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Abstract

Palcoccolclgy of Laguna Babicora, Chihuahr-ra, Mcxico was rcconstructcd usirrg ostracodc f 'aunal asscmblagcs and
shcl l  c l rcnr istry.  Thc paleol imnological  rccorcl  is  usccl  to show thc nragni tudc of  paleocl i r .nat ic c l rangcs in thc arca
liorn 2-5,000 ycars tt l the present.

Fatrnal assctrblagcs consist of fbur spccics of thc gcnr"rs Linttrot'.t ' l l tat 'a'. L. suppuart.si.s. L. cat' iottrltant,su. L.
brudbur.t'i and L. plutfbrmu, all
paleosalinity index developed from thesc asscmblagcs inclicatcs that the lake's salinity f lr-rctuatccl t i 'eclucntly f i 'onr
ol igo- to rncso-hal i r re condi t ions dLrr ing the last  -  25,000 ycars.  This pattem ancl  low sal in i ty rangc arc in goocl
agreclrent wi th modern TDS (here used as an indicator of  sal in i ty)  values recorded frorr  26 wcl ls and onc spl ing
fiorrr thc area (258-97 5 mg I r). To estimate palcotcrrrpcratLlre we exar.rrined the trace element contcnt (Mg/Ca ra-
tios) tronr individual valves of L. t 'eriotubcnt.su and L. plut.t l i trntu, the two species rnost colnlnonly rccorcled in
LagLrna Babicora.

Shell Mg/Ca ratios of 204 specimens of thesc two spccies were used to estirnate water telrperatLrre (Mg/Ca) by
mcans of experimental standard coefficients. Or,rr data show that paleowater tempefature ranged fiom 5.6 2 | .3 oC

(with 2o values ranging fron.t 024.8 "C), which sLlggest a close correlation with atmospheric temperatures arour.rd
the lake. These results are in good agrccmcut with a nroclcr'n nrcan wintcrtcll lperatl lre (3.5 'C) and r.nean sulnuler
teurperature (20'C) recorded in thc arca bctwccn 1 970 and 1 980.

l tt5

I  ntroduct ion

Quaternary deposits of nofth-central Mexico are poorly
runderstood, but are significant to our understanding of
past clir.r.ratic change ar.rd the paleoenvironmental his-
tory of the Chihuahuan Desert and adjaccnt Madrean
Evergreen Woodland (Brown, 1994), where tlre Bab-
icora Basin is located. The ChihLrahuan Desert cov-
efs a large area in the States of Chihuahua, Drlrango,

CoahLrila, Zacalecas and San LLris Potosf (Mexico) and
parts of Texas, New Mexico and Arizona (USA). The
Madrean Evergreen Woodland covers the highlands of
the Sierra Madre Occidental separating the Chihuahuan
Deserl (east) frorn the Sonoran Desert (west) fr-om Trans
Pecos Texas, New Mexico and Arizor.ra (north-west-
ward to Yavapai County) to the north, to eastern Sonora
and Sinaloa and western Chihuahua and DLrranso
(Brown. 1994).
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Thc paleoenvironnrental  rcconst luct iorr  of  Laguna
Babfcora,  ClhihLrahLra is of  part icular interest  because
thc site is located at t lre souther'nnrost edge o1'the North
Anrcr ican jet  strcanr pathway (COHMAP, 1988).  The
purposc of this stucly is thrcefblcl: f lrst, to intcrpret lake
watcr ternperaturc and salinity bascd on ostlacodc pal-
coccology and tracc eler"nent shcl l  chemist ly.  Sccond
to clcflrrc thc Plcistocenc-Holoccne transition and third.
bascd upon a conrbinat ion ofour resul ts in th is study
and thosc on the scclinrcntology arrd radiocarborr chro-
nology previoLrsIy ostabl  isheci  (C)r tcga-Rarnircz ct  a l . ,
l99t t ) to elaborato orr  the evolr-r t iou of  Laguna Babfcora
ovcl thc past - 2-5,0(X) years.

Evic lence of  c l i rnat ic val iat ion throughout thc Chi-
huahuan Desert ancl Madrean fivcrgrccn Wooclland irr
thc Uni tecl  Statcs and occasional ly northern Mcxico
sincc thc latc Plcistoccne, has bccn rcportecl clscwhcrc.
Ortcga-Raurircz ct  a l .  (  l99t t )  surnnrar ize thc lcscarch
concluctccl to clatc to undcrstanclirrg thc clyrramics of
past c l imate iu t l tc  arca. Anrong thc mclst  s igrr i f icant
apprclachcs errc paIoocnvironn.rcntaI  stLrdics bascd orr :
(  |  )  nracrobotauical  rcmains ancl  pol lerr  f iom packrat
rniclclcns in soutl.rwcstern Unitcd States (c.g.. Van Dc-
vcrtc lcr  & Spaukl ing,  I  979; Thornpson et  a l . ,  1993);  (2)
palyrrologic str-rc l ics in northcrn CoahLr i la (Mcycr,  1973)
ancl northcrn Durango (Van Dovcnclcr & BLrrycss, lt)85);
(3 )  scdimerrtologic analysis (Ortcga-Ranrf  rcz,  1990,
199-5a; Urrr . r t ia-FLrcLrgauclr i  ct  a l . ,  1997) ancl ;  (4)  c l i -
nrat ic urodcls (( 'OHMAR l9l t f l ) .  The resLr l ts of  these
approachcs sLlggcst that  thc ( 'h ihr"rahuan Dcsert  was
sub.jcct to various stagcs o1'colcl/wct, warm/dry condi-
tions during thc latc Plcistoccno that eventually cvolved
into the urodern c l imate charactcr ist ic of  thc region.

Atmosphcr ic c i rcLr lat ion nroclels developccl  fbr  the
latc Wisconsin int l icatc that  thc wcster ly. jct  stream and
thc associatcd low plessure ccl ls migrated soLrth of  thc
. l ( t "N lat i t t rdc.  carrs i r rg arr  i r rcrcasc in wirr ter ; l rccipi ta-
t ion (KLrtzbach & Wright,  1985; COHMAP, l9t l9) .  This
is consistct.tt with the occlrrrcncc of Pinul; t 'antbrcides
or P ra nt o ta,./ t r tt i  1 t c t ' t r,t and Q t t c t 'L' u.s or Chaparral-type
cournrunities at rclatively low clevations (60(| 1 675 m
asl)or lat i tudes (Bolson de Mapimi,  26'N) (Wel ls,  1996;
Van Devender & Burgess, l9 i t -5;  Van Dcvender,  1990,
Thonrpson et  a l . .  1993).  DLrr ing the Holoccne, the
Chihuahuan Descrt gradually becan.re more arid both
in thc Ar.r.rerican southwest alld northem Mcxico (e.g.
Van Devendcr.  l9 l l ;  Markgraf  et  a l . ,  l9[34; Van De-
vendcr et  a l . ,  1987; El ias & Van Devendcr,  1990;
Ortega-Ranrirez ct  a l . ,  1998) wi th short  intervals of
rc lat ive rnesic condi t ions (Waters,  1989; Tornmey et
al . ,  1993).  To thc bcst  of  our knowledge, no lacustr ine

ostracodc rcports are available fl 'orn nortlrcrn Mexico.
Ostracodcs are microscopic c lLrstaccans providecl

wi th a calc i te carapacc. These organisnrs range in s izc
fi 'or.r.r 0.5 to 2 rrur. As arthropods, thcy shed their skcl-
eton (8 9 urolts) to conrplctc their l i fc cycle. Ostracodcs
can be highly scnsitive tcl environrnental change. Sotrc
spccies are cosr.nopolitan ancl occur irr a variety of wa-
ter cl.renristrics and tcmpcratules (curytopic), wlrereas
otlrcr specics arc restl ictccl to specific cnvironurcnts
(stcnotopic) .  Ostracodes nlay occLrr  i r r  pe-r 'uranent or
cphcureral  watcr bodies ancl  th is charactcr ist ic wi l l  p lay
a signi f icant role in thc lcrrgth of  their  l i f - :  cycle.  Somc
species nray ta l<e over a ycar to rcach rnatur i ty (e .g. ,
Dut'tr irtulu slavctr.sorti), while othcrs rccluirc only 4{
weeks (e.g., Li tu tr o l'1, 1 11 e 1'e :; l u p l i rt i, C v' 1t t' i tl o 1t.s i.s t, i d t r u).
By using thc known cnvi lonrrrcntal  to lcrance of  scv-
cral  ostracoclc species,  Dclornre (  l9(r9,  1989) ut i l izcd
thcsc organisurs as palcocrrv i ronurcntal  i r rd icatols in
('anacla ancl northern Unitccl Statcs. Forcster ( l9tt3,
l9t t7,  l t ) t )  I  )  c lcmonstratccl  that  scvcral  spccics havc
spcci f ic  hyclrochcmical  rcquircnrerr ts,  thus therr  cn-
vironnrcntal prcf'erenccs lange fiour 1'rcshwatcr to al-
kal ine or non-alkal inc watcrs in cont i r rcntal  aquat ic
ccosysteurs as a f l r rct ion ol ' thc anion composi t ion of
thc water bocly.

