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Ab stract
The ob jec tive of this study was the rec og ni tion and re con struc tion of the or i gin of two high al ti tude lakes and the eco -
log i cal con di tions of their early ex is tence based on subfossil Cladocera and chem i cal anal y ses. The study fo cused on
the old est lac us trine sed i ments from Lake Sol and Lake Luna, lo cated in the crater of Vol cano Nevado de Toluca
(Cen tral Mex ico). The Nevado de Toluca crater de vel oped ap prox i mately 12 ka yr BP. Ac cord ing to the lit er a ture, the
vol cano was last ac tive ap prox i mately 3.3 ka yr BP, and the lakes de vel oped af ter that erup tion. The re mains of nine
Cladocera spe cies were found in the bot tom sed i ments of both lakes. The most dom i nant taxa were two en demic lit to -
ral spe cies: Alona manueli and Iliocryptus nevadensis. The to tal fre quency of Cladocera spec i mens in both of the sed i -
ment cores was very low. No Cladocera re mains were re corded in the sed i ment layer at depths be tween 123–103 m
from Lake Luna. The re sults of the lithological and geo chem i cal anal y ses showed that this sed i ment layer was com posed
of allochthonous ma te rial, prob a bly orig i nat ing from slid down from the vol ca nic cone. This was sug gested by the con -
tent of sil ica (up to 13%), iron (up to 12%), and ti ta nium (up to 4%). The Cladocera re mains re corded in the bot tom sed i -
ments sug gested that both res er voirs de vel oped as fresh wa ter lakes at the be gin ning of the sed i men ta tion. The cal i brated
ra dio car bon dates ob tained for the bot tom sam ples were 4040 to 3990 yr BP for Lake Luna (129 cm) and 4485 to 4485 yr 
BP for Lake Sol (89 cm). The ob tained ages were older than the dates of the last erup tion, which oc curred ap prox i mately
3300 yr BP. This re sult was likely re lated to the type of ra dio car bon dated ma te ri als (charcoals).
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IN TRO DUC TION

Lakes are fre quently the ob jects of both lim no logi cal and 
palaeolimnological stud ies. Their gen e sis and ages are a sub -
ject of in ter est for many re search ers around the world
(McNamara, 1979; Soper, N.J. and Numan, N.M.S., 1974;
Wiêckowski, 2009). The ma jor ity of stud ies fo cused on high
lat i tude and low land lakes. Lit tle re search, par tic u larly on
high al ti tude trop i cal lakes, has been con ducted. High al ti -
tude lakes of vol ca nic or i gin were rarely the sub jects of in -
ves ti ga tions, due to their iso la tion and in ac ces si bil ity. There-
fore, those lakes con sti tute an im por tant el e ment for the re -
con struc tion of both the lac us trine en vi ron ment and cli ma tic
changes.

In gen eral, re search on cli mate changes in Cen tral Mex -
ico dates back to the 1940s. Palaeoenvironmental data were
pri mar ily based on palaeolimnological re search on lakes lo -
cated in Michoacan (e.g., Patzcuaro Lake, Deevey, 1944,
Hutch in son et al., 1956). This re search pro vided a ba sis for
in ter pre ta tion of the Ho lo cene cli ma tic changes in Cen tral

Mex ico. How ever, the stud ied lakes were strongly im pacted
by hu mans (Xelhuantzi-Lopez, 1994; Metcalfe et al., 2000).
Cen tral Mex ico was oc cu pied by pre his toric hu man pop u la -
tions ap prox i mately 3500 years ago. The pres ence of hu man
set tlers con sid er ably changed the eco log i cal state of the
lakes, and the re sults re corded changes in the over lap ping of
nat u ral and anthropogenic fac tors (Deevey, 1944; Lozano
Gar cia and Ortega Guerrero, 1997; Metcalfe et al., 2000).

Au thors  of pre sented study were looked for iso lated
lakes lo cated in an area largely in ac ces si ble, where their de -
vel op ment may have mainly been in flu enced by cli ma tic
changes. The choice led to two high al ti tude lakes sep a rated
from hu man ac tiv ity: Lake Sol and Lake Luna, lo cated in the
crater of Vol cano Nevado de Toluca (Cen tral Mex ico).

