Chapter 5. Palynology

5.1. Materials and methods

Spanning the entire sedimentary succession of dp@Ztlan Formation, samples were taken
both north and south of the type locality (Tepaztl&8.59°N, 99.05°W, 1717 m) in the SA1
and 2 and the TEP sections.

For palynological analyses 38 samples of 150 g @aarle investigated, representing various
lithologies of volcaniclastics of which 23 samptesned out to be barren. The best results
were attained from the fine-sandy layers of tuféate sandstone, very fine-grained clayey
layers on top of ignimbrites (co-ignimbrite ashwdo deposits) that were affected by
weathering processes, the fine-grained matrix bérs and clayey to silty, thinly-bedded
layers on top of lahars or fluvial deposits (waniihgw deposits; Tab. 8). For the final
analysis 15 samples from 1639 m to 2266 m werentakerregular intervals depending on
lithology (Fig. 41).

All samples were processed following the standaati/rwlogical processing techniques,
which include the treatment with HCI (33%), HF (78%nd heavy liquid separation with
ZnCl, solution. All samples were centrifuged and washét distilled water after each step.
The residue was cleaned by sieving using an 11 pgshmFor strew mounts Eukitt, a
commercial mounting medium on the base of resirs, wged. All samples, residues and slides
are stored in the Institute of Applied Geoscienaethe Technische Universitat Darmstadt,
Germany.

Table 8: Elevation, lithology and age of the sarapéken for palynological analysis.

Stratigraphic Elevation above sea Sample Lithology Age
Section level No.
2266 m 15 Debris flow deposit (lahar)| 19.0 — 18.8
Ma
2076 m 14 Debris flow deposit (lahar)| 20.1 - 19.0
Ma
1906.7 m 13 Tuffaceous sandstone
(fluvial)
1904.7 m 12 Tuffaceous sandstone
(fluvial)
1904.3 m 11 Tuffaceous sandstone 21.3-20.9
(fluvial) Ma
1904 m 10 Tuffaceous sandstone
Tepozteco (fluvial)
1903.2 m 9 Tuffaceous sandstone
(fluvial)
1881.5m 8 Tuffaceous sandstone
(fluvial) 21.8-21.3
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1881 m 7 Tuffaceous sandstone Ma
(fluvial)
1848 m 6 Debris-flow deposit (lahar)
1843 m 5 Tuff (pyroclastic flow 21.9-218
deposit) Ma
1820.5 m 4 Tuff (pyroclastic flow 222-219
deposit) Ma
1734.5m 3 Debris-flow deposit (lahar)| 22.6 — 22.5
San Andrés Ma
1639.7 m 2 Tuffaceous sandstone
(fluvial) 22.8-22.6
1639 m 1 Tuffaceous sandstone Ma
(fluvial)

The amount of palynomorphs is low within the sama@tidied, which is due to the sediment
types. The counting is based on max. 100 polleingrand spores per slide. About 53

individual palynomorphs (pollen and spores, see Babvere identified and counted at 400x
magnification. The identification of palynomorplshased on the works of Heusser (1971,
1977), Markgraf and D’Antoni (1978), Thiele-Pfeiff¢1980), Wingenroth and Heusser

(1983), Mohr (1984), Roubik and Moreno (1991) aretrkhann (2007). The samples reveal a
well preserved and diverse pollen and spore assg@bl

Two Tilia diagrams of the San Andrés and the Tegmzisection were constructed from the
palynological data. The results are analysed atedgreted to infer their palaeoenvironmental
implications.

In addition, the 53 pollen and spore taxa are usedeconstruct the climate with the
coexistence approach (Mosbrugger and Utescher,)198i& method is applied in two steps.
The first step includes that for all taxa the nstl@ing relatives and their climatic tolerances
have to be determined with respect to certain ¢knmmarameters. In the second step, the
interval within which all nearest living relatives the fossil flora can coexist is calculated for
these climate parameters (cf. Mosbrugger and UgescD97). The coexistence interval
represents a reasonable estimator of the pasttelimavhich the fossil flora was able to exist.
The following climatic parameters are consideredATV— mean annual temperature (°C);
TCM — mean temperature of the coldest month (°GNM — mean temperature of the
warmest month (°C); and MAP — mean annual predipitgmm).
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Figure 41.Schematic section of the Tepoztlan Formation tcstheh and the north to Tepoztl&hpwing the
sample horizons and their lithologies.
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5.2. Results

The Tepoztlan palynoflora is predominantly compos#d 38 angiosperm and seven
gymnosperm pollen taxa. Additionally, eight pteptgte and bryophyte spore taxa occur,
showing low abundance (see Tab. 9). The taxa camss@ned to the following plant
communities: riparian forest, deciduous forest amced coniferous-broadleaved forest.
Cosmopolitan taxa can exist in all of these plamhmunities. The only exception is Palmae,
existing in subtropical to tropical arid areas.

Table 9: List of pollen and spore taxa and theiregponding plant communities

Palynomorphs Recent plant Plant community/ vegetabin unit
Pteridophyta / Bryophyta
Pteridophytasp. Dennstaedtiaceae Riparian/ deciduous forest

Sporopollenitesp. 1
Sporopollenitesp. 2

Verrucingulatisporitesp.

Retitriletessp.
cf. Stereisporitesp.

Perinomonoletesp.
Laevigatosporitesp.
Inaperturopollenitesp.1
Pinuspollenitesp. 1-5
cf. Cedripitessp
Inaperturopollenitesp.2
cf. Piceapollissp

Abiespollenitesp.

Ephedripitessp.

Cyperaceaepollisp.
Graminiditessp.
Monocolpopollenitesp.

Trivestibulopollenites betuloides

Momipitessp.

Triporopollenitessp. 1
Triporopollenitessp. 2

Carpiniditessp.

