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This paper is part of a series on the developments that
relate to the Aruban landscape. To bring perspective to
current environmental threats and developments we
review in this paper the geological and (paleo)-climate
history of Aruba. Good knowledge of present but also of
past processes is vital to understanding the effects that
urbanization and economic progress pose on land and
marine ecosystems.

Geological history of Aruban landforms

The tectonic history of the Caribbean is not yet fully
understood Different models attempt to explain the
different processes involvedn particular with respect to
the positionand origin of the Caribbean plat&he most
popular theory explainghe formation of the Caribbean
Plateau by the entrapment andrelative movement (in
ead-west direction relative to a fixed North American
continent) in between the separating and westward
migrating North- and South American Plate Ahead of
the Plateaudevelopedthe CaribbearGreatArcby a series
of volcanic eruptions,relatively pushed estwards in
between the separating North and South American
continents forming (i 2 R [ska&d® on the edge of the
Caribbean BasinAn overview of this sealled Pacific-
origin model is given byPindell (2011) and Boschnan
(2014) and outlined below in order to gain better
understanding of the history ofAruban geological
features Following an kernative, socalledin-situ model,
originallyproposed by Jame®005) the Caribbean Great
Arc never existed anthe origin of the CaribbeaBasin
and the Islands in the regiotleveloped in-situ, i.e.they
origin from a ProteCaribbean Ocean crustt about the
place wherethese situatenow and not in thedistant
Pacific However, @idence from Pacifitype fauna in the
Caribbean androm the complexdistribution and pattern

in geochemistryof old rocks against the South American
continent favor the Pacifiorigin model (referencesan
be foundin Lely et al. 2010). We describe the more
popular modes below.

‘Great (Caribbean Islands) Arc

In the Late Cretaceous, somE00-93 Ma (Mio yrs.ago
see endnote)a volcanic islandarc systemformed, the
Wreat Caribbean Islands ArcQthe later Caribbean Islands),
east of a subduction zonewhere the PacificOceancrust
(Farallon Plate) submergedunder the Proto-Caribbean
Ocean crust As theNorth and South American Plates
were separatingand moving northwestwards tis gap in
between the ProteCaribbean Ocean crustasso to say
in collision with the Pacific Ocean crusfThe volcanic
basement of BonairgBonaire Washikemba Formation-
BWF) cropped out at the southern end of the Great Arc
Accordingly the basement of Bonaire haim its earliest
origin a different tectonic evolutionthen the Aruba -
Curacaobasement(Lelij, et al., 2010jhat is argued to
have its originmore to the West as part of a basaltic
intrusion pushing upwardssidethe Farallon Plate

! The movement otthe Earth's continents relative to each other
is called continental drift; after Wegener, 191Phe Caribbean
Plate wasengulfed by westward migrating North and South
America.

Basaltic Oceanic Plateau

| ~91Ma |
A large basalt b 2 2 R any the Farallon Plate the

Caribbean Large Igneous Province (CLIP), occurredbelow
sea levelat approximately 9188 Ma agoat a locationoff
the coast of presentday ColombiaA y
(White, Tarng, Klaver, & Ruiz, 1996)he ArubaCuracao
lava basement isa detached remnantpart of this
intrusionand the origin of both theé\ruba Lava Formation
(ALF) as well as theCuracao Lava Formation (CLF). In its
relative movement eastwards it collided agairst the
Proto-Caribbean Ocean crusand against the Great
Caribbean Islands Arc.

Magmatic intrusions

~88Ma I
As the Farallon Plateoved farther in between the Nortrl

and South American Plates, there was a reversahef
subduction zone. The Profaribbean Oan crustwent

on now descending under the Farallon Plate and causing
new magmatic activity, but nowo the west of the
subduction zone. Consequentlyb@ut 3 Mio years(~88
Ma) after the proto-Aruba Lava Formatiohad stopped
intruding the Farallonplate and hadbeen coolinga new
magmatic intrusion occurred on one section of the
Oceanic Plateginamedthe Aruba Batholith (see pageb).
The Batholith is typical for Aruba and is not present in
Curacao (or in Bonairél.elij, et al. 2010)

The forces of the collision and magmatic intrusions caused
metamorphic rock formatios in the older Aruba Lava
Formation rocks (see page 4)in time, the ArubaCuracao
basement movean the edge of the newaribbean Plate
towards the southern rarginsand underwent a complex
series of deformationsagainst the South American
continent. The Great Caribbean Island Arc moved further
on the edge of the deformation zone north and southeast.
The part that was to become th@reater Antilles moved

all the way towards its current position, at the northeast
border of the Caribbean Plate.

Collsion with South American Plate

At about 7573 Ma at the margins of theforming
Caribbean Plateaccretion, convergence and thickening of
the oceanic crust took placeAs the north-eastwards
migrating Caribbean Plate collided with the South
American Plate, the submarine basement of Aruband
Bonaire (defined as discrete areas wittarsingle Block)
was depositedsuccessivelyagainst the South American
Plate(first Aruba at about70-60 Maago and later Bonaire
at ~50Ma agg. The basements of Bonaire and Aruba
Curacao had a different origibut were positionednext

to each other Their distinct history from the collision
strike slip displacemestand accretionagainstthe South
American Platandrenewed heatingf the rocks(Lelij, et
al., 2010xhaped a somewhat different landscape

Uplifting

|~70Ma I
At the margin of the Caribbean PlateAruba was

positioned in a very complex zone with tectowi
interactions. The relative motion of the Caribbean Plate
against the South American Plataused a deformation
zonewith several plate fragments and blodksstrike and
slip againsthe South American Plat&@heAruba-Curacao-
Bonaire Block is such a blok and estimated to be about

i2RIF&aQ
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1,000 km longand 300 km wide Along the thrust, strike
and slip faults moments of subsistence and land uplift
occurred.Figure 1 givean impression of the many faults
that are still recognizableat the surface The upliftingof
the leeward Antillesoccurred 70-60 Ma agg, about 500
km westwards from! NXzOdur€eat relative location.
During theuplifting, parts of the original Basalt formation
came to the surfacen all three islandsEvidence from
paleo magnetic studies suest that over subsequent
displacementsthe islands rotatedclockwiseat least90°
relative to a more stable South America continent
(references irBoschmaret al. (2014).

BEvidence is foundtoday in the strike and slip fault
patterns that runmore or lessparallel to the diffuse
boundary between the two platesnd
evidence isalsofound in the direction
of Quartz and calcite veinwithin
the rocks (Beardsley & Avé
Lallemant, 2005) Today, n
Arubg the strike and slip
fault activity canstill be
felt from shocks and
temblors on a
quite regular
basig.

Gifornia

Figure o5 die
1 The

map  shows

the Aruban
contour  topography

(based on 1 m height
isoclines) and the location of
dry-river beds (blue lines), 20th

century water holes (blue drops), and
rainwater plains (green-blue  colored
areas). Red lines indicate the location of
geological faults as is described by Beets (1996).

The reconstruction of tectonic processes and movements

of the ArubaCuracaeBonaire Block is difficult becausé
the complexity of interactions. bkt of the block is
submerged beneath the sea and most of the uplifted land
is under thick layers of sediments. Also there is still
continertal growth of South America sathe South
American Platénteractswith the Caribbean PlatéCuret,
1992)

2 http://es.earthquaketrack.com/p/aruba/recent

Geomorphology of different rocks

Most of the Arubanbasement consists of solidified
molten rockfrom magma that has its origideep below

the surface 6 the earth crust during different episodes
These rocks are generally callegheous rocks with
volcanic origin (when the magma erupted and quickly
cooled as was the case with the Aruba Lava Formation) or
plutonic origin (when later magmadic bursts remaired
within the earth's crustand cooled slowly, such as with
the Aruban Batholith) Plutonic rocks are moreoarse
grained than volcanic rocks and havéarger crystals
becausewith the slow cooling the mineralshad more
time to move and crystalize Grain &e and chemical
composition of the rocks is an important determinant for
the resistance againiter erosion.