Geo log i cal re search on Vol cano Nevado de Toluca dates 
back to the first de cade of the 20th cen tury (OrdoÔez, 1902;
Flores, 1906). These stud ies were par tic u larly con cerned
about the mor phol ogy and struc ture of this vol cano. The first
erup tion of Vol cano Nevado de Toluca oc curred ap prox i -
mately 2.6 Ma years ago, and erup tions con tin ued dur ing the



Pleis to cene-Ho lo cene (Bloomfield et al., 1977; Gar cia-Palo- 
mo et al., 2000; 2002; Capra et al., 2008). The oc cur rence of
sev eral erup tions dur ing the late Pleis to cene were oc curred
ap prox i mately 37 ka yr BP, 32 ka yr BP, 28 ka yr BP, 26 ka yr
BP, 14 ka yr BP, 10.5 ka yr BP, 8.5 ka yr BP, and 3.3 ka yr BP
(Heine and Heide-Weise, 1973; Heine, 1988; Armienta et
al., 2000; Gar cia-Palomo et al., 2002; Macias et al., 1997,
Quesada et al., 2007). The larg est erup tion of the vol cano
likely oc curred ap prox i mately 37 ka BP (Ca bal lero et al.,
2001).

The first sci en tific stud ies of the lakes in the Nevado de
Toluca crater were con ducted in the 1990s. They fo cused on
the lim no logi cal de scrip tion of the lakes and were based on
macro- and mi cro-floristic anal y ses (Ca bal lero-Miranda,
1996; Ca bal lero-Miranda and Ortega Guerrero, 1998). The
first stud ies on subfossil zoo plank ton were per formed by
Zawisza et al. (2012), Siniev and Zawisza (2013) and Cuna et 
al. (2014).

This pa per pres ents the re sults of re search in which the
pri mary aim was to de fine the time of or i gin and eco log i cal
char ac ter of the early ex is tence of Lake Luna and Lake Sol,

lo cated in the Nevado de Toluca crater. The time
of the or i gin of the lakes and their char ac ter is tics
dur ing their early de vel op ment time were es ti -
mated based on C-14 dat ing, changes of the
Cladocera spe cies com po si tion and abun dances,
and the chem i cal com po si tion of sed i ment (from
the depth in ter val 103–123 cm in Lake Luna).
An other im por tant ob jec tive of the study was to
trace lo cal cli mate changes that oc curred dur ing
the de po si tion of the old est sed i ment layer (Late
Ho lo cene).

MA TE RI ALS AND METH OD OL OGY

Study area

The study area in cluded the two trop i cal high 
al ti tude lakes (Tab. 1), Lake Luna (Lake of the
Moon) and Lake Sol (Lake of the Sun), lo cated in
the crater of Vol cano Nevado de Toluca (4680 m
a.s.l., Cen tral Mex ico). This vol cano is lo cated 23 
km SW of the City of Toluca and ap prox i mately
90 km SW from Mex ico City (Fig. 1). Nevado de
Toluca is rec og nized as a dor mant stratovolcano
of the Plio cene-Ho lo cene age, de vel oped on a se -
quence of meta mor phic and sed i men tary for ma -
tions, par tic u larly from dacitic lava (Bloomfield
and Valastro, 1977; Macias et al., 1997; Quesada et
al., 2007). The crater has an oval shape, which is

elon gated on the E–W axis. Its di men sions are approxi mately
2 km × 1.5 km.

The time of the last erup tion of vol cano, the or i gin of the
crater and the or i gin of the lakes are con tro ver sial. Re search
by Macias et al., (1997) sug gested the oc cur rence of a ma jor
Plinian event in Nevado de Toluca ca. 10.5 ka yr BP. Macias
and Siebe (2005) stated that the age of the last erup tion of the
vol cano was ca. 3.3 ka yr BP, based upon C-14 dat ing from
the ash (char coal). The last erup tion was a mi nor mag netic
erup tion, re sult ing in a surge and pyroclastic flow of de pos its
on its north-west flank (Gar cia-Palomo et al., 2002).