Periporopollenitesp. 1

cf. Dennstaedtia sp.
Indet
indet 2
Pteridaceae
Lycopodiaceae

Lycopodiumsp.
Sphagnaceae

cf. Sphagnunsp.
Polypodiaceae

cf. Blechnurrsp.

cf. Aspleniurrsp.
Thelypteridaceae

Gymnosperms
Cupressaceae
Pinaceae

Pinussp.
Pinaceae
Cedrussp.
Taxodiaceae
cf. Sequoia sp.
Pinaceae
Piceasp.
Pinacaceae
Abiessp.
Ephedraceae
Ephedrasp.

Angiosperms
Cyperaceae
Poaceae
Liliaceae

Betulaceae

Betulasp.
Juglandaceae

Engelhardiasp.
indet 1
Apocyanaceae

cf. Prestoriasp.
Betulaceae

Carpinussp. (Carpinus cf.
tropicalissubsp Mexicana)

indet 2

Cosmopolitan
Deciduous forest

Wetland/ Riparian/ deciduous
forest
Deciduous forest

Wetland/ Riparian forest

Deciduous forest
Coniferous/Mixed coniferous-
broadleaved forest
Deciduous forest

Riparian forest

Mixed coniferous-broadleaved
forest

Coniferous/Mixed coniferous-
broadleaved forest
Cosmopolitan

Riparian forest
Cosmopolitan
Wetland/ riparian forest
Riparian forest

Deciduous forest

Riparian forest

Deciduous forest
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Alnipollenites verus
Chenopodipollisp. 1+2
Periporopollenitesp. 2

Tricolpopollenitessp. 1
Quercoiditessp. 1

Tricolpopollenitessp. 2
cf. llexpollenitessp.

Tricolpopollenitessp. 3
Tricolpopollenitessp. 4

Quercoiditessp. 2
Quercoiditessp. 3
Tricolporopollenitessp. 1

Tricolporopollenitessp. 2
Tricolporopollenitessp. 3+4

Tricolporopollenitessp. 5
Compositoipollenitesp. 1
Chenopodipollisp. 3

Polyporopollenites undulosus

Tricolporopollenitessp. 5
Caryapollenitessp.

Tetracolporopollenitesp. 1
Tricolporopollenitessp. 6
Intratriporopollenitessp

Artemisiapollenitesp.

Monocolpopollenitesp. 2
Periporopollenitesp. 3
Tricolporopollenitessp. 3
Tricolporopollenitessp. 6
Faguspollenitesp.

Betulaceae
Alnussp.
Amaranthaceae
cf.Iresinesp 1+2
Plantaginaceae
cf. Plantagasp.
cf. Brassicaceae
Fagaceae
Quercussp. 1
indet 3
Aquifoliaceae
cf. llexsp.
indet 4
cf. Brassicaceae,
cf. Oleaceae
Fagaceae
Quercussp.2
Fagaceae
Quercussp.3
Fagaceae
Castaneap.
indet 5
Rutaceae 1+2
cf. Zanthaxylorsp.1+2
indet 6
Compositae 1
Chenopodiaceae
Chenopodiunsp.
Ulmaceae
Ulmuscf. mexicana
indet 7
Juglandaceae
Caryasp.
indet 8
indet 9
Tiliaceae

Tilia sp. (T. americana

var.mexicand
Compositae
Artemisia sp.
Palmae
indet 10
indet 11
indet 12
Fagaceae
Fagussp.

Riparian forest
Cosmopolitan
Cosmopolitan/ wetland

Cosmopolitan
Deciduous forest

Deciduous forest

Cosmopolitan
Deciduous forest
Deciduous forest

Deciduous forest

Cosmopolitan

Cosmopolitan
Cosmopolitan

Deciduous forest

Riparian forest

Deciduous forest

Cosmopolitan

Subtropical/ tropical

Deciduous forest

5.2.1. Zoning of samples

Two Tilia diagrams document the palynomorphs of @ Andrés and Tepozteco sections
(Figs. 42 and 43) and illustrate the changes ifepand spore content within the Tepoztlan
area. Pollen and spores are shown in percentalfg¢otn (pollen + spores), charcoal particles
are shown in their absolute numbers within a samsjiie. The diagrams were divided into
six zones with eight sub-zones, described belowaaadased on variations in the abundance
of the dominant microflora taxa as well as thetgraphical order in which samples have
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been taken. Furthermore, zones and sub-zones an@&coérised by their affiliation to a certain
plant community or vegetation unit.

San Andrés section

Zone A: 22.8 - 21.9 Ma

Sub Zone Al (strat. level: 1639.0 - 1639.7 m; &38-22.6 Ma)

This subzone is characterised by a dominance dRufaceae, Poaceae aRohus (>10%).
Betulg Compositae sp.Cupressaceae/ Taxodiaceae, CyperaceaeAang are common
constituents, making up 4.3 — 8.5% of the totalteohof pollen and spore€arya cf.
Cruciferae, Chenopodiacea€astanea cf. Iresing cf. Prestoria and Quercusare minor
elements (< 2%). Charcoal particles reach a nunobet56 particles per slide (p/s) on
average.

Sub Zone A2 (strat. level: 1734.5- 1820.5 m; ag@e621.9 Ma)

This subzone is characterised by a dominance otd2ea Cyperacea8etulg Alnus and
Pinus (>10%). Cupressaceae/ Taxodiacelaka, Compositae spandCarpinusare common
constituents, making up 2.9-6.3% of the total conht& pollen and spores. Cf. Cruciferae,
Quercusand cf. Rutaceae are minor elements (< 2%). Chbpaoticles reach a number of 46
(p/s) in average.

Zone B: 21.9-21.8 Ma

Zone B (strat. level: 1843 m; age: 21.9-21.8 Ma)

This zone is represented by only one sample actidsacterised by a dominanceBxtula
QuercusandPinus (>10%). Alnus makes up 3.6% of the total contdnpallen and spores.
No minor elements occurred. Charcoal particleshr@acumber of 110 (p/s).