A nice overview of geologicaktudies in the Leeward
lyGAttSay dzld 62 mopTTS Aa
excursions on Curacao, Borfir | y R in: Glltixdpapér
of Geology, Sees1 No 10
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CretaceousAruba Lava Formation (ALF) ' ~91Ma '
Sq the oldest rocks imMrubahave volcanic origin and are
from the time whenthe island arc was formed below sea
level off the coast of presertay Colombiaduring the
Late Cretaceousome ®-93 million years agoToday, in
the area of Parke Arikok we can still find some of the
rocks Pillow-lava) that formed below sea level
(Arikoknieuws, 1999)Originalbasalt-dolerite rocks in the
ALF arevery finegrained hard and very resistant against
weathering and erosion. This is whyetlold remains
of the formation canstill be seen in the landscape
and also created amttractive hilly landscape
with different types of rock at the surface
(Figurel and2). Hardness and a fine grain
are typical features for rocks from lava
eruptions with fast cooling and
insufficient time for the complete
crystallization of the minerals.
Also found in the ALF are
typical volcanic rocksuch
as Tuff. These areashes
and other erupted
materials that are
compacted and
cemented into a
rock  Another
type of rock
that can be
found are

Bo@ Prins

Conglomerates that are formed from loose paitles and
other clast sedimentgemented togetherby the heatof
pressure underneath thearth crust



Most of these rocks howeverare transformed under the The big magmatic body, theBatholith, composes

influence of pressure and hedt and become predominantly of tonalite and quartz-diorite rocks.

metamorphic” like schist rocks. Earliersmaller intrusionswith Gabbro (near Bushiribana
and Matividiri) and later with Hooibergite (hornblende

| ~88Ma I CretaceoudAruba Batholith rich diorite) are also part of the Aruba Batholithlost of

The magma that cracked from under the partially these rocks have about the same origin but differ in
solidified lava and intruded theolder volcanic rocks is  chemical composition and silicate (quartz) content.
called the Aruba Batholith. Studies show thahet The Hooibergite intrusion was one of theater thermal
batholith intrusionoccurredin a sequence  pulses during the development of the Batholith.
of several bursts not too longfter Thus, the Hooiberg is not an old volcano even if it looks
the Aruba Lava Fm. stopped like one, but the remains of a magmatic intrusion of the
erupting (in less than 3 Ma)  Aruba Lava Formation that contained relativéiard rock
(Lelij, et al., 200). Earlier material and survived deformation, uplifting, erosion and
magma had not been weathering(van den Oever, 2000)
cookd completelyyet The large Diorite boulders in the Aruban landscape only
(White,  Tarney, exist in Aruba and clearly show the processes of physical
Klaver, & Ruiz, and chemtal weathering that we will discuss later.

1996)

Dykes and Veins
The ontraction or expansion irrocksupon solidification,
folding of land massesearthquake shocksand line
displacements cause fissureSuch fractures and
cracks were later filled with magmatintrusiors
andwith sedimentsand minerals thatsolved
in water andseeped io the cracksLarge
longitudinal fissuresare sometimes
recogniable as narrow often
straightwalled dykes that still
exist because their harder
material survived erosion
better that than the
original rockdid.

Geology from Beets

Il Dolerite

Il Hooibergite

Il Conglomerate

Il Homblende tonalite

[ Alluvial mud and sand

[ calcareous sandstone

Calcareous beach and dune sand / Seroe Domi Formation

Coral shingle, beach rock and ramparts

Il Limestone

Il Norite and Quartz-Hornblende Gabbro

@ Phosphatized Limestone

Il Plagioclase cumulate

B Reef and ForeReef Limestone Deposits

[ ] Reefs and Beach rocks Limestone

[T Ecleanites - Lithified calcareous dune sand Limestone Figure 2 GIS layer representation of the map by Beets (Beets,

[ Undifferentiated Metten, & Hoogendoorn, 1996).

Il 50% basalt and 50% pyroclastic and volcanidastic sediments

B >50% basalt

[l >50% pyroclastic and volcanidastic sediments The batholithand the ALF arerosscut by numeroussuc

dykes but also byveins. Veinsare similar in origin but

distinct because they haveirregular, shorter and

discontinuousshapes Thediorite embeddedquartz veins

3 in Aruba are knowras theysometimes contain gold ores
A nice introduction to Petrolgy, the study of the origin, (van den @ver, 2000)

occurrence, structure and history of rogksis found online:

http://lwww.brocku.ca/earthsciences/people/gfinn/petrology/def

n.htm

4 Rock metamorphism occurs when the original rock has been ° The difference is based oquartz or Si& (Silica)content:
subjected to high pressures and tempaures and has been quartz-diorite contains >5% quartz annalite contains >20%
transformed into another form. quartz.



|~35— 24Ma I Paleogeng([Eocene)l.ime stone deposits

I ~15-0.5Ma |

I“‘1.1— 0.1Ma

From the time of Late Cretaceous to Middle Miocene only
an incomplete record ofcoral forereef debris and
sediments from the South American mainlaremained
The oldest remains of therosionsedinentation are from
Early Oligocen&ocene (approx. 35 Ma) observableon
the surfacen Butucu Slabs frona borehole inrOranjestad
(Helmers & Beets, 1977yeveal Eocene Limestone
sediments from Early Miocenagprox.24 Ma).

NeogeneSeroe Domiormation

More articulate are theuplifted layeredthick carbonate
sediment depositions  with underneath different
limestone depositsthat date from EarlyMiddle Miocene
until probably the Middle to Late Pleistocene (apprak.
Ma-0.5 Ma). Thisis the so-called Seroe Domi Formation
that typically consists of large flat mulayers of
limestone coral debrisvith eroded earlier Reef and Fore
Reeffrom a Miocene high sea level standThe Seroe
Domi Fm.exists inAruba, Bonaireas well asn Curacao
where it is more visible in the landscape

In Aruba, the areas nordast of Pos Chiquito, Savaneta
and San Nicolaand an area east of BubalPlas andat
Seroe Cristal near the Northeast coastlifgre 2) show
the remains oferoe Domi Formation. Like in Curacao, the
stratification of these layersappears at some places
clearly tilted. Today, it is the generally accepted view that
the longterm processes of deformation and land uplift of
the ArubaCuracaeBonaire block againsthe South
American continental margin has been accompanied by a
folding and tilting of the Seroe Domi Formatioamplex.
There ishowever, still some debate about whether these
undulating limestone layers refle¢he folding of a top
earth crust ¢ompressionduring eary Pleistocene) or
simplyis the consequencef sedimentationalonga dipin

the original sea beddingin his PhD Thesi§1979)
Herweijer studied the Seroe Domi Formation and the
likely occurrence of ampressionafter deposition of the
thick carbonate sediment layers on top of theeavily
eroded Cretaceous basement(the remains of the
ALFBatholithcompley.

