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Perchlorate in Pleistocene and 
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Groundwater from remote pans ol the Middle Rio Grande 
Basin in north-central New Mexico has perchlorate 
!CIO,t l concentrations of 0.12-1.8. ,ug/L Because the 
water samples am mostly preanthropogenic in age (0 · 
28 000 years) and there are no industrial sources in the study 
area, a natural source of the CIO, is likely. Most of thn 
samples have Br , Cl , and SO,' concentrattons that are 
similar to those of modern bulk atmospheric deposition 
with evapotranspiraHm {ET) tactors of about 7--40. Most 
of tho ET values for Pleistocene recharge were nearly twice 
that for Holocene recharge. The N03 /C! ·· and CIO. /CI 
rat1os are more variable than those of Br /CI or SQ~ 2 ! 
Cl . Samples thought to have recharged under the most 
and condit1ons in tile Holocene have relatively high N03 i 
Cl ranos and low <i 1>N values { H per mil!%.)) Slrnt!ar 
to those o! mod urn bulk atmospheric N deposition. The,) I&Q 

values of the N03 ( - · 4 to 0 %o) indtcate that atmosphenc 
NOJ was not transmitted directly to the groundwater 
but may have been cycled in the soils before infiltrating. 
Samples with nearly atmospheric N03 /C I ratios have 
relative ly high CI04 · concentrations (1.0-· 1.8 ug/L) with a 
nearly constant CIO, (CI mole ratio of (14 :L 0.1) "' 
to-•, which would be consistent with an average Ci01 

concentration of 0.093 ± 0.005 pg/L in bulk atmospheric 
deposition during the late Holocene in north-central NM. 
Samples thought to have recharged under wetter conditions 
have higher ()EN values l '3 to +8 %.!. lower NO, /CI 
r<1ttos, and lower CI01 !Ci ratios than the ones most likely 
w presnrve an atmospheric signaL Processes in the 
soils that may have depleted atmospherically derived N03 
also may have depleted CI01 · to varying degrees prior 
tO recharge. If these interpretations are correct, then CIO, 
concentrations of atmospheric origin as high as 4 ug/L 
are pos .. 1ble m preanthropogenic groundwater in parts of 
the Southwest where ET approaches a factor of 40. 
Higher CIO., concentrat ions in uncontaminated groundwater 
could occur 111 recharge beneath arid areas where ET is 
greater ttlan 40. wtwre long·term accumulations of 
atmospheric salts are leached suddenly frorn dry S<lils, m 
where other (nonatmospheric) natural sources of Gi04 
nx<st. 

Introduction 
lng.•slion uf perchlorate U :10., ! can interfere with the up1:1ke 
IJf iudidc bv the thyroid g!and and can affec1 regulalion of 

IO.l02'1/o;~051 i39h Nut ~Wb!~-'C' to US Copynght 
Pt 1bh~lhHJ zw \ .. Vd> 0)/ 14.'?006 

nwtilhiilhm and brain devdopr11enc p;utkuLHI) iu h·td'>h 
and 1hikln:n 1/, 2! lkcent advancf'' in an:tlyti,al mcthmh 

lwvr signillcantlv lowered the CI0 1 rn111innHn dr·t,•Uiun 
limit , and now widc,ptT<Hl nccmn'nCC' of CH ), in grotmd
w:Her are recognized in p:ms oftlh' Sout!Jwv,;r, el'eo in ari'as 
•dwre nn ind11strial sources are kn•<wn U --· Si. il('Ciilh<' of d 

tack nf information on groundwatrr ages ami water sources, 
the exrenr to which natural sources or ClO., can wntrdmie 
to backgtound concentrations in groundwater, nr whnhcr 
the low-!evei detections must necessarily impiv an!hropil 
genic smm:es, has not been detc·rmined 

This paper evaluates the conn·ntrations ofCJO, and oth('r 
anion ... potenlially ur atmospheric origin in old (prea:nilro
pogenic. in the range of 0 :!H OUO war;;) groundwaltT I rom 
nonh-n•mral New ivlexico, .~s c~ mean;; of iiwcotig.Hin}~ 
prtwe%es affec1ing natural d•' rwsitiun (.d ( :10, 111 '"ils ;111d 
!'Stirnaling lhC ('<lllt'Fn!1'3liOil Uf CIO, in jH'(•;mthi'Oflllf'.PIIiC 

hulk atmospheric depmition The study IS wnque Ill lt.u; ir. 
builds on a previouslv csrablhhed hydr,;logtc nnd hydlo 
chemiral framework nfgroundwatcr in tht· !vliddle Hiu C.rnrtdc 
Blbin UvlRGBl, north .. cemral New Mexico Ji·-- }I)) rhar : li 
permits idenliikation of sources of rechanw that may umram 
a.tr atmospht•ric signal and \21 idemif1e, gruuodw,w:r >ample-, 
that have ag<'S of thousands to tens of thousands nf )'f'ill' 