Zone C: 21.9-21.8 Ma

Zone C (strat. level: 1848 m; age: 21.9-21.8 Ma)

This zone, represented by only one sample, is ctearsed by the dominance Gbmpositae

sp, Betula QuercusandAlnus (>10%). Pinug Poaceae and Cupressaceae/ Taxodiaceae are
common constituents, making up 2.5-9.3% of thel tov&atent of pollen and sporesilia,

CyperaceaeCarpinus Castanaea Carya TaxodiaceaeArtemisia and Fagus are minor
elements (< 2%). Charcoal particles reach a numb®20 (p/s) on average.
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Figure 42. Tilia diagram, showing the percentaggsatynomorphs within the San Andrés sections Sd 2A2.
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Summary of palynological data of the San Andrésmec

The San Andrés section represents 1.5 Ma of depogi22.8 - 21.3 Ma). The base of the
section (Sub Zone Al) is characterised by the psef Pinus Cupressacead;arya,
Rutaceae, Cyperaceae, Poac@&stula Alnus and Compositaesp. The percentage &finus
within the samples is relatively constant throughte section. However, Cupressaceae show
an increase in content through A1 and A2 and aesudécline to zero percent in Zone B, and
a re-appearance in Zone C with 2.5@arya appears only once in the lower part of the
section (Al) and then again at the top of the erdih Zone C. Rutaceae show an increase
over Sub Zone Al and a decrease in A2. In sampdes younger strata Rutaceae are absent.
Cyperaceae are increasing from the basis of thitoeeioto A2, then they decrease and are
completely absent in B. However, they are foundiraga Zone C. Poaceae behave in a
similar way throughout the section. They also iaseein A1 and A2, are absent in B and then
reappear in Zone C. With a slight setback in A2dbver all increase from Al to Betula
shows its highest content in B. Similar to thedataxa isAlnus Showing an increasing trend
over A1 and A2 it is weak but still present in Bdainom there show an increase to C. In
contrast,Compositae spshows an increase over Al and A2 but is compleiblsent in B.
However, it reoccurs in Zone C. The first appeaganicTilia andCarpinustakes place in A2
where they show a slight increase over this sulezém B Tilia and Carpinus are absent
before they again appear in Zone Quercusalso had its first appearance in A2 but is
characterised by a steady increase over A2 andZdne C. FinallyArtemisiaandFagusall
have their first appearance in Zone C. The sumyofrpsperms and angiosperms also shows
some changes throughout the section. Percentagpsmofosperm pollen taxa range between
10.9-20.7%, angiosperms between 73.9 - 82.8%. &dgtencrease in sum of tree pollen from
Sub Zone Al to Zone B can be noticed while, in st there is a steady decrease in sum of
herb pollen within the same Sub Zones. BeginnimgnfiZone C this process is reversed
again, showing an increase in herb pollen andghtstiecrease in tree pollen. The content of
charcoal is increasing through Zone Al, and theswsha sudden break with much lower
values before it is steadily increasing from Zor2td C, again. Charcoal particles in Zones
Al and C (10 particles each) were measured angsethl The mean length in Zone Al is
42.5um, the mean width 19m (ratio 2.29) while the mean area is 866°. In Zone C the
mean length of the charcoal particles ig#3 the mean width 21.4m (ratio 1.96) while the
mean area is 100@m?. The charcoal particles within the samples aré& aown to black in
colour, sometimes with a brownish margin. A suceestrend in the pollen content of the
sample slides can be clearly noticed and is cheraet by the initiation and absence of
certain pollen and spore taxa within time as showthe Tilia diagram (Fig. 42). This trend is
reflected by a successive change of vegetatiors,ufidm riparian forest vegetation (Zone
Al) to deciduous forest elements (Zone A2). Bodmadnts dominate until Zone C.
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Tepozteco section

Zone D marks the beginning of the Tepozteco sechue to low thicknesses of single strata
samples were taken in relatively small intervalghe lower part of the section. Clusters of
samples, taken in close spatial intervals have lggeaped together (Zone D and E). With
increasing thicknesses of single strata up to I@seters in the case of debris flow deposits
and decreasing accessibility of the outcrops osly $amples could be taken (Zone F).

Zone D: 21.8 - 21.3 Ma

Zone D (strat. level: 1881.0-1881.5 m; age: 21.82Ma)

This zone is characterised by a dominancRinfisand Poaceae (>10%lilia, Cupressaceae/
TaxodiaceaeBetula and Cyperaceae are common constituents, making 1.3% of the
total content of pollen and spor@dgnus Taxodiaceae, cPrestorig Carpinus cf. Cruciferae,
Compositae spCedrusandArtemisiaare minor elements (< 2%). Charcoal particleshesac
number of 12 particles on average.

Zone E: 21.3 - 20.9 Ma

Sub Zone E1 (strat. level: 1903.2-1906.7 m; age3-20.9 Ma)

This subzone is characterised by a dominanc8ettila Cyperaceae anBinus (>10%).
Quercus CastaneaAlnus Cupressaceae/ Taxodiace@ia, Poaceae andompositae spare
common constituents, making up 2.1-8.0% % of thal toontent of pollen and spores.
Carpinus cf. Cruciferae, cfPrestoriaandllex are minor elements (< 2%). Charcoal particles
reach a number of 120 (p/s) on average.

Sub Zone E2 (strat. level: 1904.3-1906.7 m; age3-20.9 Ma)

This subzone is characterised by a dominanc8attila Alnus Cyperaceae and Poaceae
(>10%). Pinus Quercus Tilia, Compositae spcf. Cruciferae and cf. Rutaceae are common
constituents, making up 2.1-9.6% of the total contef pollen and sporesCarpinus
Cupressaceae/ Taxodiaceae and Chenopodiaceae aoe edements (< 2%). Charcoal
particles reach a number of 120 (p/s) on average.