Quaternary Pleistocen&olianite sanddunes

In the NationalParkeArikokandthe area ofJaburibarive
find fosslized cliffs of Pleistoceneeolianite’ rocks, i.e.
solidified grainsof former wind-blown sand dunesThese
lime-sands hardened and fossilizedinto the eolianite
limestone rocks. They are a reminder of the rich shallew
marine life and coralgal communitiewith carbonate
content that after depositing and surfacinhave been
blown by the winds into undulating sand dunes
(Herweijer, 1979)

® Eolianite refers not to a specific time period but to the type of
process that formed the rock, that is, Eolianite rocks found their
origin in compaction of sediments that have been accumulated
by wind into for instance coastal dunes (formed irtoastal
limestoneor sand dunes).

QuaternaryLate Pleistocen&imestone Terraces

The Pleistocene isommonly known for the alternating
periods of advance and retreat of the Arctic and Antarctic
ice cap.As a consequencef the advance and retreat of
the ice sheets the sea leveddowly changel worldwide.
The climate changeame with dryer and colder climate
during Glacial and warmer and more humid climate
conditions during Interglacial. At the more regional level
however, climatic conditions may have vaied more
abruptly followed by prolonged periods of change in
regionaltemperature precipitationand humidity.

A differen@ of approx. 120 m exists between the lowest
seawaterhighstandonly some 18000 yrs.ago at the end

of last Pleistocene glacial period and the highstand in
current Holocene InterglacialLambeck, Yokoyama, &
Purcell, 2002)Taday, globalsealevelsare still rising but
less strong as in early Pleistoceneand with only a few
meters sincethe middle Holocene qver the last 5000
yrs) (Hodell, et al., 1991)The cause of this sekevel rise

is not to be confused with thevery recentsea level rise
caused by global warming and the buildup of greenhouse
gasses in the atmosphere.

The subsequensea level cycles the Caribbearduring
Pleistocengfollowingthe Glacial and Interglacial periods)
with a continuous uplift of the land have created a
staircase ofcoral reef banks by the interplay ofand
uplift and reef growth and erosion The terraces
surrounding the Aruba Batholith and the Aruba Lava
Formation are the fossilizeddeposits andremains from
these processescemented together ito sedimentary
limestone rock Each of the raised shorelines is found to
correspond to a specific period of highstaofl the sea
level(Eisenhauer & Blanchon, 2001)

In Aruba, only a few teaces have remainedt different
heights above sea levelnitial studies byWestermann
(1932)and De Busonj§1974)broadly discern a¥iigheiQ
WiiddleQ and YowerQ Terrace surroundng the Aruba
Batholithh ALF complexTheselimestone terraces are the
remainingevidenceof coral reefdeposits during the final
phases odifferent Pleistocenehigh sea level stands. The
continuous uplifting of the ALFBatholith has brought
these Terraceabove current sea levelhe oldest terrace
is situated on the highestgrounds but terrace building is
a process that is still active today.

Based ora more complete record of Terraces in Barbados
(Muhs, 2001)we know thatin Arubasometerraces have
not survived andnust have been erodedompletely.The
thick Seroe Domi Fnerodedand washed awafor a large
part. Along the southwest coast, where waters had been
calmer, the Limestone depositand erosion fieldgand
the remdning parts of the eroded Seroe DomiFm)
however still covermost of theareastoday. It is on the
lowest and youngesbf theseterraces that most of the
Aruban Aloe cultivation took place in early"?@entury
(see Figure 5).

Paleoclimate records
Little information is available about the more recent
palecclimate events that shaped the Arubdandscape.

I ~0.6- 0.1Ma |
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Sediment core records show that in the past the
landscape must have been quite different.

A pollen record froma bore hole inOranjestad(Helmers

& Beets, 1977%hows spores of ferns and palms (A. Curet,
pers. comm., 2015), possibly frogarly Miocene origin
(2315 Ma). H’oxy7 studies, like phlnological research
(pollen and spore research), oxygen isot?)[wd more
recently xray fluorescence measurements of sediment
components have shedome light on the paleoclimate
history in the CaribbeanWe describe some major
findings, next.

Wet and dry periods

In a detailed study of sediment cores in Lake Miragoane,
Haiti, publishedn Nature(Hodell, et al., 1991)hanges in
the lake water levels have been reconstructed on the
basis of oxygen isotoBcanalysesInformation aboutpast
wet and dry conditions was compared with a
correspondinganalysis ofvegetation communities,based

on pollen zonationresearch. The overall pattern in the
Hatian Lake samples shows that after the end of the last
Glacial’, from early Holocene at about 10,500 BP up to
about 5,400 BP precipitation levels and climae
temperatures had increased Hence the circumstancesn

the Caribbearhave been(over thousands of yeaysnuch
wetter than today. Fromabout 5,400 BP onwardsfrom

the mid to late Holoceneaup to today,climate turned to

dry conditions

Nearer to Arubain Bonaire another study, byGiri (2013)

shows similarly that during mid-Holocene local climate

was dominated by high and intense levels of precipitation,

particularly during the summer. These findings were
based onoxygen isotop analysisfrom (marine) coral

samplesoff the coastin Bonaire

Major deviations inthe annual isotoperatios revealed
fluctuations in marine salinity between summer and

7 . .
dimate proy studies are based orpreserved physical

characteristics of the past that enable scientisisday to

reconstruct thepastclimatic conditionsDefinition:wikipedia.org

winter seasons The process behindthese fluctuations
was argued to beintense rainfall during the summer
seasors.

Today, in ontrast to the situation in MieHolocene,
marine hydrological conditiosin the Southern Caribbean
Sea arébestcharacterized byhe elevatedevaporationin
winter and the strong (wind-driven) oceanic surface
currents that carry large freshwater concentratiofrem
far away, fromthe seasonal dischargef the Orinoco and
the Amazorrivers

The dynamicrelationship betweerthe marine hydrology
and the regional climateand the dominating effect
thereof on localcircumstanceseflect asouthwardsshift
of the socalled Inter Tropica(_‘,onvergencaZone12 (ITC2)
throughout the Holocene.

Aside from tlese general trends that we mentioned
above Hodell (1991) described in-between climate
alterations thatmay have maintaned over manyyears
and that seem to have beerstronger than might be
expected on the basis dfie annual shifts in theeceived
solar radiation™ alone The study suggests that while
longterm fluctuations in received solar energylictate
climate and sea dvel changes (Glacial and Interglacial
Periods) and consequently propel regional changes
towards dry or wetter conditions additional forcessuch
asa drastic shifin the salinity of sea currentmay have
created temporal alterations inlocal climate (Metcalfe,
Barron, & Davies, 2015)

One sich érupt variationin climate conditions (thus

large climatic change in a relatively short time spin}szoosP I
occurred at about 200 yrs. BP when conditions
suddenly turned more humid due to an increase in
precipitation (Hodell, Curtis, & Brenner, 1995) rather
abrupt onset of dy conditionsoccurredin Haitiat about
3,200 BP and again atbout 2,400 BP.Based on the
findings from the lake in Haiti, the ratio of
precipitation/evaporationonly switched backo the levels
from before 2,400 BPat about 1,500 BP (500 AD)

I ~ 3200 BP |

~ 2400 BP |

8 Oxygen Isotope analyses is based on the difference in weight indicating the end of period ofemporary drought that

between thelight oxygen atom'®O (8 protons and 8 nerdns)
and the heavy oxygen®0 (more neutrons). Since water
molecules with oxygefi are lighter these molecules will
evaporate more readily. The ratio between the two thus tells
something about the conditions of evaporation or precipitation in
the environnent at the time of allocation in the sediments.

® Due to adifference in mass differences in elative Oxygen
isotope concentrations (O'%0') express differences in
evaporationrelative to precipitation (HZO18 is a fraction heavier
and precipitates easighat the Iighteerols).