Chivas ct  a l .  ( l9t l3,  l9t l ( ra,  b,  1993) conductcd cx-
pcrimcnts with cndcrric Australian ostracodes, (,4rr.r-
! t 'u I oc.r' p r i s / M.r' t i  I t tt.r 'p t '  i  :;\, cxam i n i ng thc rcIati onslr i p
bctwecn ostracodc shcl l  chcmistry ancl  watcr chcnr is-
try. Their rcsults showed that Mg uptal<c by ostracodcs
is clepenclcnt on both watcr telnperaturc and the Mg/
Ca ratio of the host watcr', whereas Sr r"rptake is only
clependent on the Sr/Ca ratio of the watcr. Similarly,
Engstrom & Nclson (199| )  rccognizcd a rc lat ionship
between ostracode shel l  chcmistry ancl  the host watcr '
using a ubic iLr i tous North Anrer ican spccies (Caut lot ta
ruwsotri). Their study indicates, howcvcr, that t lrc Mg/
Ca rat io i r r  ostracodes is a direct  f i rnct iorr  of  sal in i ty as
a firnction of the Mg/Ca of the watcr. ln addition, thcir '
Sr/Ca ratios in ostraccldcs are a poor indicator of salin-
ity due to thc wcak relationship bctwccn thc Sr/Ca of
the water and sal in i ty in Dcvi ls Lake.

In contrast ,  Palacios-Fcst (  I  996) ancl  Palacios-Fest
and Dettrran ( in prcss) conducted exper inrsnts usi l lg
widespread species of thc genera Limnot'vtltere (L.
.stuplini) and Cvpridopsis (Cvpridop.sr.r vrrftra). Thosc
results indicate the Mg r"rptake is closely rclated to other
environmental conditions of the water body, regardless
olthe Mg/Ca ratio of the host water. Palacios-Fest and
Dettrnan (in press) der.nonstrated that an alternative
method to calculate paleoterrperature docs not require



the thermodynarric equil ibrium model since ostracodc
valves are not crystals of calcite br.rt skcletons; therc-
fore, they propose that Mg uptakc is a biokinetic proc-
ess (Palacios-Fest,  1 996; Palacios-Fest & Detturan, in
press ).

Palacios-Fest (1996) dcvelopcd standard coeff i -
c ierr ts to convert  ostracode Mg/Ca rat ios i t t to palco-
ter.nperature estimates, respectively. Later, Palacios-Fcst
and Dettrran (in prcss) gencratcd statrdat'd cocf'f lcicrtts
to calculate terrperatures for C. vicluu arrcl recleflnccl thc
cquation for L. .stuplini. Thc latter is r-rsed in this stLrcly.
Wansard ( 1996) applied a sinri lar nroclel f irr Cvpt' idt' i ,s
toro,su inNE Spain.  Xia et  a l .  (1997) stLrcl ied the shcl l
chernistry of C. ruv,sottl f iorr two hyposalinc lakos in
the Ar.nerican midwest arrd fburrcl that t lrc tracc clcrrrcnt
rat ios vary widely wi th in the sarrre asscnrblagc. prob-
ably ref lect ing seasonal  var iat ion.  De Dcckkcr ct  a l .
( I999) cr.rlturecl specimens (rf (.1:pridais otr,t!t 'uIictr,t i:;
and fbr"rnd a strong thernrodcpcnclcncc for Mg ancl a
r.ninor onc fbr Sr. Thc Mg/Ca and Sr/Ca of thc valvcs
also showed a strong le lat iorrship wi th thosc rat ios in
thc watcr,  rc infbrcirrg thc currcnt  hypothcsis that  thcr-
rnodynarnic cqLr i l ibr ium controls mincral  r - rptakc by
ostracodcs.

Bascd upon carlicr stuclics, Palacios-Fcst ct al. ( | 994)
ruscd ostracoclc shcllchcnristry to rcconstnrct thc palco-
cnvi lonrncntaI  l r is tory ol 'palcolakc C'hcwaucan, a Iatc
Pleistocene lacustr inc basin toclay krrown as Sunrrncr
Lake, Orcgorr .  Morc rcccnt ly,  Palacios-Fcst (1997)
applied tlrese stanclarcl coell lcicnts t<t L. .slult l i tr i t ionr
Nat ivc-Amcrican i r r igat ion canals in thc Plrocnix Ba-
sin (see nrethoclology sect ion lbr  descr ipt ion).  Tcnr-
perature est inratcs obtaincd f ionr thcsc canals arc
consistcnt  wi th histor ic rccords f }om thc v ic in i ty of
Phoer.rix t l 'om l87(r to 1995, suggesting that t lre stand-
ards are appl icablc to ancient dcposi ts.  Cohen ct  a l .
(2000) ar.rd Enzel  et  a l .  (unpubl ishcd data) havc also
successful ly appl ied these coef l ic ients to L.  t 'c t ' io-
t t tberc.sn f iom paleolake Clrewaucan, Olegon, and
Laguna Diablo,  northern Baja Cal i fbrnia,  Mexico,  re-
spect ivcly.

Ceologic and geographic setting

Laguna Babicora, in thc Statc of Chihr.rahr-ra, is locatccl
in an intermontane basin (29" l5 '  29" 30'N and 107"
40'  108" W; 2,200 r .n above sea level  (m asl))  in the
Madrean Evergreen Woodland of  the Sierra Madre
Occidental  (Brown, 1994) (Figurc l ) .  Thc study area
falls witl i in the Basin and Range physiographic plov-
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irrce of westcm North America (Orlcga-Ramirez, 1990).
The basin t rends NW-SE and has an area of  1,896 kurr ,
it is surroundcd by hil ls and peaks tl.rat reach altitudes
f iom 2,500 3.195 m asl ,  and consist  of  rhyol i t ic  and
basal t ic  rocks ranging in age frou.r  Miocenc to Ple-
istoccnc (Ortcga-Raurirez, 1990). The lakc was fomed
in a graben t l rat  gradual ly f i l led,  Ieaving no evidencc
o1'tcrracc or playa deposits. Most of the sedir.nents are
offlLrvial and lacustrine origin, suggesting that from the
cucl o1'thc Plcistoccrrc thc morphodynar.r'r ics of the area
wils nlore active than today. Runoff dr"rring wet peri-
ods crcatcd 'arroyos' irr thc Babicora watershed ar.rd
walm/dry intcrvals fi ivorcd dcflation and poorly devel-
oped soils (horizons AG A I and A/C) dr-re to decreas-
ing prccipitation (ca. 400 rlnr/yr) and lack of vegctation
(Ortcga-Rarnf rcz,  I  99-5a).

Toclay, thc aurtral rrrearr precipitation is about 450 rnm
aucl  thc mean annual  temperaturc is I  1.5 'C (Ortega-
Rarnircz et  a l . ,  lc)c)8).  Fol lowing Koppcn's c l imate
classi l lcat iorr .  thc lcgion's c l imatc is character ized by
colc l  wintels (nrean tenrpcratLrrc ol '3.5 'C) and hot and
lruur id sur.nurcrs (n.rc:rn tcurpcraturc 20"C) (Garcia,
1973 ) .  Air  t r rass c i lculat ion in thc sumnrer is donr inated
by air  f luxcs fhrnr ths cast ,  whcleas, dur ing the winter ' ,
ail t luxcs nrovc fl-onr thc wcst ancl arc associatcd witlr
thc high atnrosphcrc.jct strcam (Blison & Lowry, lc)5-5;
Halcs,  1974; Nclson, l9f l6) .

ln rcsl 'rorrsc to this clinratic ;rattcrn thc rcgional veg-
ctatiorr l iu'nrs thrcc clistinctivc zoncs: ( I ) n.rontarrc coni-
f 'cr f irrcst abovc 2.400 nr, (2) . lLrniper-oak woodland,
fiorrr 2,4(X) to 2,2(X) m, ancl (3) arid tropical scrub donri-
natccl by glasslancl below 2,2(X) m (Ortcga-Ranrircz,
1995a).  Powcl l  arrd Hi lsenbeck (  19951 chalactel ized
Laguna Babicora as a n ' rosic ccosysteur isolated by
sLrrrounding desert habitats. Madrean Evergreen Wood-
land occurs above or within the drier interior chaparral,
and l 'rclow and along drair.rages tl 'onr the mountains in
C'hihirahLra and Coahr.r i la to the dr ier  and nrore cold
tolcrant Grcat Basin coni f -cr  woodland (Brown, 1994).
CLrrrently, Laguna Babicora is a dry playa but occ?Sion-
ally irrLrrrdates during heavy storr.ns.