Zone F: 20.1 — 18.8 Ma

Zone F (strat. level: 2076.5- 2266 m; age: 20.B1\8a)

This zone is characterised by a dominanc®iois and Quercus(>10%). Poacead3etula
Artemisig Tilia andAlnusare common constituents, making up 4.0-8.1% otdked content
of pollen and sporeLarpinus Cyperaceae, cf. RutacedgastaneaPiceaand Compositae
sp.are minor elements (< 2%). Charcoal particleshr@anumber of 351 (p/s) on average.
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Figure 43. Tilia diagram, showing the percentaggsatynomorphs within the Tepozteco section TEP.
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Summary of palynological data of the Tepoztecamect

The Tepozteco section represents 3 Ma of depogizibi8 - 18.8 Ma). The base of the section
(Zone D) is characterised by the presencd’iolus Cupressaceae, Poaceddia, Betulg
CyperaceaeAlnus Carpinus Compositaesp. andArtemisia Pinus appearing in all samples,
is characterised by a decrease from D to E2 (1909%,3and followed by an increase to F.
Cupressaceae are steadily decreasing to E2 fromeadehey are absent in the following
samples. Poaceae are present in all samples besmesat 1903.2 mwith changing
percentages and an increasing trend in each sudb 4ast as PoacedgElia is present in all
samples except at 1904 m. An increase in D canolieed, followed by a decrease in E1
which in turn is followed by an increase in E2 dndagain.Betulais present in all samples
except at 1881.5 m, thus showing a decrease in Don&fter a reoccurrence in E1 and a
decrease through this zometulapercentages are relatively steady throughout EZiaatly
increase again in Zone F. Cyperaceae are not pgras#881.5 m in D. They are characterised
by relatively high values at the base of each sutezand a decrease to the top of each zone.
Castaneahas its first appearance in E1. It is absent inaB@ can only be found within the
last sample at top of F, agaiilnusis present with a very small percentage at the ba#\,
then is absent at 1881.5 m. The steady values iohafige to a decreasing trend through E2
and F until it finally fails to appear again at toiF.

Carpinusis characterised by more or less steady valuesdl isamples except one taken at
1881.5 m.Compositaesp. appears at base of D, then is absent at 1885h/8d 1903.2 m but
reoccurs at the top of E1. From an increasing tterte can be noticed which is ended by an
absence until F from where another decrease caadeQuercusis absent at the top of Zone
D, then reappears at 1904 m in E1, showing an aseraintil 2076.5 m in F from where
another decrease can be noticdenopodiunsp. appears only at 1904.3 m in E2. Rutaceae
also have their first appearance in E2. From tlieeg are characterised by relatively steady
values.Artemisia finally only occurs in Zone F. The sum and ratfoggymnosperms and
angiosperms also shows some changes throughosetti®n. Percentages of gymnosperm
pollen taxa range between 5.8 - 38.1%, angiospéehseen 61.9 - 94.1%. The two pollen
types show converse trends with a decrease fromB2} followed by an increase to F in the
case of gymnosperms. In contrast, angiosperms simoimcrease from Zone D to E2 and a
decrease from E2 to Zone F. A similar trend of gpg sine curves is shown by the
appearance of tree and herb taxa. The contentan€adl is steady increasing from Zone D to
F. This is a sign for an increase in fires withire tstudy area, caused by volcanic activity.
Charcoal particles in Zone F (10 particles) werasoeed and analysed. The mean length pf
the particles is 3gm, the mean width 19,2m (ratio 1.67) while the mean area is 677n5".
Comparable to the San Andrés section, the chamadicles within the samples are dark
brown to black in colour, sometimes with a brownmsargin. Although sub zones E1 and E2
encompass less time as the samples have beenitaledatively short stratigraphic intervals
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(even not as distinctive as in the San Andrés exta successive trend in the pollen content
of sample slides can also be noticed within theoktgro section (Fig. 43). The different
successive vegetation units within this section described as follows: Zone D is
characterised by a change from deciduous and aip&oi a single deciduous forest whereas in
Zone E1 deciduous and riparian elements re-appgather. This does not change in Zone
E2 although riparian elements clearly dominatehi lower two samples before deciduous
taxa prevail again through Zone F.

4.2.2. Climate analysis

Quantitative palaeoclimatic results derived frome t&A based on the palynological
assemblages are presented here. The palaeoclidadticare shown in Figs. 44 — 45 where
they are approximately plotted next to the magnedtigraphic time-scale. In this study,
intervals for MAT (mean annual temperature), TCMn{perature of the coldest month),
TWM (temperature of the warmest month), MAP (meamual precipitation), PWaM
(precipitation of the warmest month), PDM (pre@gon of the driest month) and PWeM
(precipitation of the wettest month) are calculatddhe climate curves are tentatively
interpolated, using the means of the coexistenvials as suggested by Mosbrugger et al.
(2005).

San Andrés section

The MAT of the San Andrés section (Fig. 44) rangeMeen 6.7 and 16.4°C, in contrast to
contemporary 20°C. Between 22.75 and 21.86 Ma vieen@ cooling from 16.4 — 6.7°C,
whereas there is an increasing trend in temperdiateeen 21.86 and 21.77 Ma (6.7 —
16.4°C). These trends can also be noticed in thd a6d TWM curves (Fig.44a).