with nu poss1bit' anrhropogenir sottn'<'s of CllL 

Materials and Methods 
J her(' a tT nn known indt~;tri:d Hlun·e, ur< 10 , in iht · snm' ,, 
are:!> of ibtsc Wt'lls. Tile r11cdi.rn radrocarhon age of !111' 
di,solved inurgamc carhtlll in tltc sarnplp.; is I :! .ci kih>armmn 
(ka). with a ranw• of apprnximatdv n 2H k:1 Ui. !L \lo.:1 .,f' 
lilt' ><Hnple'< wt•re free of tritium nr chlorufluoroc;trhons. 
indicating little or no rontarninatiun with vor:ng wal<'r i '· :;o 
years). The waiPrs sampled arc mostly from aernbic parts of 
i!w aquifer. minimizing the potential for microbial dcgr,rda 
lion of NO,, and CIO, . and occur beneath deep unsatur:Hed 
;.ones, further isolating ttwm frorn surficial sources. W;Jll'J 

samples were selected from parts of tlw ~quih•r wllne 
pr,•vious hydrodtcmkal investigations !o ····Ill) detnonsnaiHi 
recharge from precipitation along the north..rn and Paswrn 
mountain mar~ins of the basin. The hydroclwrnirallranH' · 
work pcrmi!lcd rccognltion of other sour:::cs ofw<t tt •r-. tntlw 
ba~in. sudl as lnfiltmtion ofwawr l'ro1n rhv Rio Cr~rul<·, :md 
other rivNs a11d arroyos; inflow frnnr adjact>ot basil!'; <md 
k·nkagc along faults that wert> excluded hecnusc tlwy liavl' 
cnmplt:x origins that obscure th e atntrnphcric ,igndi \s.-·c 
~uppnrting In formation}. Methods of chemical ann!ysh o! 
Cl , S0,2 , NO, , Br , "C. "H , and chlorolluurocarht>ns tCFCsi 
and of the ~table l>Otopic composition uf wmer art- giv<'ll in 
ref 7. l'erchturatt~ analysis was perfornwd using an ICi MSi 
MS proccdurt" with a detection limit ofO.Ol ug!L and theN 
and () .. isotopic corn position of N03 was analv7.ed thmg a 
hactr'rial reduction method with typical reproducihiliti(''> ,,f 
0.3 <tnd O.G '~'"' (2o) for ,\"Nand h''O, rc,pcrti\Liv {further 
clelails are in the Supporting Information) 

Results and Discussion 
Dal.1 ,,n tlw wa!('ltempetJI\ll{\ di'i<:Oivt'd oxvgvn conccntra · 
don. pi L specific conducranu.·, rattioc,Jr!Jl>ll agl', 'I!, ( .I C 
12 , C1 . Hr , SO,' , NO, , and CIO, cuncc•Jitraunth. ctml sLthk 
i>mopic cnmpo<ilion nf 43 groundwater ~ampic~ front IL 
wvlh !Figure 1 i i11 tlte ivlRGB !hat han· ·123 umni/L U 
i '· l5 mgl LJ were evaluated \seC' Tall1e I. Supporting In for 

. '1 he median Cl cuncentratHJll of the selected 
is 174 .mnoliL (4 9 mgiL!. 
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FIGURE 1. Location otwells sampled lor perchlorate in the Middle Rio Grande Basin, NM. and location of hydrochemical zones. All samtJies 
are from the Northern Mountain Front. Northwestern, Wesi·Cnotral, or Eastern Mountain Front zones. Other hydrocharnical zones are 
defined in rch 6 and 7. 

Anion Helalionshlps. Tlw r<'btiorh am ong the various 
aniuns in thcgrou ndwawrsarnp lescan he expla in ed by three 
rm.wPs•;es that may h ave affened some (or all; of the 
sa mple~: ( I ) in fi lt ration of meteoric w aters thm likely retain 
th0ir a rmo~phcri c deposition anion rat ios but have b.:&n 
concentrat ed by eva potranspira tio n p rort>sses; (2l addition 
of <.mall amounts o f c hlor ide-enriched water, p resu mably 
ib~ucia t ed with upward leakage of sm all a ruou nt s of sali ne 
wmer in the aqu ife r system ; an d (3) b iologica l cycli ng of 
al liln'pheric constituen ts in soils prior to .inlihration and 
recharge !for exarnp.le,subs tantia l a mounts of NO, and CIO, 
ony be takt>n up by plan ts and bo th are subject w mirmb ial 
rPduct inn under anaerobic conditions lsre Supporting 
information) I. 