Methods

Outcrop and test pit proti les irr Lagr-rna Babicora were
nlade in lc)92. Tl i ree of  the eight prof i lcs wcre se-
lected fbr this study based on previous results (Ortega-
Ratr i rez,  lc)90, 1995a, b;  Urrut ia-Fucugauchi  et  a l . ,
1997; Ortega-Raurirez et  a l . ,  1998).  The El  Diablo pro-
fi lc (oLrtcrop) is located at the south end of the Laguna
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Babicora basin ar.rd providcd 23 sanrples (c lepth of
243 cm).  Thc Don Bcto prot ' i le ( tcst  p i t ) ,  at  thc lake's
clc[]occntcr, consisted of l4 san.rples (clcpth ol'230 cm).
Thc Cano-Magal lancs prof i le (outcrop),  near thc wcst-
cru shorel inc,  inclLrdccl  l l l  samplcs (c lepth of  29t l  cnr) .
Sarnples wefc col lectccl  at  var iablc strat igraphic spac-
iug. Ortcga-Rarnirez ( l9t)5a) and Oltcga-Ratrircz et al.
( I 998) describcd the sedirncntological procedLucs ofthc
clata Lrsed in this study. All three plofi lcs were studied
fbr a varicty of proxy records ancl correlation tools, in-
c I Lrd i ng granu lorretry, sccl i nrent contposition, ostracode
palcoccology. stratigraplry. and shell chemistly.

Scdimentological ly,  thc three plof i les usecl  lbr  th is
stucly (El Diablo. Don Bcto and Cano Magallancs) were
sinri lar. with some n-rinor clifJ-erenccs delived fl 'om their
geon.rorplrologic and topographic positions within thc
basin (FigLrre 2). Table I l ists the racliocarbon dates ob-
tairred.

El Diablo profi le (2.5 nr long) consists of fbLrr dis-
tinct l i thostratigraphic units. Unit IV is a browrrish-gray
sand and si l t .  Uni t  I I  is  a gray f lne sand with abLrndant
ostracodes and an i r regr.r lar  basal  contact  (16,342 x.

200 yrs B.P. at  166 cm).  Uni t  l l  is  a th in-bccldcd, grayish-
brown si l ty c lay which is strat i f icd wi th a sharp dcp-
osi t ional  contact  at  thc base (10,976 + l l -5 yrs B.P. at
100 cm).  Uni t  I  is  a th in-bedclcd,  brown si l ty sand with
abundant organic urat ter ;  i t  is  hor izontal ly strat i f icd
with a t ransi t ional  contact  at  i ts  base (4,345 t  105 yrs
B.P. at  59 cm).

Don Beto prof i lc ,  approxinrately 2.3 nr long. has
two l i thostrat ig laphic uni ts.  Uni t  I l  is  a grayis l r -brown
clayey si l t  occasic lnal ly al ternat ing wi th s i l ty  c lay ancl
sandy-si l ty c lay laycrs (24,410 + 765 yrs B.P. at  230 cnr
and l l , l3 l35 + 315 yls B.P. at  140 cn).  Uni t  I  is  a l ight
brown si l ty c lay ( I .300 + 65 yls B.P. at  35 crn).

Cano Magal lancs prof i lc ,  2.98 rr  long, consists of
three l ithostratigraphic r.rnits. Unit l l l  is a yellowish-red
f luvial  gravel ly sand. Uni t  l l  is  a composi te sequcnce
of dark brown to yellowish-brown sandy clay, silty clay
and f ine sand with a t ransi t ional  contact  at  the basc
(9,614 !  130 yrs B.P. at  168 crn).  Uni t  I  is  a th ick-bcd-
ded, black organic silty clay, stratif ied and with a slrarl. l
basal  contact  (1 ,965 i  109 yrs B.P. at  78 cnr and 3,503
+ 101 vrs B.P. at  43 cm).
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Don Beto

| . . ..1 Silty Sud

f: : : : :1 Fine sand

f.lll s-a

ffi 3;1"t'

El Diablo

4,346 +/- t05

10,976 +/- 115

t6,342 +/- 200

l=-1 Orgaic Silty Clay

F+ ClavwSih

E=il smoy slry Llay

t-=r*:g Sandy Silt

I . - igure 2.  Strat igraphic colrelat ion among the three prof i les used in th is study

Routine rnicropaleontological sample preparation
was conducted on the 56 sedir.nent samples. All saur-
ples were in i t ia l ly  weighed, washed, and screened
through a set of two stacked sieves (> 106 and > 63 pm)
to remove f ine sediments.  The residues were also
weighed and then analyzed using a low power stere-
oscopic microscope. Forty-three samples were fossil-
iferous. Ostracode species were identified, and a ref-
erence collection was prepared from each horrzon.
Based upon the fossil i ferous contents, faunal assem-
blages were determined to establ ish paleoecologic
trends and a paleosalinity index using the equation of
Palacios-Fest et al. (1993):

Paleosalinity Index (SI) = l4(Limnocythere
s appaensis) + 3 (Limnocyl he re ce r io tub e ros a)
+ 2(Limnocythere bradbutyi) + (Cypridopsis
vidtta)l - l(Candona caudata) + 2(Candona
patzcuaro) + 3(Limnocythere platyJorma)l (1)

where species with incrementally higher salinity tol-
erances are weighted positively and species with in-
crementally lower salinity tolerances are weighted
negatively.

Limnocythere ceriotuberosa and L. platyJbrma, the
two most common species present in Laguna Babicora
were chosen for the shel1 chemistrv analvsis. L. ceno-
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k/ l1t , / 'Racl i t lcarbott t latcsIa[rot .at t r ry ic1cnt i f . icat iorrnunlbcrs ' l11atcI iaIsot l fccS.coIfcct i0|1lbr3l ]Cand

Labofatofy /l t )cpth (  crn ) Dir to (y[s t ] .11)

* A-8392
*A-8193
xA-l i l94

INAi l -  1208
INAII . I2O9
INAIT- | ]  t0
tNArr- t2t l

INATI-  I2 I ]
INAH- l2 l .+

INAI I -  I  2I5

l)on Bcto

Don lleto
[)on l ]eto

( lno Magal lancs

Cano Magal lanes
( 'ano Ma-ual lancs
( 'anu Magal lancs

El Diablo
El Diablo

El Diablo

I l  uni ic
Hunric
Hurrr ic
ll urnic

I Iurnic
H unr ic

C'halcoal

1. .3(x)  + 65
| .u85r31-s
21.470 r  765

l f t .465 r  261{
9.6l , l  + 130

7.965 + 1 09
.-1.50.t  a t0 l

t6. :14l  t  201
10.976 + I  t5
.+"1,+6 I  |0-s

I  Iunr ic

Humic
Humic

35
134
230

t66
l (x)
59

279
l6u
7lt

*Dutcs cor lcctcd lbr  5 ' ( ' .

tubentsu is a r.rbiqr-ritous, cuDitopic ostracode well krrown
fionr North Anrcrica, whereas L. plalvlbrmtL l ives irr
re lat ively di lute and cold cont inental  waters.  Thc two
spccics arc wcl l  adaptcd to alkal ine lakes l ich in Mgr*,
s l ight ly dcplctccl  in Car*,  and dorr inated by Na.,  Cl  or
SOrr ( Frlrcstcr, | 9ll3 ). Botlr species range in size fl 'onr
600 tJ00 frnr and thcil individual valves wei_{lr betwccrr
5 ancl l0 prg.

A total  of  204 incl iv ic lual  valves were prepared fbl-
lowing Palacios-Fcst (  1996) and Palacios-Fest ancl
Dettnran (in prcss) as follows: Valves were picked with
a flnc brush (000) placccl in a 5'Yo H.O. solution at roonl
terrpcraturc f r l r  30 nr in to relrove adherenccs, thcn
r i r rsed thrcc t imcs with dist i l led water (  l8 MO). Valvcs
were wcighcd in a Cahn 29 ( t0.02 pg) c lcctronic bal-
ance. ar ld c l issolvccl  in 3 rr l  2% HCI solut ion for  c l -
emerl ta l  analysis (Car '  arrd Mgt*) .  Trace eleurents
wel 'e nreasu|cd by a Turner TS Sola induct ively cou-
pIed plasrna nrass spectrometer ( ICP-MS).  Detcct iorr
l imits fbr Mgr* wcrc 0.00 I pg I I and l0 prg | | fbr Car-

2o above backgrourrcl. All analyscs were run against
multi-elenrent standards prepared fr-om Spexr\a stock
solLl t ions.  In ordcr to obtain good count ing stat ist ics
fbur scans wcrc rnaclc pcr sar.r.rplc, with four passes per
scan, col lsuul ing thc whole sample.  Precis ion is 3% of
sigrral fbr Mgr* and 6% of signal fbr Cart (2o). Due to
a0Ar ir.rterf-erencc, we pref-erred to calculate Car* con-
tent stoichiomctr ical  ly .