In general, the climate parameters of the San Andeé&tion (22.75 - 21.32 Ma) show up to
10°C lower MAT values than what is measured nowadaythis area. This is due to lower
temperatures during the winter season (TCM). Howeeempared to recent times, the
temperatures of the summer (TWM) are often everhdrigColder winters and warmer
summers compared to modern temperatures suggésinges seasonality during the Lower
Miocene. With ca. 1200 mm the annual rainfall cllted for the San Andrés section is
almost twice as much as it is today (Fig. 44b). Mafsthe annual precipitation falls during
the warm summer months suggesting that the rairdaltiggered by monsoonal activity,
defined by hot and rainy summers and relativelywlinters as it can be seen in the climate
diagrams (Fig. 44c). The classification accordimghie Képpen-Geiger system (Tab. 10; Peel
et al., 2007) shows that temperate and cold clismatgh dry winters and hot or warm
summers are alternating, whereas the temperatatelinare generally dominating (Tab. 11).

106



‘T > |Magnetic|
=3 B’ Polarity |®
E| £ [3 < a)
= = 2|Chron
L - I‘ 5 o0 15" 20° 250 -20°-10° 0° 10° 20° ° 10° 15° 20° 25°
21.32 .|.|.|.|.|.I.|.|.|.|.I.|.|.|.|9.|.|.|.|.I.|.|.|.',I.|.|.|.|.|. . :
e - ‘ 6Ar MAT oM © Twm Képpen-climates|
3 = , u Cwa
== Bl6AAn = =
21.86 . i . Dwb
B B6AAr.1r : . §
22.15 - e E— EE— —/—
; BAAL1| £ . .
AAr.2 .g Dwa
g B S : :
6AAr.3r| T N .
22,59 < I - —_—
6Bn.1n ; . i
' ! : Cwa
R - P —_
2275 ' ! !
© > |Magnetic|
=3 8 | Polarity |0
g E ) 327 b)
= = |2|Chron
= - |z 500 1000 1500 2000 2500 5|0 1(1)0 11130
21.32 - " . ww e vulaawio g wwl v, P———
r
21.77 = : MAP [mm] PWaM [mm] v
6AAN
21.86 . Dwb
| BAAr.1r '
22.15 :
BAALTH £ .
AA .g : Dwa
2% R :
6AAr.3r| T .
22.59 <
6Bn.1n .
: Cwa
22.75 '
‘T > |Magnetic|
= 5’ Polarity o
o <] -
= £ E‘Chron < PDM [mm] PWeM [mm] c)
L = T 5|0 1(|)0 50 100 150 200 250 300 350
2132 B EE— EE— Kdppen-climates
[ ] 6Ar
21.77 = Cwa
= 6AAN
21.86 | Dwb
B B6AAr.1r
201528 —_—
== W6rArin g
— AA| .g Dwa
g% R
6AAr.3r| T
22,59 < —_
6Bn.1n
Cwa
22.75

Coexistence Interval

Coexistence Interval mean
contemporary value

(Meteorological station Cuernavaca)
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Table 10: Description of Koppen climate symbols defining criteria (Peel et al., 2007).

1% 2nd 3rd  Description Criteria
C Temperate e 10 &0 < Tepq< 18
S - dry summer &y< 40 & Pugry< Puwed3
w - dry winter Rary < Pswe{10
f - without dry season Not (Cs) or (Cw)
a - hot summer nhe> 22
b - warm summer Not (a) &mbnic> 4
c - cold summer Not (a or b) &4 Tyon10< 4
D Cold Thot> 10 & Teo<0
S - dry summer &y< 40 & Pogry< Pywed3
w - warm summer Ry < Pswe{10
f - without dry season Not (Ds) or (Dw)
a - hot summer nht> 22
b - warm summer Not (a) &mbnic> 4
c - cold summer Not (a, b or d)
d - very cold summer Not (a or b) &.k< -38

Thot = temperature of the hottest month, = temperature of the coldest month,,Jio = humber of months
where the temperature is above 1Q,,P precipitation of the driest month in summeyq = precipitation of
the driest month in winter, R = precipitation of the wettest month in summey,P= precipitation of the
wettest month in winter

Table 11: Calculated climate parameters for the Aagrés and Tepozteco section together
with the contemporary values measured by the malegical weatherstation in Cuernavaca.
The Kdppen-Geiger classification of the climates warried out after Peel et al. (2007).

Location Elevation MAT TCM TWM MAP PWaM PDM  PWeM  Koppen-
[m.a.s.l] [°C] [°C] [°C] [mm] [mm] [mm]  [mm] Geiger
classification
Tepozteco 2266 12,95 -0,8 24,15 13515 925 29 186,5 Dwa
Tepozteco 2076.5 15,2 5,85 25,15 1165 99,5 31,5 196,5 Cwa
Tepozteco 1906.7 1295 -0,8 24,15 13615 92,5 29 186,5 Dwa
Tepozteco 1904.7 11,65 -2,2 23,85 11655 108,5 32 152 Dwa
Tepozteco 1904.3 1295 -0,8 21,65 1079,5 925 44 199,5 Dwa
Tepozteco 1904 14,45 58 23,95 1600 92,5 30 224 Dwb
Tepozteco 1903.2 14,75 47 24,85 1165 108,5 32 153 Dwb
Tepozteco 1881.5 11,65 -2,2 21,55 11655 120 39,5 152 Cwa
Tepozteco 1881 15 6,1 24,15 871 92,5 22 152,5 Cwa
San Andrés 1848 16,45 6,4 25,15 1165 92,5 29 210 Cwa
San Andrés 1843 6,7 -2,85 20,35 133455 925 69 188 Dwb
San Andrés 1820.5 1295 -0,8 24,15 13615 92,5 29 186,5 Dwa
San Andrés 17345 1295 -0,8 24,15 13615 92,5 29 186,5 Dwa
San Andrés 1639.7 16,45 6,4 25,15 1165 92,5 45,5 2115 Cwa
San Andrés 1639 16,45 6,4 25,15 1098,5 108,5 39 2115 Cwa
Cuernavaca 1628 20.0 19.3 24.0 770 n.d. n.d. n.d. Cwb

Cwa, Cwb, Dwa, Dwb (description in Table 2), nrib @lata available)

Tepozteco section

The MAT of the Tepozteco section (Fig. 45a) rangetsveen 11.6 and 15.2°C. Due to close
intervals of sampling, more changes in MAT can btced at the base of the section (21.77 -
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20.99 Ma), ranging from 11.6 — 15.0°C. Until 20M3, an increase in MAT to 15.2°C can be
noticed, followed by a decrease to 12.9°C until78Ma. As in the San Andrés section
before, a stronger seasonality compared to reaardittons can be seen, also showing lower
temperatures in the cold season and higher tempesan the warm season.