.Vosr of the samples have Br !CI and SOi ICJ rat ios 
sitni lar to those in modern bulk atmosp heric deposition 
(f'igur(' %a. h) Thf' volum e weigh red m ean concentrations of 
C:l .SO / .NO , rasN). andNJJ , lasNlin bulk atrnosphcm 
depo~Jti nn m Sc·villeta 1\ational Wildlife Refuge in the 
sowhc<h lem p drt o l' th(' MRGB il9!l9 · 2001 1 wne 6Hl, l fi . 15. 
24 , ! l. and .H lO umo ll l. (()%I. 1 :1:) . 034, and 0.41\ mgil.l . 
rv~peclln•!y fJ 1). Tlw bulk dqm;.ition vahwo; include both 
wPI and dry dr•pos ir ion awl probabl ~· a rt> more rep resentative 
nf su!uic comTn tralions that an' recharged to aquii'<>r~ than 
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the wet -only depo,;ition value>. In c omp;nison, 1he vn lwne 
weighted m ean conc!"ntrmions ofCl , SO," N0.1 , and Nl L 
in wN d eposition (only) at Sevilleta 11989 ···· %001 l were :\80. 
Ll.fi3. 20.74, an d 21.75 !lnlo i/L (0. 13. Lll, 0.29. and (UO 
rng!U, respectively (11). The Cl ! Br weigh t ratio in potable· 
mtteoric groundwater co n taini ng less th an 30flr<nJOII! . ( < I 0 
rngl Ll chloride in nonh central New ,\kxico is approximatP!y 
7!) U:!), which corres po nds to a l:lr concentrat ion of 0 040 
/ 'mol/1. iOJJ032 mgi L) in bu lk a trno~pheric deposition lor 
tile st udy area. 

Cnnccntra ti.ons of all major anions were subqami.ally 
higherin gro undwater tha n in a tmosp her ic deposition, large ly 
btcause of evapotransp irat ion. The cnncent rat. ion facto r due 
to evapot ra nspi ra tion (ETi. relali\'C to rnudcm atnmsp he rit' 
dep osit ion, was assu med to be given hy the rdative enriC'h .. 
men t o f Cl 

F'c•r com parison v.ri 1 h atmospheric 111 puts. tlw com· em r;H ir nH. 
C,. td' fl r , SO,,' , NO ... ami CI O, in MllCB groundwat('r 
\\\.'!'< ' adj u,tnl I(H' F r effeus using 



..J 
2.0 ::. 

0 
E 
::>. 

r: 1.5 0 ., 
g 
" .. 
" c 
0 
t) 