E,nvironmental reconstructions based on ostracode
trace clcrrcnts have proven a di f f icul t  task as sug-
gested by De Deckker et  a l .  (  1999).  Their  work shows
the strong relationslrip between the Me/Ca ratios of the
valves and those of the water, hence showing the strong
themodynamic eqLriI ibriulr effect on nrineral uptake.
In contrast, Palacios-Fest ( 1996) and Palacios-Fest and

Dcttnran (in press) suggest t lrat the distribution coefll-
cicrrt dcrivcd fiom the thenlodyrranric cquil ibriurn mo-
dcl is not necessary to reconstrLlct palcocnvironn.rcnts.
lnstead, they propose a direct  nrodcl  c l inr i r lat ing thc
double unknown (water chenristry and tcnrperature or
salinity) wlren dealing with thc gcoklgic rccorcl. Aware
ol ' thc potcnt ia l  d iscrepancies wi th our currcnt  knowl-
eclge on ostfacode trace elenrerrts. wc proposc the tbl-
lowirrg tentative reconstfuction basccl upon Palacios-
Fcst's ( l9c)6) and Palacios-Fcst arrcl Dcttman (in prcss)
regrcssiou modcls fbr Mg/Ca. (whcrc sufl lx 'v' = valve).
Wc cstiuratcd tclrperature of Laguna Babfcora by rrcans
o1'the best f itt ing model fbr tcrnpclaturc.

(MglCa,.) + 0.0035
T(" ("1 =

0.00089

Fol al l  valves wi th mass > 3 Fg (R2 = 0.c) t ) l ) .

(2)

Rcsults

O.s t ra c ocl e pa le o e L' o I o g-,

FigLrre 3 suulxarizes ostracode paleoecology, total and
relat ive species abundance and the palcosal in i ty index
(SI). Ostracode diversity is low in Lagr,rna Babicora, but
number of  valves range frolx cxtrenrely low (  l )  to
extrenrely high (a,505).  Four spccies ol  the gcnus
Lintnocythere occur in th is lake; l .  bruclbur. t t i ,  L.
t'eriolubero.sa, L. platulorma and L. .suppuen.sis. Other
specics present are Candona palz(Lrut'o. Candona
caudata, and Cltpridopsis vidua. The nrost commoll
arrd abundant species througl tout  the record are I .



ceriotuheroso and C. pqlzcuut.o followed by L. sup-
paensi,s, and in solxe intervals, L. platyforme or L.
bradbun,i.

l9 l

Based on tl.re relative abundance of these species,
three asseurblages (l III) are recognized (Table 2); all
of which characterize Water Pathway Types I and III

Ostracode Paleoecolory: El Diablo Prolile
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l;igure -1. Ostracoclc paleoecology and stratigraphy fiorl the three profiles: (a) El Diablo, (b) Don Beto and, (c) Cano Magallanes. Diagranrs
at 'earranged, l rorr lcf t tor ight ,asfol lows: total  populat ionindicat ing rCdates.rc lat ivcabundancebyspeciesanclsal in i ty indexcler ivedt iom
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Ostracode Paleoecolory: Cano Magallanes Prcfile



dominance ofeach species within the group. Evironmental reconstruction is based on faunal association and paleosalinity index v

Assemblage Sample L. sappaensi.s L. ceriotuberosa L. bradburyi L. platylbrma Candona caudata Candona patzcuaro Cypridopsis viduo Environmenl

I
episodes

ED-I-I
ED-t-3

ED-II-I
ED-II-2
ED-II.3
ED-ti t-1
ED-tIt-2
ED-IV-I
ED-IV-8
ED-IV-9
ED-IV-IO
ED-IV-I I

DB-I-4
DB-I-5
DB-II-9

CM-I-1
CM-II-1
CM-II-4
CM-I].5
CM-II-6
CM-II-7
CM-II-8

3
2
3
2

2
I
3
3
2
2

Assemblage I represents
of diluted water conditions.

Lake level probably reached its
maximum during these intervals.
Permanent water body. During
these episodes water
temperature was very low
associaled with low atmospher ic
temperatures and greater
precipitation (P) than
evapotranspiration (E).

3
4

2
2
2

ED-I-2
ED-III-3

DB-I.3
DB-iI-1
DB-II-4
DB-II-6
DB-II.7
DB-II-8

CM-II-3

4

3

2
1
I
2

2
I
2
2
3

I
2

I
I
I
3
3
I

3
4
5
3

Assemblage lI represents
transi t ion episodes from di luted
to sal ine water condi t ions and
vice-versa of decreasing salinity.
Lake level was either at the rise
or drop during these interwals
Transitional conditions suggest
P = E. ui th s l ight ly P > E at  r ise.
or slightly P < E at decline.
Several intervals oflake level
fall are evident at El Diablo
and Cano Magal lanes prof i les
during these episodes. Only
Don Beto profile showed a
permanent water body. Water
temperature and salinity varied
at this time.



Iahlc 2. Continued

Assemb1ageSanpleL. 'sappaensisL. t .er iotubero'saL.bradbun. iL.plan| i lnaCandonacauclatu

Assemblage III represents saline
water conditions. Lake level
dropped substantially during
these intervals. Water temp-
erature and salinity fluctuated
significantly. El Diablo profile

showed a'cont inuous'  ostracode
record which could be associated
with water discharge to the lake.
Cano Magallanes profile, instead,
showed extremely ephemeral
condi t ions f rom 220 cm to the
top. suggest ing lake de. iccat iorr .
At Don Beto profile the
lake was permanent. Saline
condi t ions indicate P < E.

2
1
I

2
2
2

ED-IV-2
ED-IV.3
ED-IV-4
ED-IV.5

DB-I- I  2
DB-I-2 1
DB.II-2 2
DB-II-3 I
DB-II-5 2

cM-l l -2
CM-II-10

2

3
4
3
3
3

I
2
I
2
l
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Figure4. ReconstructionofpaleotemperaturerecordsbasedontheMg/Ca,valuesobtainedfrom LintnocytherecerioluberosuandL.platylbrma

at all three profiles. Two zones and a maximum offour sub-zones for Zone I were identified at Laguna Babicora. During the Holocene at El

Diablo three erosional or non-clepositional events were evident. At this tinre, as the lake shrank, it fomred a bog to the west (Cano Magallanes).

2o error bars and laC dates are included for eaclr profile.
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Table3. Limnot 'yheresl ' rc l lchcmistrydocument ingmeasuredconcentrat ionsofCar*andMgr*throughlCP-MS,f i 'om(a)El  DiabloProf i le,
(b) Don Beto Profile and. (c) Cano Magallanes Profile. Notice that Car- contcnt was calculated stoichionretlically

L^fE Bda.dr,

PtrflL So@ DSn Age SEplc Rlpli@ VdrE Wl. Cr' Mg M8 Mg Cr' Ms
f (o) (Ym B.P) || (|l3) (nsbl h $l) (||8) pFD (Dd)

El lXtbb
I r J 59 a3,t6al05 EDI-3 A t.9
| l6
l l l
l l t
l l9
120
lzl
t t ,

123
tu
l2J
t26
rn
t2t
t29
t30
13l
t32
r33
l3il
t3t
136
r17
l3l
139
t{0
t4t
t42
t43
l4.l
145
la6
t17
l'L
119
150
t5l
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tta
,JJ
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t! t
tt9
t60
16t
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t65
I66
t67
t6t
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lr1
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l7t
t79
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Iil
I12
lt3

100 l09764llJ ED-IL3

100

B t3.7
c t2.1.
D t5. t
E 13.4
A 10.9
B )1.0
c i l.t
D l4.l
E l t .4
A t2. t
B 9.2
c lr.9
D I I .2
E 12.6
A 14.0
B r3.9
C 1,1.0
D l?.1
E lt.0
A 1,f.0
a t3.0
c i l.J
D 13.9

A I2J
B 10.5
c ro.t
D 12,0
E l2.a
a t t<

B la.9
c t5.0
D tt.9
E 26.1
A t2.9
B t4.5
c rt,0
D 12.{

D 15.7
E l2. t
A t,2
B 9.9
c t .3

D 7.t
E t.3

D 7.1
E 9.6
A 6.7
B 9.9

3t4r.t7 8.tl
5721.44 10.t2
1tt7 13 9.40
6l6r.3t 12.34
5335.t2 t.93
4r52.2i 6.,14
5&rt.t4 9.95
47n.n 7.92
6333.5t 7.t9
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,t32.47 t0,t9
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5tt1.7l 4.r2
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l5t0 t3 t.6J
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4.t6 0.rx)9
6.18 0.012
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4.35 0.006
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IaDle J.  Cont inucd

hofilc S.q@e Dcpth Ago Smptc R€plicdr Vdw Wt. CEr Mg
# (cn) (Y6 B.P.) * (tg) (nCml in st)

Ca. Mg M8 Ca. Mg
([s) (mol)

t93
194
19,
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t9t
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1'fi1
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202
7t)
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l l l
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t(}6
t07
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L
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4il 1.22 3.93
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t6u.4l 9.79
45?9.53 7.69
1242.53 9.07
Elt9.l6 22.14
4t91.70 r0.r0
126.51 6.t7
6913.4 t0.10
6000.t5 1223
69t L52 9.31
5421.42 9.20
7162.U ll 50
5t6l 96 9.70
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& Nelson, 199 l ;  Palacios-Fest,  1997; Palacios-Fest et
al . ,  1993; Xia et  a l . ,  1997).  Figure 4 shows Mg/Ca,.  val-
ues at  d i f f -erent parts of  the lacustr ine basin.  Cano
Magallanes lnean values of Mg/Ca, ranged fiorn 0.0023-
0.0036. Don Beto rnean values fluctuated between
0.0026 and 0.0155. whi le El  Diablo osci l lated frorn
0.00l5--0.0046. The Mg/Ca. values from all three pro-
fi les are consistent in relation to each other (Table 4).