The annual rainfall was similar to the values ie 8an Andrés section before (Fig. 45b). The
MAP ranged from 871 — 1600 mm (mean 1213 mm). Ashin San Andrés section, the
highest rates of rainfall are also noticed durimgwarm summer months, suggesting a strong
influence of the monsoon (Fig. 45c). The classiitca according to the Kodppen-Geiger
system shows that temperate and cold climatesdmthvinters and hot or warm summers are
alternating. The dominating climate is the tempe@te with preferential hot summers (Tab.
11).
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Figure 45. Climate diagrams of the Tepozteco sedimwinga) MAT, TCM, TWM; b) MAP, PwaM; c) PDM,
PWeM and the Kdppen climate classification.
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5.3. Discussion

Palaeoenvironmental implications

The entire succession records various stages olveeg of vegetation related to a wide
variety of disturbance factors and mechanisms.igutihe whole period of deposition of the
Tepoztlan Formation, mixed mesophytic forests apgeahave been widespread in the
lowlands along streams and mid-altitude uplandsosading the valley. Pollen assemblages
were repeatedly reset by volcanic eruptions or thetondary effects (lahars) to more limited
assemblages with gradual recoveries to the ingiages before the eruption. This is in
accordance with similar floras and recovery stajes volcanic eruptions that are described
in lahar dammed (MacGinitie, 1953; Meyer, 2003) aadbera lakes (Wolfe and Schorn,
1989; Graham, 1963) from North America.

Palynomorph assemblages of most samples analysed fw streamside assemblages
bordered by moist volcanic highlands and patchegragsland. Forest elements can be
divided into a deciduous vegetation on hillsloped aparian vegetation along rivers. Species
of PinusandQuercusdominated in the hillslope forests, accompaniedlmysandCarpinus
The inferred palaeotopography in an evolving vaicasetting suggests the existence of
mixed coniferous-hardwood forests on elevated af&igss for their existence could Beea
andAbies The presence ®iceais particularly interesting since it no longer ocin central

or southern Mexico (Graham, 1989). In modern L& merica, Carpinusandllex can be
found at elevations above 1500 m (Marchant et24lQ2). In association witfPinus and
Quercusthey formed the Miocene analogue of a Quercus-Baminated forest, growing at
elevations between 1500 and 2800 m in today’s Mefet Graham, 1989).

Swamp or riparian forests growing along rivers wedeminated by Cyperaceae,
Cupressaceae/Taxodiaceae @aglya Cyperaceae provide evidence for a swamp &leas

also belonging to the pioneer vegetation, prefexdand areas but is also a common element
of Quercus-Pine dominated forests.

The herbaceous plants are mainly composed of Peaxanpositae and Chenopodiaceae.
The maximum distribution of herbaceous vegetatorecorded in the lower part of the San
Andrés section with higher proportions of its comeots. This vegetation can either be
attributed to patches of open grass- and shruldanie lower levels of the forest vegetation
(open forest). The general increase of speciesiated with a Pinus-Quercus forest shows a
growing influence of hillslope vegetation on thdlgo record whereas a general decrease in
riparian vegetation is noticed within the two steaphic sections.

All sediments of the sections studied are locallyived and were deposited in proximal to
median distances from the source area. With onlyeeceptions all pollen taxa group in one
of the vegetation units described in Table 9, satigg that they were also locally derived
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without any sign of transport, e.g. by wind fronstdl areas. Exceptions are tropical taxa such
as Palmae an&ngelhardiawhich were excluded from the analyses. These taramost
likely derived from lower altitudes that are infheed by tropical climates and vegetation.
Graham (1988) describes Palm@ryosophiaand Manicaria type) andEngelhardiain the
Lower Miocene Cucaracha Formation of Panama andestg their ecology to be a fern
marsh with associated palms community of mangr@®4eizophora)and tropical wet and
premontane forests. From the same period PalacidsRzedowski (1993) describe the
existence of a cloud forest withngelhardiain Chiapas. Closer to the study area but of
Middle Pliocene age, the Paraje Solo Formation (MacCastillo, 1985) near Veracruz
provides a record of vegetation extending from tasangrove swamps, to upland
Quercus-LiquidambaandQuercus-Pinugorests, to highland communities Abies-Pinusn

the eastern Transmexican Volcanic Belt.

The vegetational units deciphered in the TepoZammation seem to be independent of the
sedimentology, indicated by continuity of ripariamd deciduous forest vegetation throughout
all lithologies. Within the San Andrés section Ze&l and A2 are characterised by fluvial,
mass flow and pyroclastic sediments. While thererigarian forest vegetation in Al
exclusively, A2 shows additional elements of a decus forest, indicating that the
vegetation which was formerly concentrated neassthream at the riverbanks, spreaded out of
the valley and began to populate the planes atsldpes where a deciduous forest formed.
Due to the deposition of the A2 sediments by mbws &nd pyroclastic flow processes, the
appearance of taxa growing outside the river vatleyld alternatively be interpreted as the
result of sediment transport from higher regions tba volcanic slopes. However, no
significant increase, neither in the number of palyporphs nor in taxa, and no taxa from high
elevations could be documented which would be exgeafter a sediment transport from
high elevations. The influence of higher-elevatiara on the pollen assemblage due to mass
flow transport processes on the flanks of the vwdda thus considered as minor.