{! 
·e 
!? 
til 

Chloride Concnntration, m9fl 
4 8 12 16 

Hy.1r<K;~I'C•I2:(.11'\(f 
.. ~~si'UII'IF"f00-1 

...., __ 
WntC.U1~ 

~~~;p' . ~$~-· 
/:1 •:Y c~ 
l / " 
;&... "'-Mo<Uun Atmo$ph•rie 

/ ~ O.po$H.iOn 

~o 

Wi't:F;¥ 
0 
CI\IOOoo 
enfir.hmeot 
fGf®j)1j 

..J 
16() ~ 

! 
120 ~ 

i 
!:l 

80 8 
~ 
·~ 

40 Ill 

_.,.,- t1 ~ ~ • 

,fo8 ~~~=::::~:::;=~~~=::::~ 0 

b. 
100,000 

~ 
"" 80,000 c 
,g 

60,000 i 
! 40,000 .. 

i 
" 20.000° 

z 
"' ~ 

12,000 ~ 
:0. 

g 
8,000 i 

3 
8 

4.000 ~ 
.!l z 

FIGURE 2. Relations of {a) Br , !b) SO,l . {e) N03 , and !d) Cl04 

concentrations to Cl concentrations in the MRGB groundwaters. 
The dashed lines represent solute ratios in modern bulk atmospheric 
deposition in New Mexico for Br ! Tll and for Cl , SOl , N03 and 
NH4 ( 11) The inferred CIO, /CI mole ratio in bulk atmospheric 
deposition is :> U x 10 • (dl. or :>. 3.1! • 10 t as weighttatio. The 
group 1 samples (orthogonal linus) have excess Cl • presumably 
from deep saline sources. Samples in the horizontal-line pattern 
have NOa and CI04 concentrations that may have been lowered 
by biological processes in soils. 

(2) 

The Cl . Br . and SO,' conre-ntr;Hions in nlfht sampl''' :m· 
crm'ii'fenr withE l factor<; in the range nfnbow 'i' 40 !l'igun' 
2<t,h ).t\ subs.:>t ofdw ~mnples, referred to as group 1 ''"Ill pie' 
SOU l. Sl6ti, Sl9L Sl%, S27H, S2B7. Sl40, S.IOl. and'./{'-;-). 
apphtrS to have relatively high Cl cnncentr;ttinns and U 
tlr ratios com p ared to other sarnples (F·igme :>;1) and rnay 
co ntain small fraction$ of saline 1vater !'rom upw<!rd icakag,• 
a long faults in the basin (7). 

Unlike Br :md SO} , most of the NO., conrcntrations 
are qnly a hour 30 ···· 50'X, of the valt 1es expPrred !'or ,!ll nnsph('r ic 
deposition (N O, or INO , ~ NH, I) concentrated bv E' l 
'Figu rt.' 2c) All Inn tWO or I he· groundwater <.ampks M!' 

aerobic. Two >:Hnp les (S004, S279l wirh tow dissolved oxy!{en 
fst•e Table I. Snpponing lnforrna rionj prob:tbl\' have been 
den[tri f; r d within thl' aquifer. rive -;;unpif"i from th•• \hnh 
westt'ITI hydrochemica! ;one have NO , ront:<'llinllinns 
n•la tive to Cl that are 'ii rnilar to those• qf mndnn il(mosp lit•ri, 
depositionnfNO., or!NO, ·NIL,: (ligure2c) . llit·<;cfivc 
<><Jmp!ts rs 104 , S 105. S27G, S2&h. and S:!l\01 may lw the nwsl 
represr·n•ativ(· of the bulk armo'ipheric depu'iitlon flux iJI :'-: 
in the pakowaters of the MRGB. 

Tlwre is remarkable similarity in rlw rf'lmion'i of '\:0., 
and CIO., relative to Ci in the MRGB w<tn'rs I Figurl' :!c. d). 
Th ree uf the samples lhn t had N03 ICI concentrations 
corHisrenr with modern bulk atmospheric dt>po'iition ;m; 
<unong those with the l!ighe>t CIO, concentra t.it'!l1 'i in the 
/>.'IHCB waters IS2fl0. S27G, aml S28G) anrl have a tommon 
CH l , i ( I mole nttio of (l .4 L 0. l) x !0 ·• :Figure :!d! Tb(• 
re>t of lile sa nlp!e.~ (excluding the group .I s;mJp ll'si h;m' 
CIO, /Cl ratios lowetthan !.4 x I 0 ·• and suggest a deficicncv 
of UO, rP!ative 10 Cl , following a pattern simi lar ro that 
r,b~(·rved in the NO.l and U dma tHgurr· 2c.dJ. 

Spatial and Temporal Varialions. Pt>rchlonre has 1wr· 
sisred in aerobic groundwatrr from the MRGR for ti'lh of 
thousands of years, indicating long term stability in at•rohic 
aquifers an d potential forex:rraction of environmental H'Cr>rds 
ofClO, concemrations in recharge. Two pat terns are evidem 
in CIO, concentrations as a funct ion of radiocar!mn age 
:Figure 3). Tlw highest C!O., concem rations are in warrr-. 
from r.he Non hwes rern zone. in the range ot Oh - l H;;g/l., 
with radioca rbon agPs of about 2 · I r; ka. The rest of the 
samples have relntivclr low ClO, cuncenlration in waters 
recharged with in rhe past lO kn and higher CIO , cmH:trnra · 
nons in mos t waters recharged between 10 and 2"• ka 

T!w :.1pparent rempor:•l !n.•nd in CIO, corw•,•r11r:.rinlls '~ 