The Mg/Ca. ratios from Iimnocythere ceriotubero.sa
and L. platy/brmo generated estimated temperatllres
consistent with r.r.rodern mean air winter (3.5 'C) and
sulnmer (20 "C) temperatures registered from San Jos6
Babicora, Las Varas and G6mez Farias for the time
interval between 197 I and 1980 (Ortega-Ramirez et
al., I 998). Mean water temperature estimates in Cano

Magal lanes ranged f iorr  6.5-7.9 + 0.4-1.2 "C. Don
Beto mean water ternperature estinlates varied fior.n
6.9-21.3 t  0.5--4.8 "C and El  Diablo f luctuated be-
tween 5.6-9.1 + 0.2-1.7 "C (Table 4).

I nterpretation

The Pleistocene-Holocene histot'v

Interpretation ofa lake's history requires the recogni-
tion of major hiatuses in any sequence and correlation
among studied sites to deterrnine periods of transgres-
sion and regression since gaps are not evident from the
lithostratigraphy of the Babicora Basin but are indi-
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catcd in the paleoenvironmental rcconstructions fi-olt l
ostracode trace clenrents. Two rrrajor zones, each di-
vidccl into sub-zoncs, based on paleotenrperature and
palcosalinity. arc showrr irr all three profi les. Thc lowcr
zonc ( l )  is  d iv ic lcd into 4 sub-zoncs (Figr.rrc 4).  Sub-
zoncs I and 2 are bracketed bctween 28,465 + 268 yrs
B.P. and 16,342 + 200 yrs B.P, and sub-zoncs 3 and 4
rangcd f l 'om 16,342 + 200 yrs B.P. and 10,97(r  + l l5
yrs B.P. The uppcl  zone ( l l )  is  analyzed as a uni t .

Zonc I is wcll rcpresentecl t ioru Cano Magallanes,
Don Beto ancl El Diablo prclf i les. Based upon radiocar-
borr clates obtainccl 1.r'or.n Cauo Magallanes (2u.465 +

26i3 yrs B.P.) ,  Don BeIo (24,470 + 765 yrs B.P) and El
Diablo (16,342 + 200 yrs B.P.)wc assunrc a rc lat ively
constant sedirncntat ion ratc at  th is interval  (El  Diablo,
0.012 cm yrr ;  Don Beto,0.007 ct .n yrr ;  ancl  Canct
Magal lanes, 0.00(r  cm yr r) ,  thus,  our resul ts suggest
that rnar inc oxygcn isotope Stagc 2 (MOIS 2) rs re-
corclccl by ostracoclc lhuna and shcll chemistry (Figures
3&4).

Dorrrirrarrcc of C. ltcrlzt'rtnlo associatecl witlt L. plut.tt-

.f i tt 'rttu at thc basc of t l.re rccorcl sLlggests an cxpanded
colc l  watcr lakc wi th f luctuat ing sal in i ty.  Thc tracc el-
cnrcnt signals inclicate that watcr tcntpcraturc rangecl
fl-orn -5-10 'C. Salinity as suggested by f)rLrnal asscut-
blagcs var iecl  f rom ol igo-hal ino to nreso-hal iuc dr-rr i r rg
this c1-risode at thc shorelinc ancl i l tcreasccl stcadily to-
warcl thc depoccntcr.

Suh-ttne l
Watcr inf low lnrnr the south (El  Diablo) l ikc ly intro-
clr rcccl  a low-divcrsi ty assernblage, inclucl ing Limrto-
t '.t ' t l tct 'e ceriottrbantsu. L. brudhtu'r, i, ancl C'utrdottu
pul : ( t toro (Asscmblage I l l ) .  Thc two specics of  L im-
nor't ' lhere werc clourinant at this stage sltggcsting tlocl-
crately sal ine condi t ions (Figurc 4).  The Mg/Ca, rat ios
suggcst low tenlpcfatures (-5.6 9. I "C). Towarcl thc dcp-
occntcr (Dorr Bcto), the lakc becar.ne gradually rnore
sal ine (Assernblagc I I l )  whi le watertelxpcrature ranged
between 7.6 and 9.9 oC. To thc wcst (Carro Magallancs)
faunal asscrlrblages rapidly cvolved from low salinity
(Asscmblagc l )  to moderatc sal in i ty (Assenrblagc I l l )
at  a relat ively constant tempcrature (7 .4-7 .9 'C.) ,  as
wcl l .

The low tetrrperature values at  El  Diablo i r rp ly a
seasonal cold water inpr-rt probably fror.r.t sr.rowr.r.rclt.
Incrcasing TDS through tirre suggests a rcduction in
eflective hurnidity (after 28,465 + 268 yrs B.P. and prior
Io 16,342 + 200 yrs B.P.). Thc cffective moisture re-
dr.rctiorr and the low tcmperatules after 28,465 + 268
yrs B.P. and prcsurnably befbrc - 18,000 yrs B.P., sr,rg-

gest a t rencl  toward cool  and dry condi t ions.  Paleo-
botzrnical data fl"orn thc northern ChihLrahiran Desert in
the Rio Grande vi l lage arca (29'  l3 'N) at  610 {80 nr
asl  y ie lded . jLur iper-grassland asscmblagcs ref lect i l rg
rclatively clrier climate (Van Devender, | 990). At lr iglrcr
clevations (fiom 880 l2(X) nr asl) arouncl the Big Bencl
area of  Texas, a Pi i iorr- . juuiper-oak asscnrblage is cou-
sisterr t  wi th dr ier  condi t ions (Van Devcnder,  1990).  ln
Madrean Evcrgrccn Woodland (betwccn the Chihua-
lrLran ancl Sonolan Deserts, wlrere Laguna Babfcola is
locatcd).  nrcsophyt ic cvcrgreen woocl land colnurLl-
ni t ies charactcr ized by sclerophyl lous arrd nr ic l t l -
phyl lous f lora (Brown. 1994) pfedonr i r lated befbre,
dur ing ancl  af ier  the glacial  nraxirnunr (22,000 to
17,000 yrs B.P.) .

Suh-zone 2
Di l r . r te watcr inf low ( l i 'om the south:  E, l  Diablo) in-
crcased al lowirrg a t l 'cshwatcr fauna (Assemblagc l :
Cundonu puI:<uuto-t lo rninated) to c lcvclop. The Mg/
Ca ratios show a low tcnrpcratr-rrc ((r.(r 7.4 'C). To-
ward thc c lc l . roccrr tcr  (Don Bcto).  faunal  asser lb lagcs
( l l  ancl  I l l )  rc l lcct  rnoclcratc sal in i ty thror.rghout nrost
of  the i r r tc lval  at  a rc lat ivcly constalr t  te lnperaturc

f  7 'C).Thc wcstern shorcl i r rc arca (C'ano Magal lancs)
also shows a sal i r r i ty  dccl inc f iour Asscrrblage I l  to I ,
whi le watcr tcnlpcraturc was sinr i lar  to thc <l thel  a lcas
(6.6 7.2 "C\.

Dur ing SLrb-zone 2,  atrnospher ic c l l 'cct ive uroisturc
increasecl  as shown both by faunal  asscnrblagcs arrd
shel l  chcmist ly records.  Lake level  probably rose. Thc
tinre break bctween Sub-zones I and 2 is narked by
thc col lapsc ofAssemblagc l l l  and probably happcnccl

.jLrst befbrc thc glacial maxiurur.r.r (24,410 + 765 yrs B.P.
to 16,342 + 200 yrs B.P.) .  Decleasing sal i r r i ty ,  as i r rc l i -
cated by faunal  assernblagcs suggcst r is ing cold/wct
condi t ions as a resul t  of  thc cquator ia l  nr igrat ion ol ' thc
rrrain c l imat ic bel t .