10 Ice ages (Glacials) typically occur in intervals of abotk0f
Ma. In between there are shorter interglacial periods such as the
current one (Holocene) that are characterized by a retreat of the
ice sheets and a warmedavorable climate As the ice sheets
retreat, sea levels rise first rapidly but then gradually up to the
level of today. There is little change-%&1) over the last ;000
yrs. (Lambeck, Yokoyama, & Purcell, 200B¢ general believis
however that human action contributes significantly to recent
global warming and sea level rise

H BPindicates the timescale Before Present (dd. 1950) and is not

to be confused with BC (Before ChristR@ BP equals approx.
6,200 BC.

lasted 900 year@Hodell, et al., 1991)

Besideinformation aboutlocal climatevariatiors, there is
evidence bhat suggest a coincidence of -climatic
fluctuations acrossthe Caribbean. Recent studies, for
instance,confirmed that the fall of the MayaRulture in
Mexico was indeed consequential to repeated ipes of | ~ 1240 8P |
a Caribbeaswide drought between about 1,240 BP (760

AD) and 1,090 BP (910 Aeterson & Haug, 2005)

During this time span there have been at least three

12 The ITCZ ithe area encircling the earth near the equator
where the northeast and southeast trade winds come together
The location of thdTCZvaries over timanfluenced bythe sun's
position and thedifferentially warming hemispheréSchnéer,
Bischoff, & Haug, 2014jlaug, Hughen, Sigman, & Rohl, 2001)

13 There is amannual shift in thereceived solar radiation that
reflects the slow shift of the annual orbit of the earth around the
sun. This movement dictaselongterm but slowly varying levels

in received solar radiation and these are largely responsible for
the Glacial and Interglacial periods.



I ~ 1200 BP I

multiple-year periods of droughin the Yucatan Peninsula
with an accumulation ofthe known social implications
that led to the end of the Mayan Culturerhe authors
suppored their conclusions on the basis of-ray
fluorescence measurements ofrace elemens and
foraminifera datafrom cores inthe Cariaco Basin, offie
coast of Venezuelgat quite some distance from the

Yucatan). Their data coincided with the earlier findings by lagoon up to

Hodell in a lake in the Yucatan Peninsula, Metitadell,
Curtis, & Brenner, 1995)and provided very detailed
information aboutthe shifts inprecipitation andin marine
salinitylevels

The change towardsgenerally dry conditions in the
Caribbean in Late Holocerf@pprox. ~1200 BP is also
supported by a study byGregory et al.(2015) in two
coastal lagoons in Cub®ifferential presence ofspecific
foraminiferal assemblageseveak a shift in relative
lagoon water salinitywhile a shift inthe composition of
trace elements in sediment cosampleseveaka change
in rainwater runoffinto the lagoonscorresponding tdess
precipitation.

A nice overvievof the spatiotemporal pattern otlimatic
fluctuations across Central America andthe Caribbean
during the Holocenéincluding an overview afinderlying
studiey, is given by Metcalfe(2015) The spatial, multi-
annual and even seasonahapping of the climate in the
Caribbeans complex however. Their summary oftsdies
suggests that wetter and drier conditions occur
alternatively under the influence offactors other than
the declinein seasonalnsulationandthe displacement of
the ITCZalone The authors reason, that the successive
pulses of glacial ice water entering the regioray have
an impact on the climate as wellThe occurrere of
intense hurricane seasonsfor instance, may also
challengea proper understanding of the paleoclimate
conditions as these maymask periods with relative
drought Frappier et al., 2014referenced in Metcalfe et
al., 2015).

Unfortunately, paleoclimi information from Aruba is
scarce It would be interesting toreconstruct more
preciselythe climatic conditionsthat have dictatedthe
vegetation growth and faunaabundancein Aruba for
instance during recent Holocene and be able to
understand the curret landscape more precisely

A pilot study in Aruba(Nooren, 2008)based onpollen
analyses fronsediment cors at the Boca Prins bay inlet
(Northeast coas) and at a site in the Spanish Lagoon
(Southwest coagt suggestsa changein vegetation type
and coverin line withdescribedclimatic fluctuations The
characterization of the sediment cores from ttmlot
study even suggestsvidencethat relates tothe dramatic
impact by man on the landscape from deforestation,

erosion)was observed together witeharcoal* remains,
whereas suclilype of sedimentayerwasabsentfrom the
periods before. The presence ofcharcoal and clastic
sedimentscoincided with a peak ithe occurrence oPal’i

sia Cora pollen (Burserasimaruba) in these layers The
high2 O O dzNNIpa/iGi&Cora’ PolleW is ndicatve that
there was adry tropical forest in the surroundings of the
that time The timeframe clearly
corresponds tothe period of earlycolonization when
deforestationoccurred from the intense wood harvesting
and thefree-roaming ofherbivore grazersConsequential
increased erosion seems in line with these events.
Such(preliminary) data also show thatthe inland bayin
Spanish Lagoomwas much largeiin the pastthan it is
today. Mangrove forest (Rhizofora mangle) were
present already since approximately ,000 BP. Pollen
analyses of the old mangrove peat indicate relatively wet
conditions (pers. comm. Nooren, 2015) with the presence
of many fern spores, which were sént in the younger
deposits.

Today, both bays are filled with sediments. The bay at
Boca Prins is almost completely filled with erosion
material from the hillsn the hinterland.In the Boca Prins
bay inlet there is aly one thin organic layefound, at 3.3

m depth,that revealsa temporary presence oMangrove
forests (Rhizophoramangle), whereas the remainder of
the sediment core ialmost exclusivelfrom mineralogical
content. Sabssuggestthat the Mangrove vegetatiorwas
displaced by a moréerrestrial tree species, Buttonwood
(Conocarpusrectus). Interesting is the fact thathe core
records from before the loss of Mangrovds also show
spores of ferrthat were absent irall the younger records.
Suchabrupt destruction of mangrove assemblages and
the alteration of pollen spectrareveal a subsequent
domination ofmoredry and open hinterland pollen types
Findingsby Engel et al(2009) in Bonaire suggestthe
occurrence ofextreme wave eventat about the same
time. Whether there is any concurrence of events may be
interesting to investigate in more detail. Such studies,
however, suggest intense paleoclimate events that may
have had a lasting impact on vegetation and landscape.

Data collected relatively near téruba, in the Cariaco
Basin off the coast of Venezuela, show tHat conditions
with precipitation minima occurredrom 3,800 to 2800

BP (Haug et al2001) The climate and vegetation cover~ 3800 BP

then may accordingly have been different from tof]ﬁay
Artifacts and large shell midden show that preramic
people may already have visited Aruba incidentally in
Mid-Holocene,i.e. since ~4,000 BP° (Versteeg & Ruiz,
1995) Preceramic Indian inhabitants in Aruba had a
hunting/fishing and gathering lifestyle and mainly

occupied the coastal areas, including the Spanish Lagoon.