<H kasr in part related to temporal variation~ in !he eslimared 
LT f~ctnro; The Cl da!a suggest <!11 ET factor dn1 ing tlw !are 
f'lebtocene t W .. 25 ka) nearly twice that within t!w lloi(!Cl'lll' 
\pa'l Jo ka), which may be a response to r;reatcr plant 
abundancr during the •.vetter rlimatf' (sec Suppnrilng 
ltdimnmionJ of the la te Ple istoce ne (Figure 4) The E'l factor 
ai~o varied <;patlallj' ( f-'igure 4). j'telding low v~lues frnrn SOillt' 

waters apparently recharged a t hi gh altitude \dep leted in ' !! 
i'rorn primarily the WesH:entra l wne) . The nine grnup I 
\am ple" with clevmed Cl concemration have app<lrvnt Fl 
factors nf 40 - 60 (Figure 4L presumably du<' w add ilion of 
\1 nali fractions of C! ·rich sa line water. The highest LT factor 
among samp les with an atmospllrri.c Cl 1 Br ratio is 4fl 
('llrnple 5211:1 . Figure 4). Locatinn of the rt'ch argc ar"a and 
climate changp OVN the past 2B ka may dCCOLlllr for nntdi 
of the nbsrrved tempora l and spatial varia tion in F'l . 

Several patt r rns nre evident in the E'!'·adjust.ed !Jr , SO ,• , 
NO, . and CIO, d:llaa>a f11nn ion of radiocarbon age (Figur" 
Si. T he ET·adjusted Br concentrations and Hr iCl rario 
were similar to the ratio in modern bulk atnwsplwric 
depos ition during the Pleistocrne but ilppPar ro have 
increased into tht> rnid -llnlncene and thrn dPcrt'ased h:wk 
10 modem values more recently (Figme 'ial. Tlw'ie tn'nds 
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FIGURE 3. Measured perchlorate concentration in the MRGB 
ground waters as a function ol radiocarbon age and hydrochemical 
zone. 
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FIGURE 4, Evapotranspiration factor, ET, calculated from eq 1 as 
a function ol radiocarbon age and hydrochemical zone. The 
orthogonal pattern represents waters that are enriched in chloride 
relative to atmospheric deposit.ion {group 1 t. except for sample 
5216 which has an atmospheric c1 ·· /Br ·· ratio (Figure 2a). The slanted 
pattern represents waters thought to be recharged at high altitude 
!West-Central zone), during the last glacial period. The data suggest 
olevated ET during the last glacial maximum and pluvial period 
following and somewhat lower ET during the Holocene. 

C(luld ref1eet V<tnation~ in the Br /CI ratio of atmospheric 
deposition, or other processe&. such <L regional gains or losses 
or -.a its from defi,H ion Oi dcsiccatPrJ lakes. 

'l iw E'l ad)uqcd SO/ concentrations were a minimum 
al the bcg111ning of the Holocene, increasing in the you nger 
waters toward that nlmoctern bulk armo~pheri c deposition 
aod increasing back through the PIPist<Jrf•tw to va lues higher 
1 ha 11 11 tat of modern bulka11nospheric depo~itinn in the oldest 
waters ({.8 ka). Values of()"<.; ISO.' 1 wPre availabk forselened 
'ampks (st~e l~ble l, Supporting Information) (Figme 5bL 
Sample~ from llH' rnirl- to late-Holocene have t\ 11S ISO/ I 
vahtt·s oi :l.S :S.<l 0 (,,;, m·;nly identical to those of modern 
nlnto<.phcric dl'position t'rom northern r\ew Mexico i I J). Wirh 
il1crt~:hin)·~ gn;UIH1wah4 r agt..~, vahH.·~ of b:ns i~O/ J decrease 
to ~l.l 'V."' as the ET adjll,tt'cl SO,· conr·erltrarions increase 
fFigme ShJ. Thi~ p;merrl in SO/ conn·ntration and ,V·1S 
(!->0, ' : b C011'il'>tent with oxidation of ~mall amoum~ of <ultide 
lllitwrab. ~uch a' pyrite; traces oi' this arp aS,{)('iated With 
I he ny:;tallinP and vokanic rock rktrilll> nf th•~ MI{(;H. The 
incrl'd~e in F! -adjusted SO/ concr•n trarion in tht' Plet'> · 
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toccnc sa ru pies (Figur(' 5hi repn•st•n l.~ a rwtximunl oxidation 
of abnllt l5 iilllOiii Ot' pyrite ui m·erage ti ' 'S t'OiliJ'OSifiOII ol 
1llm11 :;'!.,,.. ·1 lti' pnireoxidati<m would utilll<' a nW\irnum 
ohbolll :;f; <~rnr<l! L ur o,. mthe aqt11fc>r. \'.-ll w1t Inn tlw ran!-(• ' 
(/! \JI'iiii\UI\' ill dis-;nl\•pd tlX~'g!'!l UHHt'nt oJ' \\'atCI'' Ill lfW 