Sub-zona 3
Af lcr  a br ief  per iod o1'nroderatc ly sal ine water in-
put,  thc southern sourcc di luted again introducing
the freshcst water conditious recordcd by ostracodes.
The launal assemblage prcscnt (Assemblage I) recor-
ded in this sub-zone, arc in good agrccrrent with this
interpretation. Water ten.rpcrature also dccrcased to 6. l-
6.5 "C, as sr.rggcsted by Mg/Ca, ratios. At this time tlrc
depoccnter, characterizcd by Assernblage It, showed a
sl ight  decl ine in sal in i ty as shown by the paleosal in i ty
index, whereas watcr teurperature increased to about
7.7 9.3 oC, as shown by Mg/Ca. ratios.
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Tuhle 4. Tenperature estimates derived fi'onr Mg/Ca. ratios of Linmot.t'thetv valves from: (a) El Diablo Profile. (b) Don Beto Protile and, (c)
Cano Magallanes Profile. Temperature mean estimates include 2o variability
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n.4
t0.9
I4.0
I l . t
l4. t
|  1.4
l2.t
9.2
13.9
n.2
12.6
r40
n9
t{  0
r2. l
130
14.0
t3.0
l l .5
t3.9
10.5

t0.5
l0.t
t2.0
12.4
t5.5
l , t . t
t - i .0
l,l I
264

ta.5
15.0
t2.4
t4.8
t2.9
t4.9
14.4

12.8
4.2
9.9
E. l
t0.7
t.7
I t ,5
9.5
7.5
6.6
6.0
6.2
t2.t
,.6
1A
t. l
9.8
9.7
3.t
1.1
9.6
5.7

1.7
4.7
7.0
6.1
4.!

6.4
7.t
7.2
4.0
t.9

-r.2
t .4
t3.4
13.0
12.0
t5.9
t39
t3.0
13. I
t1.1
I  1.6

t5

75
7.6
70
6.5
72
7.0
6.2
7.1
7.9
54
s.5
6.6

7.6
7.1
6.6
6.1

6.5
7.3
6.9
7.6
6.t
t .a
6t
6.4
6.1
6.6
64

5.6

5t
6.1
5.7
6.4
7.0
5.9
7.t
6.0
5.1
6.{
6.7
5.9
6.5
7.0
6.t

t.o
t .2
6.1
6.0
Jt
7.1
7.1
6.t
6.2
6.9
5.1
6.4
1.1

6.9
t.0
I  t .2
7.5
g8

9.6

6.2
7.1
t.6
7.1
1.5
6,E
56
5.5
5.4

5.4
t t
_t t
5.1
5.8

760.004t 0.0033
0.0030
0.m32
0.m33
0.0028
0.m23 0.m26
0.0029
o.@71
0.002 I
0.m30
0.0035 0.0023
o00t 3
omt4
0.002{
0.003 I
0.0032 0.0027
0.m28
0 m23
0.0021
0.0030
0.0022 0.002t
0.0030
0.0027
o.(nll
o@25
0.0039 0.0027
0.|xn6
0.0022
0.@25
0.(xn4
0.{xt22 0.0020
0.@19
0.0021
0.m15
0.0020
0.0024 0.0020
0.mt7
0.00t9
0.0015
o.0/J22
0.m2? 0.0(n3
0.tx)26
0.0m8
0.001t
0.00t6
0.m22 00023
0.0m5
0.mrt
0.0023
0.w27
0.0025 0.003t
0.0024
0.0030
0.m17
o.ml8
0.0024 0.0023
0.001r
0.00t 7
0.002t
o.o02t
0.0026 0.m25
00020
O(Da,l
0.00t 6
0,0022
0.002t 0.m2r
0.002 r
0.0028
o.un1
0.m37
0.m65 0.0046
0.m]2
0.0052
0.0050
0.0029
0.m20 0,003{)
0-0028
0.1)0al
0.002t
om3?
0.0026 0.00t6
0 00lJ
0.0014
0.0013
0.o01 I
0.00t3 0.0015
0.m17
0.0016
0.001 3
o.mI6
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Table 4. Continued

Profile S€quenc€ Depth Age Sample Replicate Valve Wt
# (m) (Yea6B.P.) # (pe)

m(Me/Ca)
(mle) (Msn)

Temperature Mean T

fc)
r

l l l
n2
t13
114
106
107
l0E
109
l l0
l0t
t07
103
104
105
96
97
9t
99
100
9l
92
93
94
95
86
87
EE
E9
90
EI
E2
83
u
85
76
77
78
79
80
7l
72

66
67
58
69
70
6l
62
63
@
65
56
57
)6

59
@
5l
52
53
54
55
46

48
49
so

0.9

19.7

t .2

7l

35 1300455 DBI-5

DB.I.4

DBI-3

106

DB.I.I

DB.II.9

140 11885*315 DB-U-8

0.0045 0.0038
0.0035
0.0029
0.w42
0.0119 0.0141
0.0t 23
0.0182

0.0138
0.0044 0,0098
0.01 t3
0.0098
0.0101
0.0135
0.02t6 0.0r55
0.0173
0.0156
0.0r08
0.0t22
0.0042 0.00rt7

0.0033
0.0067
0.0045 0.0049
0.0049
0.0073
0.0027
0.0049
0.0057 0.0047
0.0047
0.0042
0.0047
0.0045
0.0028 0.0034
0.0035
0.0045
0.0034
0.oo27
0.0024 0.0027
0.0034
0.0022
0.0026
0.0030
0.0031 0.0026

0.0023
0.0025
0.0051 0.0039
0.0030
0.0043
0.002r
0.0049
0,0043 0.0038
0.0017
0.0039
0.0049
0.0041
0.0033 0.0033
0.0042
0.0030
0.0029
0.0030
0.0062 0.0053
0.0061
0.0043
0.0036
0.0062

zt.J 4.E

B
c
D

B
C
D
E

A
B

D
E

B
c
D
E

B

n
E
A
B
c
D
t

B
c
D

B
c
D
E

B
c
D
E

B
c
D
E

B
c
D
E

B

E

b

D
E
A
B
c
D
E

6.9
16.8
15.8
6.9
12.8
t4.2
16.9
22.1
) )A

72.1
15.9
25.5
18.2
l5.r
IJ.J

9.6
tz.E
10.9
12. I
14.0
8.1
8.9
2t.l
8.3
t0,0
12.8
v.J

14.8
9.1
7.1

10.6
9.3
9.8
12.3
9.9
18.3
I  1.8
10.1
16.9
14.8
18.0
16.0
I  9.1
l5.7
2t.3
12.8
17.2
16.9

21.3
13.8
2t. l
11,4
12.7
t4.7
15.7
10.0
10.4
13.0
11.9
13.8
10.4
9.9
8.2
7.2
10.0
9.8
5.7

9.0
7.8
7.1
8.7

17.8
24.4

19.5
8.9
16.6
15.0
15.3
l9. l
28.2

2t.5
16.0
17.6
8.6

3.E15.0

DB.I-2

2.0

1.8

9.?

9.4

t25

152 DB-[-7

165 DB.II6 7,O

7.6
I  1.5
9.0
9.4
12. I
7,0
9.5
t0,4
9.2
8.7
9.7
E.9
7.0
7.9
9.0
7.8
7.0
6,6
7.7
6.4
6.9

t76

190 DB-II4

DB-U-3

2I8 DB-II.2

0.56.9

1.5

200

6.5
6.7
9.7 8.3

8.8
6.3
9.5
8,8 8.2
5.9
8.4
9.4
8.6
7.7 7.6
E.6
7.3
7.2

10.9 9.9
10.8
t .E
8.0
10.9

230 244701765 DB-II-I

0.6
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Tahle 4. Continued

Profilc Scquence Depth Age Sample Replicare Valve Wt. m(MgCa) Temperature Mean T +
, _ , ,, 

# (ctn) (Years B P.) # gg) (molcs) i"Cl
Cano Magallanes

36 3503*t0t
78 7965*109
168 96t4r130
220 CM-I-E 6.64l

42
43
44
45
36
3t

3E
39
40
3t
1'

J'

34
35
'26
27
2E
29
30
2l
,)
23

25
l6
l7
IE
l9
20
l t
t l

l3
t4
I )

6

8
9
t0
I
)
J

4
)

230

255 CM-II-5

244

264

279

2Xt

293 28,445+26t

0,0025 0.m24
0.0022
0.0020
0.0028

0.0025 0.0023
0.0032
0.001E
0.0022
0.0018
0.0020 0.0024
0.0024
0.0021
0.0020
0.0035
0.0018 0.0029
0.0031
0.0029
0.o02t
0.0039
0,0020 0.0023
o.m22
0.0029
0.0020
o.oo27
0.0032 0.0035