The ecol ogy of the stud ied lakes is largely in flu enced by
the lakes’ catch ment ar eas, ge ol ogy (andesic-dacitic sub soil)
and boul ders, and poor veg e ta tion (al pine meadow) (Ca bal -
lero-Miranda, 1996; Gon za lez, 1984). The cli mate of the
Nevado de Toluca is quite cold, with a sum mer rainy sea son.
The mean an nual tem per a ture amount is ap prox i mately 4°C,
with the max i mum in May (ap prox i mately 19°C) and the
min i mum in Jan u ary (ap prox i mately –9°C) (Mex i can Me te -
o rol ogy Ser vice, data 1970–2000). Cuna et al., (2014)
showed that the stud ied lakes had a pos i tive wa ter bal ance,
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Fig. 1. Geo graph ical lo ca tion of the study Lake Sol and Lake Luna – lo cated in
the Vol cano Nevado de Toluca crater keep ing apart by vol ca nic dome. S – Lake
Sol, L – Lake Luna, O – Ombligo dome, dot ted line – ac cess road to the crater.

Ta ble 1
Geo graph ical co or di nates and gen eral morphometric data of the stufied lakes

Lake Co or di nates a.s.l. Max depth Sur face area Con duc tiv ity* pH* Fish

Sol (Span ish: El Sol) 
19° 06'13" N
99° 45'20" W

4200 m 12 m 175 000 m2 18–24.6 µS/cm 5.6–5.9 YES

Luna (Span ish: La Luna)
19° 06'13" N
99° 45'20" W

4200 m 8 m 25 000 m2 17–20 µS/cm  4.7–6.2 NO

* - af ter (Ca bal lero-Miranda 1996; Armienta et al., 2000; Cuna et al., 2014)



with the av er age an nual pre cip i ta tion (1213 mm/yr) con cen -
trated dur ing the sum mer months that ex ceeded the an nual
evap o ra tion (824 mm/yr). Wa ter in the lakes is cold and clear
and orig i nates pri mar ily from pre cip i ta tion. The lakes are
clas si fied as oligotrophic, and they are dis tin guished by low
al ka lin ity and low con tent of min er als (Ca bal lero-Miranda,
1996; Armienta et al., 2000; Alcocer et al., 2004; Dimas-
Flores et al., 2008).

Meth ods

Sed i ment cores were re cov ered in 2013 from the cen tral
parts of Lake Luna (129 cm long) and Lake Sol (89 cm long)
us ing a Living stone corer. The cores were sealed plas tic
tubes and trans ported to the lab o ra tory of the Geo phys ics In -
sti tute (UNAM, Mex ico), where they were cut in half length -
wise, pho to graphed, de scribed (sed i ment col our, tex ture,
etc.), and subsampled. Sam ples for the cladoceran anal y sis
were taken in 1 cm in ter vals. The sed i ment lay ers from the
depths be tween 128–93 cm (silty clay with fine sand) from
Lake Luna and from the depths be tween 88-70 cm (clay and
silty clay) from Lake Sol were sub jected to the Cladocera
anal y sis. Sed i ments from Lake Luna (layer of depth: 123–
103 cm) were also sub jected to a geo chem i cal anal y sis.

Dat ing

Ra dio car bon dat ing from the first bot tom sam ples of the
sed i ments from both lakes were de ter mined by AMS dat ing.
For the dat ing, c.a. 12 cm3 of sed i ment (from 129 cm in Lake
Luna and 89 cm in Lake Sol) were used. The pol len was ex -

tracted ac cord ing to the stan dard pro ce dure and con cen trated 
by siev ing through a 50 µm mesh. The pol len sam ples were
sent to BETA AN A LYTIC INC. in Mi ami, Florida, for AMS
ra dio car bon dat ing us ing the IntCal 13 da ta base (Reimer et
al., 2013).