\IUCB . . , he S0.1 /( ·1 nllto nl tit<· lliiloccnc gru1Jndwalt ' \ 
ilppt><IP· w he \<Hlll'whal lnwer than t!w modc·rn hu lk 
:lilili"jJht•ri:· tkpo,ltiOil Vi.lillt' , [Wrhaps hi?r<ll iSI' of ,11\tltrn 
pogt•nic Ptlfic!mu:nt of mod,.rn mmosphtric SO / <H 1\\iiH>r 
ius> of ~<.V durmg rt•clwrgc. Overall, thnngll, ilHht ot i!w 
Fr-adiu~1cd so,.: t·onremrntions are within a J'acwr or :' or 
modpi·11 l!!iik armo,plwrit:: tiPposition lFigun• ':ib!. 

Most o.f the El'-atljusted NO, concentrations ~rt· nnlj' 
about 30- 50'.1\, of the value~ in modern bulk Jtlllihplwric 
dqJosition. Low N03 iC I ratios may rdll'ct N los~ during 
biologic cycling processes in soib prior to rechargt>. llolocene 
groundwatrrs from the Northern Mo11ntain Fru:lt 7nne 
appear w liave ;omewhat lmwr ET - adju~tcd NO.' conccn 
1 ration s 1 han Plei stocrrw groundwatt'r' from 1 he West·· 
Centra l zone (Figure 5c). Thi~ <liffet<'ncc may he re lated 111 
parr to the location or elevation of11w recharge. a~ tlw \VP~t 
Central nme recharge occurred a1 ilii(lwr e le\·;Hilllt. J'I1P 
highest values of the ET-adjustPd NO, concentration are 
fron: tilt' No rthwest er n zone (Figurt' 3cJ and are similar u, 
N03 conu.·ntrations oh~rrved in mod!'rn bulk alrnn~lliH'rit 
dt~[Hhi t ion of NO , or are intt>rmediatc· bct\•:t•en NO, ,md 
NO:; 1\H, · concentration~ in modrrn hulk atmospheric 
deposition (Figure 5c). 

J"N and b180 of Nitratt•. TheN- and O·isotop(' ratio., nl 
NO·· mlhe MRGB groundwater (expn.•sscd a~ rl 1''N ami .l 1"(J 

\·alue>: sec Supporting Information). potentiallv pruv id t· 
informnti•m :1hour N source~ a11d recharge !IWS'> balances 
nu~t\ 1 'NV<l l ue~ofNO , rangefromahout I UJ ··/'!,., :Figure 
G). {'qualtr; or slightly higher than expcc r"d for ;Hmospilcri ,· 
N dq>m11ion or N: llx<tti<HL whic-h typicalh haw avvr-t)\1' 
\ 'aluc~ or around 0 .J ·l %o i /1. 15) The 'i' "O value> oi rile 
NO_, r<Hige fwrn about ... 4 to 0 %o, much lowt•r tlwn tho"' 
common !~ rt' poncd for atrnospli('l'il' NO . dPposition' Hll 
to ···~H) '!,, ), but similar to value~ commonly repurted for 
NO. formed by ni 1 rificat ion in soils ( 1 S 171 .. , he~c dat.l <>H' 

consiswnt wit.h an atrnosphr.ric soun:e of 1h1' "1. provided 
tile NO, fnrrrH~d largely after incorporation ut' theN in so tl s 
or plants and provid!'d the N was isotopically fractio1tawd 
to varying dt"grees prior to recharge as 1\:(J, . 

Varia non in the r) 15N vaht('S of rhe NO, may he rc laU'd 
to soil processes that varied in relation to climate, topography, 
and rnoi'iturc rondilions in the rcdJ<ll'W· an•as (Figurr fi). 

Sampl e~ frorn the West-Central zone have rC'tafiw~ly high 
, ) 1"'N valut•<; hetwe(•n about ·•-4 and -<-7 <!(,,,, wherPd'> ~mnp lt• > 
fro m ti\C' Nonhwest.crn zone have lower ,,, .. N valw:s ( t-1 to 
+- 5 '!i,.,), Furthermore. there i'i an overa ll invers<-· rei at ion 
between 1l";N values and N!Cl ratios (Figure (i), consiq(•nt 
with i.;otopir fractiona1ion thnt rni ghr orrur as a re~tilt ol 
biologic cycling and return ofv<.~rying amounts of N with low 
,)''N from soils to rhe atmo5phere prior ro rechargP. 

Among rhe samples from the Northwestem zone. 1herr 
appears to be a general increase in tl"N with iucreasing age. 
from values near that of modern atmospht:ric N in the 
youngest waters to about 5 %o in the earJieq Holotrne water.;; 
('iee Figure H. Supporting Information). Pleistocent' waters 
frorn the We~t-C('ntral zone hnve the highe~l averagE' ,\ '"• N 
v<tlue~ (up to about 7 aix•). This overall apparent trend toward 
dt•nea .. ing ,\hN fro rn Pleiqorene to llolocene 1\·ould '('('tn 

to lw in <:t•nlra'l w global analyses off\"N i 11 pla11l5 and so ib 
in fnre~t ('( osyqern~. which t't'nd to be highn in wanrt\' r <md 
drit't c·r;ndiwm~ ( Ill. 19i . Nevertlt(•ie<;:;, lhC' 'vlJl(;g dnt.liTlily 
he relatPd <>imr larli' to variatiuns in clinh\k ()f Vt·gr•tation . 