14 . . . . . .
Micro-charcoal remains in sediments associate clearly with

grazng and heavy erosion in recent colonial times, as has fires. The distinction between natural and anthropagie fire

been describedn literature already(Hartog, 1953) In the
youngest of sediment recordsrom the Spanish Lagmn
site, for instance,clastic material (seen as evidence for

regimes ihhoweverdifficult to establishandare cause for debate
Based on received solar radiation today we typically live in a
relatively dry time zone
ThePreceramic periodn Aruba is estimatedotstart at about
4,000 BP and lasintil 1,000 BP. Th€eramic periods describd
to last from 1000 BP to about 500 BP when Spanish colonization
began.



l ~ 3500 BP |

30

A N

The oldest dated shell deposits associated with human
occupation on the island were found in Rooi Bringamosa
near the Spaiish Lagmn. A charcoal sample from this
shel layerin the pilot study of Nooremevealed a AMS’
14C date of 260 +£35 BP (calibrated age of5®0 +£50

yr. BP at 68.2% probabilitypérs. comm.Nooren, 2015,
unpublished data)Nooren alsaconfirms that fossil pollen
and sporedrom that time spa identify plant species that
are now hardly foundpers. comm, 2015)

Interesting is the fact that Ceramic (Dabajuran) Indians
arrived at about 200 BP (800 AD) in Northern Venezuela
and at about 7100 BP (900 AD) in ArufldAM, 1999)It is
possible thatclimate changenduced migration(Gupta,
Anderson, Pandey, & Sanghvi, 20Q6czko & Aghazarm,
2009) played a role here as well, anthat the onset of
dryer climate conditions such accurredat about 3800

BP and again at about2D0 BRwas coincidental to the
timing of settlementf the new arrivers

Average monthly temperature®C)
2000- 2011

Current Climate Conditions

Regular monitoring of climatic conditions occurs since the
early 20" century (MeteorologicalYearbook, 1933972)

We present in figure 3 and figure 4 climateeasurements
from 20002011 at Reina Beatrix Airport in Aruba (Year
reports Statistics of the Meteorological Observations in
The Netherlands Artes: 1955 1972).Earlig data can be
found at www.meteo.aw

Figure 3 a-d (top) show climatological records collected at Reina
Beatrix Airport during the period 2000-2011. The four graphs
show the average monthly records for temperature, total
precipitation, number of rain days and relative humidity.

Note: A rain day is a day with at least 1 mm rain.

Source: Statistical Yearbooks 2000-2011. CBS, Aruba

Figure 4 a-d (below) show climatological records collected at
Reina Beatrix Airport during the period 2000-2011. The four
graphs show the average annual records for temperature, total
precipitation, number of rain days and relative humidity.

Average monthly precipitation (mm)
2000- 2011
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Temperature Over the period 2000 to 201the average monthly

In Aruba, weobserve little variation in dailjemperature ~ humidity was highest in thmonth November (77.7%) and

(Figure 3a). Values fluctuate between an average low of lowest in August (74.2%), but the difference remains small

about 27 °C during the coldest months, January and (Figure3d).

February, up to 30°C during the hot summer months, Sea surface temperature is an important determinant for

August and September. Year averages remain quite precipitation (Karmalkar, 2013) Measurements of ea

uniform as well in the range of 28°C and 29°C (Figure 4a). surface temperattes in the Southern Caribbean show
that the highest annual sea surface temperature in the

Precipitation Southern Caribbean is itSeptembet® (no CBS data

In contrast to the slight fluctuation in temperature the —available), which is consistent withe timingof the onset

fluctuation in annual precipitation is more extreme Of the wet season

(Figure 4b). Ovethe 10 year period, extremes occur in Thedescriptions of rainfall aboverpvide no information

2001 (137mm) and in2004 (906mm). Considerable about the intensity ofrainfall. Commonly, rains pour

fluctuation exists between consecutive years. The latest down in heavy short showers. Under such conditions the

decennium appears to have been quite wet at Queen runoff is strong and the effect of erosion on top soils

Beatrix Airporf as we have to go back to the rdfids to severe. In particular whelogging andand clearance has

observe similar levels of rainfaRainfall inl955 and 1956  just takenplace, heavy rains amass into large brownish

(respectively 816 and 679mm average annual rainfall) is runoff streams that carryopsoil andsediments tovards

comparably high tahe level of rainfall i2004 06 mm), the sea.

2010 and 2011 (respectively 906 and 826miiihe

average annual rainfall over the period 20011 is 587.9  Hydrogeological structure

mm and that is well above the loAgrm average of 410  Next, we will review and describe somehydro-

mm over thelongperiod 19531972. morphological processes in Arubato better understand
. the effects of erosin, weatheringand soil formation.
Number of rain days Earlier, ve described how the Aruban geological

Precipitation is strongly influenced by the presence of formation has undergone tectonidisplacement, uplifting,
tropical storms and/or hurricanes in the region. seq level rises, and deformation activities. Subterranean
Therefore, it is important to realize that successive years temperature and pressure regimes duringits formation
with heavy rainfall as in the recent decade can be caused distinct differences between rocksritrphology,
deceiving and do not necessarily represent a change in mineral composition and physico-chemical characteristics.
local climate conditions. These dfferences in resistance against the influences
Rainfall generally peaks in Novemigecember (rainy  from sea, sun, windand rain have shapal the relief
season), but in the rest of the year significant number of patternsin the Aruban landscapaswe know it today We
rainy days exist asell (Fgure 3b and 3c). describe some of thee relief patterns in  he
For instance, August 2011 had 211.6 mm of rain but this is ALF/Batholith complex anBleistoceneerrace landscape
exceptional. The month of April is generally witte least and explain how processes otrosion, weathering and
rain, thoughit is not necessarily the drieshonth. sedimentation created new opportunities for soil

development and vegetatio(Finkel & Finkel, 1975)
Interesting to note is that in contrast to theorth-western

Caibbean there are no distinct two rainy seasons. The \Watershedand Salt Spray Park

precipitation pattern in Aruba is a unimodal late annual |nterestingly, becausef the elevatedtopographyat the
rainy seasonas describedfor southreastern Caribbean  \yindward sidethe central watershed line™ (Figures) is at
islands. a close distance of only 0.6 km from the Northeast
coastline and up to approximately 4 km from the
Southeast coastline.With the exception of the more
central area,the watershed line roughly definesthe
borderof anintendedSalt Spray Park that is envisionedto
protect and cover the relatively still untouched natural

Finkel and FinkdlL975)analyzed total rainfall per location ~ €nvironment along the Northeasern coastline (DIP,
and estimated rainwater drainage area. They suggested a2009) In the North and in the Southhe watershedareas
descending gradientin rainfall from Southeast to eastof the central wateorshed line have little or no history
Northwest in Aruba, irconcurrencewith the orientation in agricultural activit§ and are still sparselyinhabited

of the Northeast Passat winds and the descending 0day. Qirrent housing projects however, develop
gradient in height topography of the island. beyond former agriculturaterrain and advancetowards
the Northeastern coastalone

August and September are considered the hot and dry
summer months (March is considered dry as well) and
November and December are the coolest and wettest
months.

Humidity

Average annual humidity ranges between approx. 73% 1s,,,\\ neteo.aw

anq 78%_ (compee Figure 4b, 4c _and 4d) and roughly o 9The watersheds an imaginary line that separates one drainage
varies with annual number of rain days (ranges between pasin from another one. A drainage basin or catchment area
47 and 97 days) and annual precipitation (ranges between covers the total land area that is drained by a single-fdiyer

approx. 350 mm and 950 mm). system.
% For information on the original agricultural extent in 1911, we
refer to another paper in this landscape seri€e(ixR., 2016d).
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The east coastalSalt Spray areais still characterized by
nearly total absenceof urbanbasedpollution in terms of

contaminated rainwater runoff, sewagewater, surface
water, or evengroundwater The planning o& Salt Spray

Park is, therefore, a unique opportunity to create a
protected environmentthat standsin direct relation to
the marine ecosystem alondhé Northeastern coasand

the prospectedVational Marine Park. Besides the areais

still ‘PristineQ and offers the potential to enhance
sustainable tourism.