Cladocera anal y sis

Sam ples of 1 cm3 were pre pared ac cord ing to the stan -
dard pro ce dure (Frey, 1986). The sed i ment was heated in
10% KOH for 20–30 min utes us ing a mag netic stir rer to
deflocculate the or ganic ma te rial. Sam ples were sieved
through a 33 µm screen and trans ferred into dis tilled wa ter.
Be fore count ing, the sam ples were col oured with safranin
dye and glyc erin so lu tion. Ap prox i mately 200 re mains of
Cladocera were counted (3–4 slides were ex am ined for each
level) only for the bot tom sed i ment sam ples less, due to a
very low Cladocera re mains fre quency. The per cent age com -
po si tion and the to tal con cen tra tion of Cladocera per 1 cm3

were cal cu lated. The iden ti fi ca tion of cladoceran taxa was
per formed us ing an OLYM PUS mi cro scope and based on
the pa pers by Elias-Gutierrez et al., (2008), Cer van tes-Mar ti -
nez et al., (2000), and Sinev and Zawisza (2013). The re sults
were plot ted in a rel a tive abun dance di a gram us ing the C2
soft ware (Jug gins, 2005, 2007) (Figs 2, 3).

Chem i cal anal y sis

There was a lack of Cladocera re mains and other or gan -
isms’ re mains at the depths be tween 123–103 cm from Lake
Luna. Be cause of this re sult, the ma jor and trace el e ments
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Fig. 2. Di a gram of per cent age com po si tion and the to tal sum of Cladocera spec i mens in sed i ments of  Lake Sol. * (dat ing, 4070±30 BP) – 
2 sigma cal i bra tion: (cal BP 4785 to 4765), (cal BP 4625 to 4515), (cal BP 4485 to 4445).



were de ter mined by an X-ray flu o res cence (XRF) anal y sis
(Singh and Agrawal, 2012; Kalnicky and Singhvi, 2001;
Gon za lez-Fernandez et al., 2007; Mendoza-Rosas and De la
Cruz-Reyna, 2008). The mea sure ments were per formed us -
ing an en ergy-dispersive X-ray flu o res cence spec trom e ter
(EDXRF), model Ge nius 7000 EDX Pocket IV with SDD de -
tec tor. The res o lu tion of the de tec tor was 139±5 eV. The
X-ray source was an X-ray tube with a Ag-an ode and Umax

and Imax, equal to 40 kV and 100 µA, re spec tively. The cal i -
bra tion was per formed on lake sed i ments to limit the er rors
re sult ing from the high level of com plex ity of the ma trix of
the geo log i cal sam ples (Boyle, 2000).

The mea sure ments were made on dry and ho mog e nized
sed i ment sam ples. In Lake Luna (sed i ment layer: 123–103
cm), the con cen tra tions of 8 el e ments (Al, Si, Ti, Fe, Sr Y,
Rb, and Zr) were mea sured. The sam ples were placed in a cup 

with foil, placed on the EDXRF and then mea sured for 100 s.
The light el e ments (Al and Si) were de ter mined us ing a he -
lium washer (flow 50 ml/min). Each sam ple was mea sured
four times, and the mean value was cal cu lated. The data re -
sults are re ported in Tab. 3 and Fig. 4.

RE SULTS

The re sults of the C-14 dat ing are pre sented in Table 2.

Subfossil cladoceran anal y sis

The subfossil Cladocera anal y sis was per formed us ing
the sed i ments from lakes Sol and Luna. The sam ples were
ana lysed in 1 cm in ter vals.
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Fig. 3. Di a gram of per cent age com po si tion and the to tal sum of Cladocera spec i mens in sed i ments of Lake Luna. * (dat ing, 3750±30 BP) –  
2 sigma cal i bra tion: (cal BP 4225 to 4200), (cal BP 4175 to 4170), (cal BP 4160 to 4070), (cal BP 4040 to 3990).