Zone B is characterised by a fine, only several thitk, purple paleosol on top of an ash-
flow deposit. Here, the effect of a volcanic erapton vegetation is documented within the
pollen assemblage. The variety of taxi within thase is very restricted and limited to ferns,
Altus Betel QuarksandPinups Ferns are among the typical early colonizersobfanic sites
and could be documented in the aftermath of mangtiems (Richards, 1996; Harrison et al.,
2001).Altus has the capability to fix nitrogen and can evemwgon pure sand. Just lilgetel

it is found in disturbed riparian sites in Alask&hgllfire, 1963) and on volcanic ash in Japan
(Tarawa, 1964). The presence of oaks, not actballgnging to the pioneer vegetation can be
explained as follows: The destruction of certairefd elements in the valley due to volcanic
eruptions and the deposition of pyroclastic sedimenthin the valley would result in a
reduction of these pollen, while forest elementsadjacent slopes were largely unaffected,
resulting in a peak of these pollen as describeddygart and Cross (1982) from Oregon.
The limited variety within this zone raises the sfign why there is a lack of herbaceous taxi
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which should appear right after the inhabitatiorthef ferns. Taggart and Cross (1974, 1980,
1982) carried out some studies on the consequeriaisect volcanic disturbance at Succour
Creek, Oregon/ldaho. Here, samples taken abovevtieanic disturbance events are
dominated by herbaceous divots (Composite, Malac&henopodiaceous, and

Amaranthaceous) and grasses, typically followed pioye parkland which could be an

explanation for th&inupspollen, found within the Tepoztlan samples.

Zone C, characterised by debris flow deposits te$tdm a Lahar that was initiated after the
eruption. During that period, the vegetation wagady recovering and back to a greater
variety, following the general trend to a domingtidry, deciduous forest with riparian
elements. This corresponds to the studies by Lanter Torrance (2007) carried out on Papua
New Guinea. Each successional process is inteduptehe next eruptive episode before the
vegetation starts to follow a general trend, agam.areas with less volcanic impact,
regeneration starts at a more advanced level.riergé the pollen diagram of the San Andres
section shows that the deciduous forest vegetdterame denser in the course of the
succession. On the other hand, the environmeninieecliier as documented in the decrease
of taxa such as Cyperaceae. Nevertheless, the dongrvegetation unit remained a riparian
forest vegetation.

Within the Tepozteco section, Zones D to E2 argatdtarised by fluvial sediments while
Zone F shows predominantly lahars and thus beidigegt indicator for explosive eruptions
in the near past and vicinity. Due to closer sampintervals at the base and more distant
sampling to the top, trends are not as obviousimvithis section. The trend of increasing
elevations due to growth of the volcanic edificel ateepening of the relief (see chapter 4)
can not be seen in a change of vegetation unitsveMer, increasing elevations can be
assumed from the climatic tolerances of certaira tard will be discussed in detail in the
following sub-chapter. Nevertheless, a continuityhe deciduous forest vegetation together
with riparian elements is documented. The San Andid Tepozteco sections both show
significant similarities in their vegetational déwement, especially in the area of temporal
overlap at the top of the San Andrés section arel base of the Tepozteco section,
respectively.

The colour of the pollen grains and spores ranga® fa light brown to black, sometimes
similar to the brown charcoal particles describgdJmbanhowar Jr. and McGrath (1998), a
sign that they were exposed to high temperaturest & mentioned by Umbanhowar Jr. and
McGrath (1998), charcoal created at 400°C and 35iitains a dark black colour whereas
charcoal burned at 300°C is brown. Thus, the pagtistudied may result from burning
temperatures of about 300°C to 350°C. Umbanhowaanit McGrath (1998) compared the
length/wide ratios of charcoal particles of differeorigins (grass, leaves and wood from
deciduous trees). The results of their study weardoows: Grass has a mean length/wide
ratio of about 3.62, wood 2.13 and leaves 1.91.piKepthese values in mind, the mean
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values of the three analysed slides show that snesibd was burned near the base of the
San Andrés section while it was mostly leaves thiathed the charcoal particles in the upper
part of the San Andrés as well as the TepoztechosecClark (1988), who analysed the
source areas of charcoal particles states, thall sfmarcoal particles are transported over
wide areas due to fires with large columns andngtneinds. Only relatively large particles
(>50 um) represent local fires (Clark and Royall, 199H8)is would suggest that 23% of the
found patrticles are clearly locally derived wheréaisthe remaining 77% the origin is still
guestionable and could be derived from more disdagdis. On the other hand, Pitkanen et al.
(1999) discuss that an abundance of microscopiccobhmay indicate proximal fires with
low-intensity within a few km distance from the gtaof deposition. Duffin et al. (2008)
studied charcoal particles after fires in Krugetibdlaal Park, South Africa and demonstrated
that large charcoal particles > hh are transported between 0 and 5 km from theircgou
area, particles < 50m between 10 and 15 km.

It should be kept in mind, that there might be sslm the pollen and spore content due to the
poor preservation potential within the depositsrirbigh-energy braided rivers and hot ash-
flows. Many palynomorphs have become indeterminabke folded or appear only in
fragments, resulting from the transport and thexding mechanisms within the relatively
coarse sediments. These factors might have resultaddecrease of diversity in taxa and a
fractionation of the palynomorph spectra, especiafl those pollen and spores that are not
capable in surviving the harsh treatments from @uo deposition. It can be assumed that
palynomorphs, transported by lahars, had to suffech less from mechanical stress than
palynomorphs in the high-energy system of the lecidtream. Thus, the vegetation units
could be composed of less taxa than primarily presen the other hand, Taggert and Cross
(1990) describe the positive effect of local volcaactivity in facilitating fossil preservation
which is the immense quantity of fine volcanic ggbduced by proximal volcanic centres.
These sediments supplement the often meagre sa@bphprmal clastics by reworking of
poorly consolidated ash initially deposited on surding watersheds. Thus, the potential for
preservation of a fossil assemblage becomes hitihtiaé activation of a local volcanic centre
as there is a higher deposition rate and thus alsmher possibility of a fast covering and
protection of the palynomorphs against erosionhigystream.