J he young grnundwatcrs with llw hi gtw;.t NO , ICI rat ins 
Mtd lowt.'St r)'.'N v;~ l ues are thought to haw b('CI1 n·charged 
in low -aililude arid rcgtons whcrP !ov. v.arcr dvailnh tlity 
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FIGURE 5. Concentrations of {a} Br , (b) SOl , {cl NOl , and (d) 
CIO, in !lroundwater, alter adjustment for evapotranspiration (ETI 
based on Cl , as a function of radiocarbon age. The group 1 samples 
(Figure 2al were excluded throughout Values in brackets in b are 
t'lliS[SO.t1 l The dashed lines in a- c indicate concentrations of 
Br , S0,2 • and NOl in modern bulk atmospheric deposition. 
Samples in the vertical-tine pattern may represent bulk atmospheric 
deposition of CIO, . The upward arrow and question mark in d 
indicate that the estimated CIO. concentration in atmospheric 
deposition could be higber than shown, if the remaining three 
samples in the patt.erned area also were affected by biological 
cycling prior to recharge. 
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limited biologic activity, whereas mlwr groundwaters prc
>~mtablywere recharged in w€' l U!L higtwr a I t il ude area~ with 
more biologic act ivity. 

hi~ considered unlikely that the major variatiuus in Nn, j 

Cl and ,) ''N were caused by denitri!kation wil hin 1he aquift'l' 
after recharge. Even though d issolved oxygen content ([)0) 
deneascs over the age range of1 he samples. almost all waters 
n•n10ined aerobi c (see Figure H and fable I, Supporting 
I nfomution). The apparenr trend w lower DO in older wmcp; 
inelnwd in part w dift'erences in DO of w:Hers from d;fferent 
hydrochemical zones that happen to have diffe rent ages. 
cli iferent rcchargl" temperatures. and difff'Tent altimdes nl' 
recharge. Extensive denitri!!cation is not supported by the 
NO. concentrations or dissolved N1 data (7) Furtl tt•rrnnn· 
i nneases in SO," (Figure 5bi attributable to pyriw oxidat inn 
can lH· accounted for wit h 0 2 ih the terminal ek( tron 
:tccepwr. Fwn if pyriie oxidalinn wa~ cLuplcd with d('ni 
trifil'aiJOfl. til<' flldX .ill llltll <HIHHIIH nf jl\'rJfC oxid;HiOII i! ·, 
;n noi /L fur the West-Cenrml ?.one W<HPI'\, Figure )IJl wnuld 
n•dttcc c,rJiy about 4:i umolft of NO . \Yhich h onlv a "rna !I 
l'r&lion of rhe amount present. 

Aunospherk Deposi.tion of CIO., . Aithuugh the con· 
,·enrrafion<; or co, In the MHCB !';f<HHHhvnter> van; Wilh 

age \F igure Jl. when adjusted for teinpornl variations in tlw 
ET factor. the adjusted concentrations are mostly indqwn 
dem of age (Figurr Sdl. Two ranges in rbe ET ad;usted ClO, 
concr:m rations are sbown in Figure 5d. The ma jority of the 
samples have concentrations of about 0.1-U.'l nn\01 / L. The 
ET-adjustcd CIO, concentrations tor this set (which i'Xdudes 
samples S21l0, 5286. and 5276 and a.ll group 1 samples) are 
0.26 0.12.0.34::: 0.13.0.24 :± 0.1 2, and0.19 + 003nmolii 
f0.026 0Jll2. 0,03•1 ± 0013, 0.02·1 + 0012, and 0010 ·-t 

O.O<n .ugiU for waters from r.he Nurthern Mountain l 'rnnl. 
Northv:e-;tern, Wesr-Central. and Eastern ;vlou11tain Front 
hydrochemical zones, respeclivel~·· The average I'T·iH!ju~ted 
value for CIO, from aH 31 samples in the tlrsr ser (e\dnding 
samples S2BO. S2BG, and S276 and all gro11p I -;amples) is 
D.25 J OJ 1 nrno lll. (0.025 + 0.011 pgiL). and rhe averagP 
ClO, ICI rnolc ratio is (0.4 :l O.l) x to· '· The second set 
consists of only three samples rS2RO, S2!l6, and s:am from 
tilt~ Northwestern zone rhar have rm average CIO; nmccn 
ttation of 0.93 ± 0.05 nmo!IL ((J.093 + 0.005 ugiLl and an 
an~rage no, /CI molt.> ratio of ( I A + 0.)) X 10 '· 

Two scenarios seem possible for lnteqJTetatJ.nn or tile 
observed C!O, concentratiuns in lhe MHGR grnu JI(Iwa ter. 
in tht· ti r;;l ca'>c, if arrnospherically dr'Pos:red CIO, P"~''''' 



rhwugh the soil cm·imnment without renwval by soil 
pron·s~(''· dwn a value of0JJ2h + 0.01 I ug!L 'eems jH\'Sih!e 