0.0038
0.0036
0.0025 0.0031
0.0033
0.0028
0.0023
o.0019
0.0018 0.003t
0.0040
0.0031
0.ffi27
0.0037
0.0047 0.0036
0.0024
0.0043
o.0025
0.0039

cM-tI-7

CM-II6

CM-N4

cM-n-2

CM-II-t-t

A
B
c
D
E
A
B
c
D
E
A
B
c
D
E
A
B

D
E
A
B
c
D
E
A
B
c
D
E
A
B
c
D
E
A
B
c
D
E
A
B
c
D
E

12.8
t2.9
10.8
l  l .0

17.0
13 8
15.8
9.9
4.8
8.9
10.9
10.9
12.o
8,1
t0.4
8.5
5.1
t0.9
6.2
7.0
7.8
8.0
9.3
9.6
8.0
I  t .E
t0.0
6.8
6.8
10.9
10.9
10.8
9.9
6.1
8.0

10. I
9.9
t0.0
7.6
9.4
6.9
o.)
6.0

6.7
6,4
6.2
7.0

6.8
7.6
6.0
6.4
6.0
6.2
6.6
o.J

6.t
7.9
6.0
7.4
a1

7.1
8.3
6.1
6.4

6.1
7.O
/ . )

8.2
8.0
6.8
7.6
7.1
6.5
9.4
6.0
8,5
7.5
6.9
8.1
93
6A

8.8
6.7
8.3

l . l

0.66.5

o.7

0.5

6.5

7.2

6.6

CM-II.3269 0.4

7.5

290 cM-lJ-l

1.07.4

t.27.9

To the west (Cano Magallanes), Laguna Babfcora
maintained a rnore diverse fauna that evolved fiom fresh-
water (Assembage l: C and o n a pa tzcu a ro -dorninated) to
saline conditions (Assemblage III; Limnocythere-dorni-
nated) including the transitional Assemblag e ll (Candonal
Limnocythere near equal proportions). Diversification
requires relatively long-tenn water stability (no signifi-
cant changes in salinity, temperature or water chernis-
try) favoring dilute conditions like those recorded by
the paleosalinity index. Water temperature was almost

constant around 6.5 "C in this area as indicated by the
Mg/Ca. ratios.

The close ternperature and paleosalinity index trends
in the west and south suggests that the main source of
water was from the south, although runoff may have
occurred from other areas (i.e., western Cano Mag-
allanes region). Effective moisture around the lake
reached its maximurn as suggested by the Cano Mag-
allanes and Don Beto profi les. El Diablo received a
large snowmelt inflow from the mountains (16.342 x.
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200 yrs B.P. to 11,885 + 315 yrs B.P.) .  Thc coldest/
wettest  condi t ions prevai lcci  in the lake at  th is t in.re.
Vigorous ant i -cyclorr ic act iv i ty of  the Mobi le Polar
Hi-9hs ccntcrs clisplaced thc nrctcorologic equator soLrth
of thc gcoglaphic eqr.rator (LcroLrx,  1993; KLrtzbach et
al . .  1993).  ancl  thc zonal  wcstcr l ies wcrc stronger in thc
troposphcrc (Wi l l iams, l97l{ ;  Han' ison ct  a l . ,  1984).
Sincc thcrc is no evic lcncc ol 'Pleistoccnc glaciels
(McWiI I iarns.  pcrsonal  cornurunicat ion,  I t ) t ) t l )  in thc
highlancls ol '  Babfcora Basin to. jLrst i ly  c lcglaciat ion
watcr inllow, it is suggcstccl that the region was strongly
inf luencccl  by rainfal l  typical  of  tcrrpcratc zorres.  Hu-
rnid conclit ions alc also rcportccl f iom thc northern part
of  the ChihLrahuan Desel t  ancl  in thc Bolscin c lc Mapirr i
(25'  52'N) whcrc the playas sLrpportcd pluvial  l i lkes
(Messing. l9 l l ( r ,  Van Dovcnclcr ,  lc)c)0).

Sttb-:ot t t ,  I

Watcr inf low at  El  Diablo rcrnainecl  c l i lLr te.  support i r rg
Asscnrblagc I  aucl  occasioual ly Asscmblagc I I  faLrna
whi lc tcnrpcraturc rernainccl  stablc (-  7 'C')  as shown by
Mg/Ca, rat ios.  Towar-cl  thc c lcpoccntcr sal in i ty rapidly
rosc and oslr'acude Asscrnblagc I was rcplacccl by As-
scmblagc l l l  as mean tcnlpcfaturc reachcd -  t ) .4 'C (as
int-crlccl f nrnr Mg/Ca, ratios). To thc wcst (C'ano Mag-
al lancs) intcrprctat ion ol ' thc nrorrospcci l ic  laLrnal  As-
scmblagc I  ancl  sal i r r i ty  inclcx shows a c lccl inc to i ts
lowest lcvcl while the Mg/('a, r 'atios inclicatc rclativcly
constallt tcurpcratLlrc (- (r.-5 "(') recurclccl across the
bas i  n.

Al though cl i lute watcr inpLrt  cont inuccl  l ' ronr the
soutlr, thc wcstcnr arca corrtribLrtcd significant volunrcs
cluring snownrclt events. A pcliod of lclativcly dccrcas-
ing ef l -ect ivc uroisture charactcr izecl  thc crrd of  the
Pleistoccnc as a resul t  of  increasing solar radiat ion
(Kutzbach & Wright,  l9 l t5;  SpaLr ld i r rg & Graumlich,
l9t i6;  COIIMAP, l9t t9;  Spaulding, 1990. l i )91 )  which
contr ibutccl  to thc fetreat ol ' thc Laurcnt ic lc lce Sheet.

Zone ll covcrs thc pcriocl f l 'onr thc cncl of the Plc-
istocene to thc late Holoccrrc.  Based upon ostracoc' lc
shell chernistry this zone was characterizccl by flr-rctu-
at ing concl i t iorrs.  Dur ing the late Pleistocene and ear ly
Holocene (-  I  1.000 yrs B.P.)  the lake shrank consider-
ably. Howcvcr, slrort and intense runoff episodes are
rccordcd by ostracodc divcrsity and abLrnclance in El
Diablo ancl Don Beto profi lcs and by sediurcntologic
t-eatures of  the lacustr inc and bog deposi ts of  Cano
Magallanes plofi le (Orlcga-Ranrirez et al.. I998). With
decreasing lakc- level ,  t l re westcrn area became palu-
dal  whereas the southern port ion accurrulated lac-
ustr ine ancl  water- la id denosi ts.  At  El  Diablo.  launal

assen-rblagcs ( l  and I I )  a long with sal in i ty index values
suggest dilr"rte water input, whereas at Don Beto evi-
dence of  sal in izat ior . r  is  shown by the sal in i ty index.
Low ternperatLrrc estimatcs (6.(; .6 "C) are colrtrover-
sial aud dilf icLrlt to cxplairr bccause they are in contrast
with the Don Bcto profi le whcre Mg/Ca, ratios increasc
at this tinre sr-rggcstir.rg teurpcratures betwccn 8.2 and
21.3 "C.

During thc micldle Holoccnc (ti,900 to 4,000 yrs B.P.),
cfl 'ectivc hLrnriclity clecreasccl signif rcantly as water tcrr-
pcrature f luctLratcd in Lagr.rna Babicora.  A warrr  r r . t -
tc lval  was rccolded by Mg/C'a, ;  watcr tcnrpcl 'aturc
fcached 21.3 "C. Bog ancl  col ian deposi ts that  accu-
nrulated dur ing th is t ime sLrppoft  th is intcrplctat ion
(Ortega-Ranrircz ct  a l . ,  l99l t ) .  In addi t ion,  wafnr/dry
condi t iorrs lbr  th is t ime intcrval  are rcportccl  c lscwhere
irr  thc Southwcst (Markgral 'c t  a l . ,  1984; Spaulc l ing &
GlaunrIich, It)t l(r; Oviatt, It)tttt). Net r.uoisturc clcficit
is  a lso intcrprctccl  by a dccrcasc in rnagnct ic rninelals
(  U rrr"r t ia-Fr-rcugauch i  et  a l . ,  |  997 ) ,  i  ncreascd ca lc i  Lrnr
carbouatc concrct ior . rs (Mctcal f 'c  ct  a l . ,  1997),  and
locss- l ikc dcposi ts (Ortcga- l lanr i rcz et  a l . ,  l9c)t l ) .