More centrally along the Northeast coastlin@owever,
was quite some agricultural development in early 24"
century. TheseBatholith soilsare locatedeast of the main
watershed lingbut are stillprotected from the saltladen
winds by for instance the hills of the Aruba Lava
Formation (ALF)and the the Gabbro Formatior(‘\8eroe
CrystaDand W{ S NlBHS{T6éMay, theregion has turned
into new housing projects and economic actiwt like

Figure 5 shows that thagrialtural landscape in early P10
centuryis confinedmainly to the areaswest of the main
watershed line, on the wfulating quartzdioritic soils of
the Aruba Batholith and on the alluvial mud and sands of
the dry-river systems at the Southwest coast.

Aloe productiontook placealong the Southwest coasbn
the Lower and Middle Limestone Terracesut not
immediatelynextto the sea.

A sharp demarcation reveals where agricultural
subsistencen early 20" century situates that is in large
defined by the geology of the substrate (Derix 2016d)
Today, these areas havéargely been parceled and
transformed nto housing and economicdevelopment
projects

Differences in the thinage pattern of dryriver
beds

Differences in chemical composition and resistance
againstweathering anderosionhavein largedetermined

most of the former agricultural lands. Consequential t0 the drainage patternof dry-rivers (Finkel & Finkel, 1975)
the respective locations of these residential and economic The |ocation of these seasonal drgullies, better called

FOGAGAGASAE GKSNB §Af fsurfacd
and groundwater ruroff east of the central watershed
line into the coastal areas

Figure 5 The map shows the main watershed line (red colored
line) that delineates the rainwater catchment divide between
southwest and northeast. The dry-river
systems are not visualized in the map. The
small plots (brown delineated light-
colored plots) and the large plots
(arced) represent respectively
the areas where mixed
agriculture and  Aloe
cultivation took place
in 1911 (Werbata,

1913)
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The
different
colors in the
background
represent different
geological formations
(from north to south
respectively, the Aruba

Batholith, the Gabbro Formation,

the hills of the Aruba Lava Formation,
the Limestone Formation and alluvial soils).
Beach sands, beach rock and ramparts along
the coast are not shown.
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& &yYrivers B RN DR isbhdd Hefiréding RE
location of the fracture lines andeep geological faults
(see Figure )L

Limestone Terraces
On the Limestone Terraces the main dry-rivers have
carved up to the hard bedrockor sand and clay layers
underneaththe thick limestone layeand show little or no
brancting. Already in Pleistocene, during periods of sea
level low stand, drainage systemsated the deep cuts in
the limestone coast that end in the small bays (locally
Ol t t SR ; that LillCekis todayLimestone is highly
permeable and the terraces are easily erod&tis is also
why the watershed lines can only partiaig determined
in the LimestondandscapgFigure 5 and 6).
We observe few branches of drivers on the Limestone
Terraces.
The smaller ruroffs disappear underground. There is little
surface water and the majority of rainwater drains
straight into the cracks of thporous limestone into the
groundwater. Interestingly, despite the high
permeability of limestone, trees in these areas
seem to suffer less from periods of drought
compared to the trees on the crystalline rock
in the batholith. The cracks and cavities of
the Limestone are filled with soils that
consequently show a higher water
retention capacity than the
upper soil layers on the semi
impermeable Batholith. The
trees on the Limestone
have the ability to reach
these ground water
sources during the
dry-season (De
Freitas, Nijhof,
Rojer, & Debrot,
2005)
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Batholith Aruba Lava Formation (ALF)

In the heavily weathered Batholith, the pattern of thedry- In contrastthe dry-rivers in theAruba Lava Formation are

river streams idendritic in nature (pers. comm. A. Curet, strongly branchel under a varietyof often right angle§3

Figure 6). Most of the Batholith consists of aworising (Figure®). This is a direct consequence of the differen

and falling landscape with islands of naked impermeable characteristican physical weatéring of the basalt-based

rock amidst a thick layer of erosion breakdown material.  rock (ALF)in comparison tothe quartz-dioritic/gabbro
rock (Batholith)

Figure 6 Hydrological features in the Aruban landscape The rock formations in the Alf region are less uniform in
nature and are often metamorphosed in chemical
Legend compositions.

+  Hooiberg10000-15000

— ain waterdivide

—— Secondary waterdivide

—— Seasonal Dry-river System

[ safinas & Raimvater plains !

[ timestone Terraces/ Beach Rock/Sand: -
QuartzDiorite - Batholith
Aruba Lava Formation - ALF

[0 Gabbro Formation

|| Hooibergite Formation
Limestone Eolianite

Branched Trellis dry-river system (upper dry-river)

Dendritic dry-river system Dissipative dry-river system
in Eolianite Limestone

(yellow colored area)

Dissipative dry-river system
in Limestone Terraces
(whitish colored area)

Because of the uniform impermeable compasitof the
dioritic Batholith Comple?ﬁ, the nature ofweathering is
generally everywhere the same. Smaller-dmers tend to
follow the contours of the undulating landscape. The
seasonal ruroff easily maintains the major dyver

streams on the detritu$ields that follow the old fractures  This results i differences in resistance
and faults by the movements of the upper ciifstThese  against weatheringIn combination with theeastwest
major dry-rivers may carve deep as there is little orientation of many faults and dykes parallel ridgesf
resistance against erosion in these weathered parts of the resisting rockandresulted in a distinct patterof the dry-

crystalline rocKFinkel &Finkel, 1975) river seasonal ruoffs, a so-called trellis pattern; pers.
comm. A. Curet.. Once carvedbeddingsof hard rock
Gabbro Formation (area of Seroe Crystal) remain that lack the fertile soils asve find in the

The Gabbro rocks are even more resistant against Batholith. The dry-rivers that carry sediments from the
weathering and remainsomewhat elevated in the  ALFare generally shallow andlack any good soils for
landscape. In essence, the process of weathering andagriculture(Finkel & Finkel, 1975)

erosion however, is similar as in thdioritic Batholith.

Tan ki Aguifers nthe Batholith

Because of the low infiltration rate of the rock substrate
and high coefficient of runoffFinkel & Finkel, 1973he
Batholith is well suitable to catcturfae rainwater. In the
mid-20" century artificial wells and reservoirs or
rainwater dans (Tanki)were constructed in the Batholith
region specifically for agricultural purposés,irrigate the
fields and even for domestic purposes(Grontmy &
Sogreah, 1968)

L The Batholith is differentiated in a wide variety of crystalline
rocks but the time of solidification of the magma after eruption

\zl\éas too fast to enable crystallization into different rockegp 23 Wrellised drainage patterns tend to develop where there is
The thrust and slidslip faults cut the later Batholith intrusion strong structural control upon streams because of gedbgy
occasionally up to the surface. www.physicalgeography.net/fundamentals
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Subsurface infiltration of the otherwise impermeable
rocks occurs along the fault lines and the smaller fractures
and crackgFinkel & Finkel, 1975)solated shallow wells
exist that each haveheir own water regime, based on the
local hydraulic characteristics of the weathered zone.
Small aquifers exist near the barrier where the Limestone
Terrace layemeets the (underlying) hard Batholith rock
and where the rainwater that easily seeps througie
highly permeable limestone may get blocked by the
harder rock and accumulatesn the early 20" century,
water from small aquifersin the Batholith rocks was
intensively exploited by man-dug holesand drilled wells
(see alsoDerix R., 2016d) A naturd freshwater spring
exists in Fontein(at Boca Prins, see Figure 5and derives

its freshwater from a small local Limestone outcrop at the
end of a large fracturén the hard rock beddinthat also
carriesa dry-river \Rooi Prin®

Groundwater

Today, dmking water is industrially manufactured at the
Balashi water production facility WEBNV. But inthe
past besides theseasonalvater from manmade surface
NI Ay gl GSNI NB arSondzngaibhill raioviatery” |
cisterns directly at the housdreshwaer was retrieved
from groundwater accumulationsia drilled or mandug
wells” or directly fromthe freshwater spring in Fontein.