Ta ble 2
Ra dio car bon dat ing – cal i bra tion on ra dio car bon age to cal en dar years (Talma and Vogel, 1993)

Lake Ma te rial Lab. no.
Con ven tional 

14C BP(*)

Cal i brated Re sults (Prob a bil ity)

95 % 68%

Sol (Span ish -El
Sol) 

pol len 403149 4070±30
Cal BC 2835 to 2815 (Cal BP 4785 to 4765)
Cal BC 2675 to 2565 (Cal BP 4625 to 4515)
Cal BC 2535 to 2495 (Cal BP 4485 to 4445)

Cal BC 2830 to 2820 (Cal BP 4780 to 4770)
Cal BC 2650 to 2570 (Cal BP 4575 to 4520)
Cal BC 2510 to 2505 (Cal BP 4460 to 4455)

Luna (Span ish
-La Luna)

pol len 4031488 3750±30

Cal BC 2275 to 2250 (Cal BP 4225 to 4200)
Cal BC 2225 to 2220 (Cal BP 4175 to 4170)
Cal BC 2210 to 2120 (Cal BP 4160 to 4070)
Cal BC 2090 to 2040 (Cal BP 4040 to 3990)

Cal BC 2200 to 2135 (Cal BP 4150 to 4085)

*Mea sured 13C/12C ra tios (Sol: -20.2 ‰, Luna: -25.4 ‰) were cal cu lates rel a tive to the PDB-1 stan dard



Lake Sol

Nine teen sam ples of bot tom sed i ment (from depths be -
tween 88–70 cm) were ana lysed. Six Cladocera spe cies were
iden ti fied: Alona manueli, Alona sp., Iliocryptus nevadensis,
Chydorus cf. sphaericus, Daph nia longispina-group, and
Leydigia sp. The rel a tive abun dance di a gram and to tal Cla-
docera sum are shown in Fig. 2. The changes in the Cladocera 
spe cies com po si tion and the to tal Cladocera sum dis tin -
guished three phases, which were con firmed by the CONISS
anal y sis.

Phase I (89–82 cm) was char ac ter ized by a very low
Cladocera fre quency (be low 400 spec i mens/cm3). The re -
mains of three spe cies were pres ent in the sed i ments: Alona
manueli, Chydorus cf. sphaericus, and Iliocryptus nevaden-
sis. This phase was dom i nated by two en demic spe cies:
Alona manueli (60–85%), and Iliocryptus nevadensis (8–
40%). The re mains of Chydorus cf. sphaericus were only re -
corded in the depths be tween 85.5–82.5 cm, and their per -
cent age was very low (0–10%).

Phase II (82–74 cm) was char ac ter ized by the pres ence
of only two Cladocera spe cies: Alona manueli and Iliocryp-
tus nevadensis. Chydorus cf. sphaericus re mains were not re -
corded in this phase. The fre quency of Cladocera zoo plank -
ton was also low and did not ex ceed 800 spec i mens/cm3 sedi-
ments.

Phase III (74–70 cm) was char ac ter ized by the pres ence
of six Cladocera spe cies in the sed i ments. The re mains of
Daph nia longispina–group, Leydigia sp. and Alona sp. (head 
with three head pores) were re corded for the first time.
Chydorus cf. sphaericus was also pres ent. The fre quency of
Cladocera dur ing phase III sig nif i cantly in creased and was
re corded at a max i mum of  >7200 spec i mens per 1 cm3 of
sed i ments.

Lake Luna

A to tal of 36 bot tom sed i ment sam ples (layer depth:
128–93 cm) from Lake Luna were ana lysed. Seven Clado-
cera spe cies were iden ti fied: Alona manueli, Alonella pul-
chella, Iliocryptus nevadensis, Chydorus cf. sphaericus,
Eurycercus sp., Daph nia longispina-group, and Bosmina sp.
The rel a tive abun dance di a gram and to tal Cladocera sum are
pre sented in Fig. 3. The fre quency and spe cies com po si tion
dras ti cally changed over time and three Cladocera phases
were dis tin guished.

Phase I (128–123 cm) was char ac ter ized by the pres ence 
of three Cladocera spe cies: Alona manueli (50–100%), Chy-
dorus cf. sphaericus (0-25%), and the plank tonic spe cies
Bosmina sp. (0–50%). The re mains of Bosmina sp. were
pres ent only in the low est sed i ment layer (depth: 128–125
cm) of the stud ied core. The fre quen cies of all of the spec i -
mens were very low.