The present study already gives some valuable ee@en the environmental conditions in
the Tepoztlan area during Lower Miocene times. Hmwethe results have to be critically
reviewed, and, because of a lack of comparablaestud that area of even time frame, can
only be seen as a pilot study. It is still uncleamwhich extend the palynomorph content is
modified due to long-distance transport by mass floocesses and by means of fractionation
in high-energy streams. Therefore, further palygwial studies in Central Mexican Lower
Miocene sediments are needed to verify the sigmfie of the present data.
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Climatic implications

A characteristic vegetation pattern of the Teportlormation is the dominance of
arctotertiary elements (such Betulg Alnus Carpinus Fagus and Tilia) suggesting cool-
temperate climate in the Tepoztlan area withinLitwver Miocene. On the other har@arya
and Fagaceae as warm climate indicators, imply wamperate forests. Tropical (Palmae
and Engelhardig as well as cosmopolitan taxa, existing in alingte zones, such &nus
were excluded from the analysis.

Although time resolution of the climate curves dt¢a is limited, major trends in
temperature and precipitation are well represehtethe data (Fig. 44 and 45). However, as
already mentioned, the results have to be crificedviewed, and, because of a lack of
comparable studies can only be seen as a piloy.skgpecially pioneer vegetation (see Fig.
44), because of a lack in variety of taxa, can @mbvide relatively wide coexistence intervals
which might result in unusual peaks of temperatune precipitation. These unusual peaks do
not necessarily mean that there has to be a comééion with pollen and spores from higher
regions and thus be explained as due to changeslimentary facies and transport processes.
An explanation could be the scarcity of taxa anel Wide climatic compatibleness of the
identified palynomorphs representing pioneer vdgeta

Cwa climates represent humid temperate climatemacterised by hot, humid summers and
cold winters, showing a monsoon-like pattern (Makriand Hess, 2007). Nowadays, Cwa
climates can still be found in the Transmexican cdaic Belt and the Sierra Madre
Occidental. Cwb climates represent oceanic or magitlimates which are characterised by a
narrower annual range of temperatures than Cwaatdisnand which can also be found in
tropical highlands, even at considerable distanm® fa coastline (McKnight and Hess, 2007).
In these areas altitudes are high enough to haleastt one month with temperatures below
18°C. Dwa climates represent humid continental atem which are marked by a large
seasonal temperature variance with dry wintersrandsoonal type rainfall (McKnight and
Hess, 2007). Dwb is another dry winter variantto$ tclimate. An interesting aspect of the
Dwa and Dwb climates is that they are represertold climate regions that are affected by
the monsoon, i.e. climates that are very rare oth eewadays. In fact, according to Peel et
al. (2007), these climate zones nowadays are lihtiteNorth and South Korea and parts of
southern China. According to palaeogeographic niigpScotese (1990), in Miocene times,
Central Mexico reached already its present-daytiposi(18—21°N). Exact polar wander
curves of Central Mexico are still lacking, thouglhy this hypothesis still cannot be proved
without doubt. Nevertheless, the latitudinal pasitican be excluded as a cause for these
climate zones, keeping in mind the present-daytiposof North and South Korea (35-42°N).
Beside from any global or palaeogeographic expiangt the colder temperatures noticed
within the two sections are rather to be explaingith an increase in elevation during the
local development of volcanic edifices to heightsnparable to nowadays and the evolution
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of the TMVB. The formation of the TMVB could alse lan explanation for the monsoon-like
climate during the time of deposition of the Tep@ztFormation which is nowadays due to
shift in wind patterns under intense solar heatiegr the Mexican Plateau (Douglas et al.,
1993). An explanation for the stronger seasonaliyld be the different distribution of land
and sea masses during the Lower Miocene. The CeAtreerican Seaway (Fig. 46),
separating North and South America, was not clasetil the Pliocene and thus could
enhance seasonal changes by bringing warm winds mire moisture during the summer
months. In turn, the smaller landmasses could rdyce enough heat through solar heating
during the winter months, resulting in lower tengiares in winter. Another explanation for
the colder temperatures in winter could be the des®loped TMVB as a topographic barrier.
Whereas cold winds from the north are nowadaysegmted by the TMVB to drive forward to
the southern part of Mexico, in Miocene times tleeyld advance almost unhindered to the
southern edge of the present-day TMVB.

Keeping in mind an elevation of 1628 m for the medogical station in Cuernavaca where
the 20°C of present-day MAT was measured, and &ngpate of 0.6°C per 100 m (Lauer
and Klaus, 1975; Wille et al., 2001), the mean M#&fTthe San Andrés section (13.7°C)
would coincide with a mean elevation of 2670 m tlwat section. Therefore, a decrease in
mean MAT to 13.5°C within the Tepozteco sectionlddae due to an increase in elevation to
a calculated 2700 m. These elevations, about 80Righer compared with the modern
elevations within the study area, are interpretelle caused by allochthonous processes, i.e.
the growth of volcanic edifices and a related voicainduced alluvial fan system. The
calculations are in accordance with climate dataridrom the Zempoala area (2800 m a.s.l.)
to the west of the study area, dominated by a migeer montane forest (1800-2800 m).
Here, the climate is characterised by an averageariemperature of 5-12°C and monthly
precipitation of 1720 mm (Garcia, 1988).
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Figure 46. Palaeogeographic map of Central Ameshawing the distribution of land and sea masseistlam
Central American Seaway during the Miocene (Pind€194).
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