The wells that are situated in the Batholith or near the
border with the limestone, generally tap from aquifers
that are sitiated deepinto the ground or directly from
the groundwater As argued already,he Batholith and
Aruba Lava Formatioconsist of hard impermeable rock,
and meteoric water (water that originates from
precipitation) can only seep into the groundalong
subteranean fracture lines (i.e. faults) can accumulate
in the deep pocketswhere the rockis alreadyheavily
weathered Also, underneath the deep beds detritus
and clay and sand particles, as occirsome dryriver
beds water can accumulaten the dee impermeable
rock The composition of groundwater is generally
brackish and influenced by the type of rock in the-dry
river catchmentdrainage basin The wells that are
situated more to the coast tap from the limestone
aquifers and are easily polluted Wiseawater. When the
pumping of well water is too intense, infiltration and
mixing with seawater occurs and the water becomes too
brackisheven for agriculturaluse. A study bysambeek,
Eggenkamp and Vissef2000)showsthat the salinity of
the groundwater in Aruba is high compared to
neighboring islands. The authors also found that in only a
third of the wells in Aruba (n=33), the water was suitable
for irrigation purposesas there is aisk on salinizationof
the landand a negative effect fronthe wellwaterQ Bigh
sodium concentratiornthat might influence the physical
soil structureas well Nonetheless, rast of the well-water

is still usableas drinking watefor livestock

2 \www.webaruba.com

» Today, the water we consume is from imported bottles or from
the water produced by the local Desalinization Plant (Web
Aruba).
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Chemical and Physical weathering

Weathering of the rock material in theBatholith differs
from the Aruba Lava Formation and the Limestone
Terraces. Processes of physical and chemical weathering
and erosion followed on each othdifferently. In general,
under sentarid conditions, soils are onlinfrequently
moist and (chemical) weathering conditions are slow,
whichalsolimitsthe formationof rich soils.

Weathering in the Limestone Terraces

The most sitable il formation for agriculture,in the
Limestone Terrace areas, occurs only in dryiver
beddings. Limestone namely, does not weather down
into soil but consolidates andlithifies under wet
conditionsand may after dissolution and recrystallization
of the carbonate components, easily wash away. Soil
formation, however, does take placeni the dry-river
beddingsin Limestone areaas these generallyalsocarry
mud, organic compounds, clay, and erosion remains of
upstreamrocksin the catchmentarea(de Vries, 2000)
Accordingly, he asonal dryiiver streamshaveeasilycut
through the permeable Limestone Terracegnd have
%rgaf’eéf fertile valleysvherethey open into the seaThar
sediments are high in carbonate content andcontain
mineral elements from the geoldgal compositiorof the
catchmentarea (van den Oever, 2000)These dryriver
beds contain relatively deep alluvial soiland have
favorable hydrological conditions for agricultufiginkel &
Finkel, 1975) The map in figure 2 and 5respectively
show the location of the alluvial mud and sand seglits
and the areas, in particularear the southwest coasthat
have been usednostintensely for agricultual purposein
early 28" century. Historicaly, these dryrivers often
come with small bays andnlets that offer habitat fora
number of plant (mangroves, etc.) and animalpecies
(bird protection areas)

Pressure releaseexpansion crackand weathering

in the Batholith rocks

The solidification in Late Cretaceous of the Tonalite and
Gabbro Bathtith took place deepn the earth crusunder
high pressure and temperature regimdsllowed by a
long period of cooling that has resulted ilhamogeneais
crystallization of the intruded rock materidhitial drain
and rupturestook place deep under thearth surface as a
result from physicaltsesses The faults, dykes and veins
that we can observe on the earth surface are the results
of such processes and date back from eart)genesiée.

In time, however, erosion of the top sediment layers
exposed theBatholith rocks With the removal of the
masson topthere and consequenpressurerelease more
expansion cracks developed along relaxaticand
distension joints.

When wateris able to infiltrate deep underground along
the fault linesin the cracks andoints, processes of
chemicalweatheringcantake place

Tonalite is high in silicate content and in contact with
water hydrolysis takes place at the electrically charged
crystal surfaces. This aform of chemical weathering that

® The process of mountain formatioby deformation of the
Earth's crust



typicallydevelopedin the past in Aruba, when there were
more humid and wet conditions than at present
(Herweijer, 1979)and when rainwater was able to
infiltrate inside the joints,deep in the rock underneath
the surface (STINAPA, 1972'7) As the chemical
weatheringd® continues the disintegration of the rock
material takes place.alnts turn into cracks and blocks of
rock develop in a cubkke shape (typical for the joints in
Granite or QuartdDiorite rock. The ®emical surface
weatheringis of coursemost intenseat the edges and
corners ofthe rocks(wherethe surfaceto volume ratiois
largest). The resultof the differential weatheringis a
bouldershaperock formation, as if they were placed and
carved carefullyto fit on top of each otherThis type of
weathering however, takes placeonly as long as humidity
(within the soil) is in direct contact with the rock Once
i KS  WNZIrdaeglife SboGders surfacethe loose
weathered material in the cracks is taken bpson This
explains why the rounded Diorite bouldershave this
shape and why thewre still seen in largeaccumulations
in the Aruban Batholithandscape After exposure at the
surface the conditions namely,turn too dry for chemical
weatheling and the further disintegration of the rock
material takes placephysicallyand under the influence of
the sun

Physical weathering

In the absence of water, most weathering in seard
environments is physical in natur®ocks are bad heat
conductors but the dternation of intense heating during
the day and coolingt night, in particular in combination
with the dternation of wet and dry seasons,enables
some level ofphysicalweathering even at the hardest
rock surface.

Sheeting ofrock

The solarheat reactes up to millimeter or sometimes
centimeters level deep into the rock Different minerals
expand differenty when heated and thus, under the
influence of solar heaexpansioncracks occuparallel to
the rock surface The daily sequence of expansiahday
and contractionat night attacks the rock from all sides,
but again, like is the case with chemical weathering, the
strongest physicalveathering occuss at the outer sharp
edges where the surfaceto volume ratio is largest.
Because of thenhomogeneity of the quartzdiorite rock
componens these rocks tend tgeel off in time, layer by
layer.

This process is calletbck ¥ 2 £ A and dreatgs @n even
more "spheroidalappearanceof the tonalite rocks Due
to the fact thatsome rocksstill have a somewhahigher
resistance against weathering than the remainder of the
Batholith landscape, thefinal stage isan undulating
landscape typical for the Aruban Batholittwith some
accumulations of large roundedexfoliated Tonalite
boulders.

" Reference made in De Vrigz000)

% Chemical weatheringin contrast to physical weathering
involves an alteration of the chemical and mineralogical
composition of theock material
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In contrast, the rocksn the Aruba Lava Formation are
more divers irthe nature of composed material and tend
to break apart piece by piece.