Phase II (123–103 cm), no Cladocera re mains were re -
corded. The sam ples had a min eral char ac ter with no Clado-
cera and other or ganic re mains de tected.

Phase III (103–93 cm) was char ac ter ized by the pres -
ence of six Cladocera spe cies. The dom i nant spe cies were
Alona manueli and Daph nia longispina–group. The new
spe cies that oc curred were Alonella pulchella and Euryce-
rcus sp. The to tal Cladocera sum grad u ally in creased, reach -

ing a value of  9,000 spec i mens/cm3 sed i ments in the top sam -
ple (93 cm).

Geo chem i cal anal y sis

The ana lysed sed i ment layer in Lake Luna (depth: 123–
103 cm, Cladocera phase II), had no traces of or ganic mat ter.
This layer was dis tin guished in two geo chem i cal units (Ia, Ib
and II) by a con sid er able in crease in the con cen tra tion of
chem i cal el e ments (con firmed by CONISS anal y sis), the ma -
jor el e ments (ti ta nium and iron), and trace el e ments (stron -
tium and yt trium, Tab. 3, Fig. 4).

Unit Ia

The trace el e ments, stron tium (Sr) and yt trium (Y), were
ob served at the max i mum con cen tra tions of 879.1 ppm and
52.7 ppm, re spec tively (depth – 122 cm). In this unit, the con -
cen tra tion of zir co nium ranged from 258 ppm to a max i mum
con cen tra tion of 372.0 ppm (depth of 118 cm). In unit Ia, the
low est con cen tra tion of ti ta nium was re corded (0.5%).

Unit Ib

The high est con cen tra tions of Si and Fe, amount ing to
13.0% and 11.3%, re spec tively, were re corded in sed i ment at 
a depth of 114 cm. At this depth, the max i mum con tri bu tion
of Al was also re corded (2.5%). In the case of ti ta nium, a dou -
ble in crease in the per cent age con tri bu tion was ob served at a
depth of 114 cm (~3%) and 106 cm (3.5%). 

Unit II

From the be gin ning of this unit (depth of 105 cm), there
were de creases in the con cen tra tions of most of the geo chem -
i cal el e ments.

DIS CUS SION

The study of the bot tom sed i ments of the two crater lakes 
(Sol and Luna) pro vided in sight into the con di tions of the
early ex is tence of the lakes. The lakes un doubt edly de vel -
oped as a re sult of the last erup tion of Vol cano Nevado de
Toluca. Ac cord ing to lit er a ture data, the erup tive se quence
cov ered a phreatomagmatic surge de posit dated at ~ 3.3 ka
BP (Macias et al., 1997; Capra et al., 2008). The de posit of the
last erup tion was de scribed as a dark grey col our, up to 1 m
thick, lithic rich, and with a lam i nated basal layer. This de posit
only oc curred in one place on the west ern flank of the vol cano.
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Ta ble 3
Con cen tra tions (% or ppm) of 8 geo chem i cal el e ments in

the sed i ments of the Lake Luna (layer from depth:
123–103 cm)

Al Si Ti Fe Sr Y Rb Zr

(%) (ppm)

Min i -
mum

0.0 8.1 0.5 3.6 597.3 41.5 50.4 258.9

Max i -
mum

2.5 13.0 3.6 11.3 879.1 52.7 84.1 372.0

Mean 1.5 10.6 1.5 6.8 766.5 48.9 69.3 327.9



The lac us trine sed i men ta tion in the “Toluca ba sin” was
greatly in flu enced by vol ca nic ac tiv ity (Ca bal lero et al.,
2001; Capra et al., 2008). Ash de pos its were also re corded
be low the bot tom of the lac us trine sed i ments from lakes Sol
and Luna. Their pres ence pre sum ably in di cated the pres ence
of the ashes of the last erup tion of Vol cano Nevado de
Toluca.