lm the ( :10, ronrerrtralion i11 l'leisrocene I lnlnn•np IJUik 
;ttllllhp heric deposition in New i'vlt~xiw. !n such a Chi', the 
ilin.'f' san1pics wil h wlntiveiy high 00, ronrenl rario11S ('i2Hil. 
S2flli. and sz;·lii could indi<-aH: moblli;ation of conn.•nr rated 
no, '>al;s in thf' tHI~aturmed zone 11 is perhaps a coinci
dence that tlw e:;!irnatr oJ the prramhropogenic concentra· 
rion ofCIO., in bulk atmospheric deposition in this scen;;rio 
is ~irnilar to the lowc•st values of CIO, concentration reponed 
in I. 7 5amples of precipitation rrom Lubbock. TX f <0 01 ~ 
0.02 pgl L) (5). The rt:iativcly ~ide range in reported CIO, 
concentl ations (51 in the majority of Texas prcdpiialion 
samples las high <h 1 .G ,a giL) might then include recycled 
(dusti components in addi tion w an thropogenic compo 
nenls, which wnuld not lw reflected in the net fluxes in MHGB 
rcc hargL>. 

fn tire ~cnmd o;ccnario. un., mny have been partially 
lost in the ~oil environment ilefore rPcharge of most of dw 
\IHGH grounrlw;Hers. as appears likely for NO.~ . In thi-. caw. 
most nf the FT-adJU'ilhl CIO, cunrentrmiuns of Figure :>d 
would be minimum <•stimates of bulk ntrnosplwrir dcposi 
tiun . Sample~ S:!HO, S2Hb. and S27b mav lwst repre,tmt tlw 
prcanthropogcmc w nccntral ion ofClO, -in bulk<Hmosplwric 
depo~ition in rhe MRGB, yicldiJlg an average of 0 93 :t 0.05 
nnwliL ro Ofl3 ± 0.005 11g/ U. aod a C10 1 ICJ mole ratio nf 
( 1.4 :t 0. l) x l0 '· ll owcver. the po~s!bility of some 1.11 icrolrial 
cycling of CO,. during recharge of samples S2BO, S2d6, und 
$:17G cannot he t>lirninaled. T]lc estimates fro m ~tunples S2f\0. 
S28b, and S27G are well within the n~ llOrled r::mgt: for the 
cor1Ct'ntra!ion of CIO., and tile CIO, /Cl nrole ratio in 
I ubhm:k, TX. pn·cipilati<Jn iawmge CI01 nmtt'n!ration ,~ 
:u L 3.'1 nmoi!L :0 '\3 L o.:i9,ag/L), n ~- 17: ClO, iCI mnk 
ratio of f2.7 ·~ 21l) ·• !0 1, 11 = Hj (Sl. 

'l herv is a '"mng simi!mi1y in the distributwn of NCh 
and UO, inrhe MH( ;u ground waters (Figure<. 2c.d and bc,d). 
The N-isotopp da ta indicate vnrying amounts of biologic 
cycling or NOJ in soil z.ones prior w recharge (Figures 6 and 
Sc) . Furth<,r. the CIO, /CI ratios are highest in samples S2i:l0, 
S2/lG. and S27G from !he Northwestern zone that also haw 
the highest ET -adjusted NO, !Ci · ratios and !ow 1) 1'1\ values 
that are similar io those of modern bulk atmospheric 
depositio 11 il'igurc' 2t:,d and 5c,d}. On dw basi> of thc 
siHHiarity uf the variations of NO, and CIO, · in these samples, 
rlw com::emratiun or C10 1 in bulk aunosplleri1: deposition 
in the MHC B imp tied by rhc second seenarin (approximJtc!y 
dUU + 0.0:> nrno liL or ·:0::0.093 :t. 0 005;tg/L, with a CIO, ! 
Cl :nok rarin (_,f :.:::. ~ 1 .'1 :l:. 0.1} x I 0 ·'* ! IS considt~rPd nHH(' 

l1kt'ly than rha1 dcrivrd from the l1rst scenario 
Estimat e o f t he Maxim um CI04 Com·entratlon In 

Prcanth ropogenie Groundwater of the Southwest. If bulk 
'Jtmo:.phcdc (iq.losnion had a CIO, concentration of o.o~n 
pg1L, then il may IJe inkned !hat Cl01 concennationo W' 
!ugh as 4 pg!Lnre pus~ible in preant hropogcnic gmundwatt>r 
whefL' ET <tpproaches a factor of 40. as-;uming depositi<Jil 
and lufiltrarinn wc·n• in ~lt'ady ~tare . ! figlwr ClO, ctmn:n
trntions in groundwater could occur in recharge beneath 
arid area<: whew ET is greawr than 40, wlwre lo ng-term 
accumlllatiorh uf d1rnospheric salt~ an' l<>aciwd suddenly 
frnrn dry ' nils, where other t.ntmaunosphtrin nawral suurn's 
nf CI0.1 exist, ur where thtTf' a re additl nnal anthropogenic 
'>lllii'<'<'S Cl and Hr data for groundwaters in pa ns of Arizona, 
Nevada, Ca!Jorn ra, and :\ew \le~ico (20l with Cl IB r ma'is 
ratio-, of , 200 have Cl concen tration~ of as much as :,o 
mgl L. i 111plvin)! Fl fanors as high as 200 and po!t,nrinl Cl0 1 
ninceniratiun!> of allnospheric origin reac hing 19 ugiL 
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