Stream sediments

Rainwater is only seasonally available ariderefore,
most of the detritus and sediments remain largely
unaltered in mineral composition at the surfacéAs a
result of the accumulation of rainwater with humus and
humic acidsin cracks and crevices and in the dry river
beds, some organic weathering and soil formation is
manifesed in these locations. Shallow soil is stiffnt to
provide new opportunities for vegetation thatwill
acceleraterock decay and create even better conditions
for soil formation. The hard and impenetrable rocks in the
beddings of the seasonal streams in the Batholith only
allow small puddles of wat, however, wherelittle
organic compounds can collect and turn into soil.

A baseline study carried out in 20Q@an den Oever,
2000) shows that the stream sediments in the quartz
diorite Batholith are mainlyacidic in nature. They have
high silicate contentbut are depleted of most metal
elements andconsequentlyoffer relatively poor soils for
agriculture. TheGabbro dry-river sediments have more
metal ions and somewhat better soilput the highest
concentrations of metal lements are found in theALF
region The hard rocks of the Al.Rowever, offer little
opportunity for agriculture.

The dryrivers that origin in the ALF region and end at the
Northeast coast have almost no extent and have relatively
narrow beddings. Thoseghat have their downstream
southwestwards, however, have large beddings that
reflect the rich geology of their wider drainage basin and
do provide relatively good soils for agriculture (see also
Figure 2, 5 and gGrontmy and Sgreah, 1967)

The interplay between hydrogeology, soil formation,
climatic conditions and vegetation growth is elegantly
portrayed by De Vries in Curacg®000) and Van Den
Oever in Arubg2000) Even at some distance from the
coast, under the harsh serarid local conditions, salt
accumulation is likely to occur in the topsoil layers,
influenced by the saltaden Passat windgle Vries, 2000)
This proced A a O f f $Randvedurs Aviyeh 1
evaporation exceeds precipitation and the concentrations
of soluble salts qulphates and chloride of calcium,
magnesium, sodium and potassiyiin the upper soil layer
increase until these eventually precipitate.

Today'’s influences on soil and groundwater
The deposition of weathered material is relevant for the
formation of soils and delivers the nutrients for plant
growth. However it is not merely the type of pareat
material of the substratefrom the watersked hinterland
that determines the quality of the soil. Climatic
conditions, local topology, vegetation type, human action,
and also the presence(or allowance)of small insect
fauna etc, play a role in the process of soil formation.

% galinization will of course also be the case where salt spray
accumulates and rainwater drain is limitednder specific

mineralogical conditions on the more calcareous grounds the
alYysS LINBOS&aa Aa
and d precipitation involves calcium carbonate (CaCO3).
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Muchtopsoil have ben washed away in Aruba already
seasonal rains or blowaway by the tradewinds after
men exploited and the sun baked the land. Deforestation,
overgrazing, and land clearances all had their impazss
of valuable soilswe find elsewhere in the Caribha
(Ramjohn, Murphy, Burton, & Lugo, 20%2)d worldwide
(Howgego, 2015)In the mid17" century large numbers
of goats and sheep were free to roaand graze the land.
The harvest of woodsvas alreay severe and was to
continue for overthree centuriesin total (Hartog, 1953)
In earlier century witten accounts the Aruban

countrysideis referred to asharsh, barrerwithout much
vegetationandwith little or no topsoil (Teenstra, 1836)
Today, m manyWg A £ RS NB Rl fikd leJddérzeof &
intense erosion, where the land has been cleared (or
grazed), and nothingvas put in placéo retain the water

or prevent the loss of valuable sxil

Photo: Ruud Derix, Sept 2015.

Soil enrichment and pollution in (sub) urban areas
Inside i 2 R [ véaled@ perimetersof the new densely
inhabited areasiew opportunitiesarisefor soil formation
as these wallsiot only preventa rapid rainwater runt
from the home gardengor hotels, etc.put alsoeasethe
accumulation of plant detritusn the garden enclosure
New (garden ecosystems develgpometimesaddedwith
irrigation during the dry seasonor with additional
fertilization, albeit that the gaden vegetation is
frequently more exotic in nature with changed
opportunities for localflora andfauna(Barendsen, 2008)
(van Buurt & Debrot, 2012jvan der Burg, de Eitas,
Debrot, & Lotz, 2012Maunder, et al., 2008)

The situation outside the landscaped garden
environmens can becompletely different Someurban
areas may experiencean increase in thencidence of
flooding and sedimeration after heavy rains(Derix
2016f)whereas in other placesoil erosionis intensedue
to a rapid channeling of the rainwater runoffia the
draining infrastructures In particular when uninhabited
f I yR A& foryhevi SohshistRitli.e. removal of
W g AvegRtaionincludingtopsoil layerswith excavatory
valuable soils areasilycarried away(RuG/VROM, 2000)
This is particularly the case during theny seasor{Perk,
2003)

As the suburbanization of thelandscap8° progresses
pollution from human activities plays a more important
damagingrole as well and influences the face diie

V28 NBFSNI G2 I Y2NB RSGIAf SR
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landscape Enriched soilsiot only provide more optimal
circumstances foplant growth, but also maycreate new
habitats where invasive speciesflourish best The
continual nutrient enrichment is also thought to have
longterm consequence®n the quality ofground and
surface watersand may even influencethe marine
ecosystemsegativelyvia groundwater and surface water
runoff (Cable, Corbett, & Walsh, 200Day, 201Q)

Besides from excessive fertilization of garden soils
additional contamination of soils, ground and surface
waters comes fromthe effluent of household sewage
from shallow surfacecesspool¥, the use of herbicides
pesticidesand alike as well as thelisposal ofdetergents
&nd other discharge (Finkel & Finkel, 1975)These
effectors accumulatein residential soilsand are partly
carried away with the seasonedinwater runoff into the
marine environment Rossibly phosphate (Sharpley,
Daniel, Pote, & Sims, 199@)nd more likely nitrogen
enrichment(Cable, Corbett, & Walsh, 2002nd certainly
chemical pollutantghus create a threat not only to the
local surface and groundwater and freshwatemn wells,
but more importantly to the reef ecosysteﬁ%s(Buurt,
2008) Coral bleaching and algal blooms along the coast
have been described in otheparts of the Caribbean
already(Gast, 1998andare a potential threat in Aruba as
well that may evenaffect the tourism indstry (Goreau &
Thacker, 1994)

In conclusion

In this paper we have made an effort smmmarize and
show howgeological and (paleo) climate events have set
the boundaries for the natural development of the
landscape¢ 2 R lséb@Ean developmentscreate a new
type of landscape antiabitat that differs as ittends to
become moredetached from itsWy I { dzNJ f Mn
overall loss in naturesurface aresand ahumaninduced
impact on the local environmentreated a multifaceted
challenge for the prospected sustainable economy. A good
understanding of past historng significantto focus on the
right efforts.

Weathering, erosionsoil formation and the subsurface
mixing and flow of fresh and marine wateris a
continuous proces®&nd is active today as it was in the
past. Changes on land indirectly influence the processes at
sea, in particular in a small island settiwben processes
of eutrophication and contamination of groundand
surface waters occur. & must understand thatthe
dynamics on land and at seare inseparable It is
important to recognizethe detail of spatialevents as

i 2 R llozaheaventsare ininterplay with the geological
formationsof the landscape. Theodern impacts andhe
challengesthat we face will be dfferent in different
regions In this paper w have made an attempb help
understandwhere these differences may be relevant and
what thesedifferencesmay include

31 For a more detailed account ohé locaton of household
cesspools and publisewage systemwe refer to this landscape
series, paper No. 32onflicts between the Economy and the
Landscape ih NJz0 | Q

An overview is presented by G. van Buurt during the
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