The pres ence of the en demic spe cies Alona manueli and
cos mo pol i tan spe cies Chydorus cf. sphaericus, as well as
very low to tal Cladocera abun dances, were re corded in the
old est sed i ment layer (3–7 cm thick ness) of both lakes, sug -
gest ing that the lakes were very poor in biogenic sub stances
at the be gin ning of their ex is tence (phase I). Both of the lakes
were likely ex tremely ultraoligotrophic at that time. Af ter
phase I, dras tic changes in the lakes eco sys tems oc curred. At
phase II, one spe cies, Alona manueli, dom i nated in Lake Sol
(depth: 82–74 cm) and reached as high as 90–100%, but the
num ber of Cladocera in di vid u als was very low. Dur ing phase 
II the sed i men ta tion of the layer (depth: 123–103 cm) at Lake
Luna, a com plete ab sence of cladoceran re mains was ob -
served. Both lay ers (phase II at Lake Luna and Lake Sol)
were pre sum ably the same age be cause af ter their de po si tion, 
the rapid de vel op ment of zoo plank ton oc curred (Figs 2, 3).
This sig nif i cant change (rapid Cladocera de vel op ment) was
marked as phase III and was doc u mented by the in crease in
both the num ber of spe cies and the fre quency of Cladocera
spec i mens. At that time in both lakes, new lit to ral spe cies ap -
peared (Alonella pulchella, Leydigia sp., Eurycercus sp., and
Alona sp.) as well as the plank tonic Daph nia longispina -
group. The to tal Cladocera abun dances sig nif i cantly in -
creased and reached al most 10,000 in di vid u als per 1 cm3 of
sed i ment. Such changes in the struc ture of zoo plank ton sug -
gested an im por tant tran si tion in the lakes’ en vi ron ment.
These changes were likely re lated to con sid er able cli mate
change and an ap pear ance of fa vour able edaphic con di tions
for zoo plank ton. The pe riod pre ced ing the ex pan sion of
Cladocera (phase II) was pre sum ably more se vere and dry,
and the wa ter level in the lakes was prob a bly lower. The cli -
mate con di tion dur ing phase II was sug gested by both the
very low fre quency of Cladocera fauna in Lake Sol and the
pres ence of a vol ca nic ash layer in the de posit of Lake Luna.

In Lake Luna, the con tents of the chem i cal el e ments in the
de pos its ev i dently changed (Tab. 3, Fig. 4). A con sid er able
in crease in the con tri bu tions of chem i cal el e ments, such as
Si,  Fe and Ti were re corded in this sed i ment layer from Lake
Luna. The re sults of the geo chem i cal anal y sis, par tic u larly
those of Fe and Ti, sug gested sub stan tial sup ply of ma te rial
from the catch ment of the lake. The mean val ues ob tained for
the el e ments in the layer depth of 103–123 cm were con sid er -
ably in creased and may con firm the vol ca nic or i gin of the
sed i ment (Ortega-Guerrero and New ton, 1998; Weitz et al.,
1999; Gar cia-Palomo et al., 2002; White et al., 2004). The
Ombligo dome likely con tained the un con sol i dated ma te rial
on its sur face that was de pos ited by the last small phreato-
mag matic ex plo sion (Capra, et al., 2008). This un con sol i -
dated ma te rial slid down the slope and was de pos ited as a
min eral layer in Lake Luna. A sim i lar pro cess was ob served
by Dean et al., (2004), who stud ied the sed i ments de pos ited
in two bas ins in the cen tral Gulf of Cal i for nia. The au thors
interpreted the high con cen tra tion of Ti, Mn, and Fe in the sed -
i ment sam ples as mafic vol ca nic de bris from the Si erra Madre.