During thc latc Holoccnc (- 4,000 yrs B.P.), ostra-
cocle shellchcnristry shows a sharp tempcratulc dccline
to-t1.2 oC basccl on Mg/Ca, ratios. Incrcasccl cf'fcctive
moisture at Iow tcurperatr.rlc plobably rcsultcd tiom
cold wintcrs around the lakc (bctween 4,346 + 105 yrs
B.P. and 1,300 + (r5 yrs B.P.) .  Short- tcrm cl inrat ic an-
ornalies in Laguna Babicora havc bccn inf'crlccl by wet-
land deposits, paleclsols, f loocl cleposits ancl crosional
surf 'aces (Ortcga-Ranrf  rez.  1990. 1995).  At  th is last
per iod,  thc scasonal  insolat ion anclnral ics in l roth hemi-
spheres dcclinccl (Street-Pcrrot, | 993), wcakcrrirrg the
prcssurc and circLr lzr t ion i r r  thc northem hcnr isphere.

Discussion

Environmcntal estiuratcs dclived fl 'om tltc trace ele-
rnent chcnrislry of Lintnot.r ' lhcre spp. are corrrpared
with rnocleln parar.neters rccorded in the local i ty to
deten'r.ri nc f 'easi bi I i ty. Ter.nperature estinrates are con-
sistent,  as cstabl ished in an car l ier  sect ion,  wi th the
rnodern wintcr and slurnrr'r rttean air telr)peratures sug-
gesting that expcrir.nental standards uscd ir.r this study
generate nur.nbers fitt ing within natural rangcs.

The ostracodc species present at Laguna Babicora
reach r.naturity between 4-12 weeks (Forester, personal
corr.rmunication, 1989). Because of its shorl l i f-e cycle,
the genus Limnoc:ythere r.nay produce more than one
generation within a year, thus scasonal variation nTay be



observed in the shell chenristry rccord. The implication
of this correlation is that water terrperaturc at the tinrc
thc Iake was active rangcd between 3 and 22 "C

To assur.ne a water/atnrosphere tculperature correla-
t iou would iurply that  Lagr-rna Babicora was a shal low
lake. In contrast to Metcalf 'e ct al. ( 1997), we argr,re that
Laguna Babicora was not a deep lakc.  The occurrencc
of S t a p lt tt n o d i s t u.s n i u gu t 'uc, (a planktclrr ic, deepwatcr
cliatom) r.nay also rcsponcl to cold, f i-eshwater input
ancl  not  ncccssar i ly  to watcr depth,  s ince i t  is  a wirr-
tcr-bloonr ing species (Conlcy ct  a l . ,  1993).  The diatonr
bcnthic/planktonic rat io suggcsts that  whcn planktonic
f i r rnrs dominate,  h igh lakc stagcs occur (e.g. ,  Lago clc
PdtzcLraro,  BradbLrry,  l9ut l ) .  This is not contrary to ouf
f incl ings:  part  of  ZI-3 corrc ler tcs wi th the high starrc l  in
the f i r l l  g lacial  reportccl  by Mctcal f 'e et  a l .  (  lc)97)
whcrc planktonic diaturns ovcrratc bcnthic diatonrs.
Thourpson et  a l .  (  lc)93) suggcstcd that f lat- f loorccl ,
shal low lakes are relat ivcly inscrrs i t ivc to late-Quatcr ' -
nary c l inrat ic var iat ions.  Ortcga-Ramirez (  I995a) dc-
tlnecl Babicora Basin as a glabcn. thr-rs the dc1'loccntcr'
rcacl i Iy Ibnncd a fl at-1'l oolccl sLr l l  acc. Ortcga- Ra rr i rcz
ct al. ( l 9t)8) denronstratccl thc occurrence of post-clc-

1-rosi t iorral  d issolr . r t ion voic ls in urassive sedir lents i r r
thc basin that  fbrnrccl  c lur ing shal lc lw-pcrcrrnial- lakc
concl i t ions dLrr ing thc car ly Floloccne. ln adcl i t ion,
gconrorphic evic lencc incl icatcs that  Laguna Babfcr l ra
tunclcrwcnt hor izontal  var iat ions i r t  rcsportsc to long
pcr iocls ol '  prcci  p i tat ion,  hcrrcc l i l lnr  i  ng an cxpandccl-
shal low-lakc (Ortcga-Rarnf lcz.  I  990, I  c)95a).  L imitccl
launal  and shcl l  chcnr ist ly var iat ions at  the t inrc o1'
nraxinr lu l  la l<c lcvcl  concl i t ions arc consistcnt  wi th a
shal low lakc.

A sal i r r i ty  gradicrr t  fkrnr shorcl inc to thc depocentcr
glaclLral ly increascs in cnckrrrc ic basins as shown i r r
Laguna Babicora.  Tcurpcraturc gracl icnts arc s imi lar
botwccrr Don Beto and Cano Magallanes but lowcl at
thc cf f lucnt alea (El  Diablo),  bccausc of  i ts  geonror-
phological  set t ing.

Bascd upon ostracocle palcoccology and shell chcnr-
istly wc irrf-cr that Laguna Babicora was a n.ronourictic
lakc open to circr-rlation firr a short t irne dr-rring latc
spr ing to ear ly fa l l .  Dr-rr ing MOIS 2,  snowmelt  water '
irrpr"rt ir.rdr,rced surf-ace and deep watcr r.nixir.rg. The lake
remained well mixed fbr about fbur rnonths annually
providirrg tinre fbr Curttlonu cuudutu and C. putzt'uutrt
to cornplcte their l i fe cycle. Thc rest of thc year the lake
cither had an ice cover or was too cold to pernrit os-
tracodes hatching and rrolt ing. ShelI chcmistry-derived
tell lperatures are in good agreeurent with r.nodern tcur-
Derate lronornictic lakes where nraxirnulrl water tem-
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perature reaches about 8 'Ci  (Cole,  1979; Margalef .
1983).  However,  to tcst  th is interpretat ion t racc c le-
r.nents fl-om ostracode valvcs fror.n these typcs of lakes
wi l l  be required.

Age control of allthlee profi les indicates that Lagr-rna
Babfcora was a pcrnranent lake throughout thc latc
Pleistocene but i t  bccanrc intenni t tent  dLrr ing thc
Holocene, with only thc depocenter (Don Beto) rcu.ullu-
ing as a srral lc l  watcr bocly.  Urrut ia-Fucugauchi  ct  a l .
(1997) interprctcd thc western prof i le (Cano Mag-
al lanes) as old as l l , (XX) yrs B.P. based on a uC date
of 9,6 l4 + I 30 yrs B.P. rccorded at a depth of | (rf l cnr;
bLrt  a recent ly obtainccl  date near the basc of thc pro-
fi lc, provided an agc of 211,4(r5 + 268 yrs B.P. at a clcpth
of 27c) cm ancl clen-totrstratcs th:it the westenr arczr was
uncler watcr at  a r luch car l ier  datc.  Corrc lat ion bc-
tween this clate ancl that at the base of profi lc Don Bcto
(24,470 t  765 yrs B.P.)  corr f l rnrs oul  intcrprctat ion.

In sunrnrary, bascd on ostracocle slrell chcrnistry, wc
f ind two major palcocl i r lat ic zorrcs ( l  ancl  I l ) .  charac-
tcr izcd by f luctuat i  ng condi t ions.  Paleoerrv i ronrncntal
z l tnc Zl-  I  prc-datcs thc glacial  rnaxin.rLrnr ancl  rnarks a
pcr iod of  prevalcnt  colc l /c l ry condi t iorrs.  Zl-2 rccorcls
thc beginning of  thc l i r l l  g lacial  and represcnts colc l /wct
condi t ions.  ZI-3 rcprcscnts the rnaxin-rr-rnr lakc cxtcrr-
sion with thc colclcst/wcttcst characte ristics. Zl-4 shows
cnvi lonnrental  changc to c l rycr condi t ions.  At t l rc bc-
ginning of  the cal ly Hokrccnc (probably c lur ing thc
Youngcr Dryas),  L l  Diablo supported Asscnrblagc I
whi le Cano Magal lancs cvolvcd into a bog syslcrn wi th
salirrity tolerant spccics (L. brutlbtrr.vi ) arrd, Don Bcto
was the only arca corr l i r r r . rously iuunclatccl  pcrnr i t t ing
thc dcvelopnrent of  Asscrnblagc I I I  ostracoclcs to pcf-
s ist  as sal in i ty fosc.

Shcl lchemist fy c lata arc colrs istent wi th thc intcrplc-
tat ions of  Ulrr , r t ia-FucLrgaLrchi  ct  a l .  11997),  Mctcal t 'c
ct  a l .  (  1997) and Ortcga-Ranrircz ct  a l .  1 l t ) t ) t ) )  who
rccognized a gencral  t rcncl  of  increasing dryncss ancl
wanrer tenrpcraturcs i r r  thc rcgion. Morc c lctai lccl  ancl
r-rni fb lm saurpl ing stratcgies wi l l  hclp improvc our
l<nowleclge of  LagLrna Babicora.
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