far more investigation because of their potential 
value to monsoon studies. This information could be 
gained by deeper drilling. 
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Data set ( uni ts ) 

Total � - act iv ity (dph k g- 1 ) 

Deb ris bands (2 = diffuse; 4 semi-
con cent rated) and ice bands ( =  1) 

Density ( x  1 0\g m-3) 

C h l orine ( \.I �); note scale c hange 

Sodium ( \.IM) ; note scale c hange 

Reactive i ron ( \.IM); note two sca l es 

Reactive silicate ( \.IM); n o t e  two 
scales 

I I I I I 

P o 4  

NH4 
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M ICR9 0.63 x 
1 0  
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6 e SO )  (0/00) 

p H  ( p H  units) 

0.50-0.63 X 1 03 = Mic roparticles 0.63 \.l 
x 1 03 ( particles/500 \.1 1 of sample) 

1 . 00- 1.25 X 1 02 = Mic roparticles 1 .25 \.I 
x 1 02 ) ( particles/500 \.1 1 of sample) 

8.00-10 .00 = Mic r o particles 10.0 \.I m  
( pa rticles/500 \.1 1 of samp l e) 
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