The C-14 dat ing of the de pos ited pol len (from a depth of
129 cm in Lake Luna and from a depth of 89 cm in Lake Sol)
right above the vol ca nic ash showed dates of 4040 to 3990 cal 
BP for Lake Luna and 4485 to 4445 cal BP for Lake Sol. The
ob tained ages were older by ca. 600–1000 years com pared to
the date of the last erup tion, es ti mated at 3.3 ka yr BP (Macias
et al., 1997; Gar cia-Palomo et al., 2002; Capra et al., 2008).
This prob lem was ob served in many lakes in the Mex i can
high land and might be a re sult of vol ca nic ac tiv ity. How ever,
it should also be con sid ered that the date of the last erup tion
of the vol cano might be im pre cise, es pe cially the datings
based on char coal de pos its. The C-14 age of char coal from
the ashes of the last erup tion of Vol cano Nevado de Toluca
was es ti mated to be from 4300 to 3000 years ago, ac cord ing
to Gracia-Palomo et al., (2002). Ir re spec tive of the pre ci sion
of the datings, the his tory of the de vel op ment of the stud ied
lakes was cer tainly closely re lated to the ac tiv ity of Vol cano
Nevado de Toluca.

None the less, this study dem on strated that de spite the
close prox im ity of both lakes, their eco log i cal de vel op ment
was some what dif fer ent. These dif fer ences were likely de ter -
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Fig. 4. Con tent of se lected chem i cal el e ments in sed i ments of the Lake Luna (layer from depth: 123–103 cm).



mined by the pres ence of the Ombligo dome, which de vel -
oped just af ter the Up per Toluca Pum ice (UTP) erup tion. The 
Ombligo dome is lo cated in the cen tre of the crater and sep a -
rates both lake bas ins. Ac cord ing to Capra et al., (2008), the
ma jor ity of the block and ash flow de pos its re corded in the
crater of the vol cano were prob a bly gen er ated by dis crete
col lapses of the cen tral dome. The lac us trine min eral layer
iden ti fied in Lake Luna (depth: 123–103 cm) had no traces of 
or ganic el e ments, and this layer likely orig i nated from the
slid down of ma te rial from the west ern part of the Ombligo
dome.

It is un cer tain whether the vol ca nic ma te rial de pos ited in
Lake Luna was a re sult of a sin gle ep i sode of the run off of a
20 cm sed i ment layer, or if this layer was de pos ited grad u ally
as a re sult of dry strong winds. It was more likely that the vol -
ca nic ma te rial (with no el e ments of or ganic mat ter) was the
re sult of a sin gle ep i sode. There was a high prob a bil ity that
slid ing sed i ment could have re moved or dis turbed the limnic
sed i men ta tion. How ever, this sed i ment layer could have
been cre ated as an ef fect of dry strong winds. The ex is tence
of a cli mate drier than the cur rent cli mate in Cen tral Mex ico
dur ing the pe ri ods of 3700-3300 yr BP, 2950 yr BP, and 2700 
yr BP was sug gested by a num ber of stud ies, in clud ing
Metcalfe et al., (2000), Park et al., (2010), and Wan ner et al.,
(2008). 

CON CLU SION

The re sults, dis cus sion, and men tioned prob lems pre -
sented above in di cate the dif fi cul ties in the paleo-in ter pre ta -
tion and re con struc tion of the vol cano crater lakes. This
study will be con tin ued, and the pre sented ma te rial will be
sup ple mented by new pre cise dat ing of the lac us trine sed i -
ments, which will aid in de ter min ing the cor rect dat ing de -
spite cur rent con flicts in the lit er a ture dates. Nev er the less,
the re sults aid ing in form ing the fol low ing con clu sions:

1. The spe cies com po si tion of Cladocera was un usual
and likely doc u mented the tropic sta tus of the cold, oligo-
trophic, iso lated and high-al ti tude lakes (with en demic forms).

2. Dur ing the ini tial de vel op ment pe riod, the lakes were
likely ultraoligotrophic, with a low wa ter level and a very low 
fre quency of Cladocera.

3. Dur ing the time and de vel op ment of the catch ment
area, the lakes were en riched with nu tri ents and thus achieved
better con di tions for the de vel op ment of zoo plank ton.

4. Changes in the as sem blages of Cladocera were re -
lated to cli mate changes (wa ter tem per a ture, trophic sta tus
and/or pH).

5. Lake Sol and Lake Luna were cre ated af ter the last
erup tion of Vol cano Nevado de Toluca.

6. The ob tained ages from AMS C-14 dat ing were dif -
fer ent from the dates of the last erup tion, which oc curred ca.
3.3 ka yr BP.
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