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Abstract

1. Introduction

Base level change is one of the major controls in the evolution of a
karst system (Ford, 1971; Ford and Williams, 1989). Tectonic and climatic
dynamics can influence base level fluctuations, so cave passages may
record aggradation and erosion trends as they search equilibrium with
a new established base level (Farrant and Smart, 2011; Calvet et al.,
2024). Thus, erosion and deposition features in cave conduits allow the
interpretation of past environmental conditions associated with aquifer
and landscape evolution (Palmer, 1987, 2007).

Most karst systems in Brazil develop in limestone rocks deposited
during the Neoproterozoic in a cratonic environment. The stable tec-
tonic conditions imply in slow rates of uplift, denudation and regional
groundwater lowering. This favors the development of single level, wide,
and low gradient cave passages. Deposition and erosion records in cave
passages tend to be superimposed at the same elevation, giving rise to
acomplex cave stratigraphy, characteristic of the tropical karst in stable
terrains (Audra and Palmer, 2015).

Inthe S3o Desidério karst area (Figure 1), northeastern Brazil, large
limestone cave systems develop at the margins of a sandstone covered
plateau and preserve sedimentary records that indicate successive
base level fluctuations. The causes associated with those changes in
base level are not well understood, so careful study of cave geology,
karst geomorphology and hydrogeology may help to connect local and
regional aspects of the karst system evolution.

The aim of this research was to recognize major stages of evolutionin
the S3o Desidério karst system, taking into account modern groundwater
recharge and discharge landscape features, cave passage morphology,
and geochronological analysis of cave deposits.
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Large cave systems in northeastern Brazil record ancient and modern karstification events associated to different tectonic uplift and subsiden-
ce cycles. Low uplift and denudation rates in the craton environment allowed multiple base level fluctuation events to rework cave passage
levels at approximately the same elevation. Paleokarst landscape and interstratal karstification were recognized as early phases of dissolution
since the Paleozoic and the Paleogene to Neogene transition (i.e. before and after burial of the major limestone unit by sandstone rocks). The
analysis of modern karst landscape features, cave passage morphology and geology, lithostratigraphic relations, hydrochemical analysis of
karst waters and geochronological analysis of cave deposits (cosmogenic **Al and *Be, OSL and U-Th dating) were applied in this study. This
allowed to reconstruct a complex evolution history of the major phase of karst development since the Pliocene, after the second evidenced
limestone exposure cycle. Multiple episodes of local base level fall and rise interpreted from cave erosion and deposition features suggest
climate change control on surface river power increase (incision trends) and vegetation cover weakening (aggradation trends).

Figure 1: Collapse sinkholes with limestone cliffs, aligned in the ENE-WSW
direction, parallel to a major cave system. The low gradient landscape
that surrounds the sinkholes is covered by sandstone. The major axis
of the sinkhole in the foreground is 180 m, and its depth is 90 m. Photo:
Gabriel Lourengo.
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2. Materials and methods

Open access satellite images, topographic maps and digital ele-
vation models (SRTM - USGS, BDGEX - Brazil) where used to delineate
topographic divides and drainage basin geometry in an area of approxi-
mately 600 km?. From this, surface recharge karst features were define,
and morphometric parameters of enclosed depressions were defined
(Williams, 1972).

Springinventory was carried out in the field in order to identify aquifer
discharge points in this area (Feitosa and Feitosa, 2008). Hydrochemistry
analysis of karst waters (springs, drippings, and cave rivers) was conducted
toinvestigate the origin of the acidity responsible for cave enlargement.
Geological map analysis (SBG - Brazil) and the survey of 8 cross sections
inthe field (rock exposures and pumping well data), ranging from 1 to 60

3. Results

Geological cross sections revealed that the erosive contact surface
between the Bambui Group limestones (Neoproterozoic, lower unit) and
the Urucuia Group sandstones (Cretaceous, upper unit) is characterized
by a paleovalley morphology. Sinkholes developed on the sandstone
are ubiquitous in the covered karst zone, indicating that subjacent li-
mestone caves drag large volumes of quartz sands to the underground
limestone conduit system.

The limestone rock is exposed to the surface near the base and mid
hillslope elevations of the Sao Desidério River valley (local base level).
Allogenic recharge from the sandstone drainages form blind valleys at the
contact withthe limestone. Authogenic recharge through sinkholes is wides-
pread when the limestone rock is exposed to the surface. Spring inventory
showed that 21 intermittent and 22 perennial springs are responsible to
thedischarge of the limestone karst and the insoluble sandstone aquifers.

Mapping of surface karst depressions and springs showed that the
longest cave systemin the area (named Jodo Rodrigues) has its recharge
on surface coming from the Tamandua River watershed (sandstone co-
vered karst zone), while the discharge spring drains to a different surface
watershed, at the margins of the Sdo Desidério River.

Cave morphology is characterized by wide, low gradient phreatic pas-
sages (cave levels) oriented parallel to the intersection between the strike
of the limestone bedding planes (NE-SW to NW-SE) and prominent normal
faults (ENE) (Figure 2). The limestone beds are folded and show average
dip angle equals to 21°, as a consequence of the Brasiliano Orogeny that
affected the borders of the So Francisco Craton during the Neoproterzoic.

Figure 2: Upper cave passage level in the Sopradeira cave. Fluvial bars
covered by calcite (to the right), wall notches (to the left), remnants of quartz
sand deposits in the walls (top left), and ceiling channels (at the top) indicate
fluvial aggradation rework ing of the passage (base level rise) after phreatic
poassage development and subsequent vadose incision (base level fall).

Two major cave levels where recognized: the lower at 525 m.a.s.l.
and the upper at 555 m.a.s.l. Those are connected by vadose canyon
passages that follow the dip direction of the limestone strata.
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kmin extension, where used to characterize the lithostratigraphy, typify
karst recharge styles and recognize paleokarst features.

Survey data (Bambui and GGEO caving clubs) from representative
caves were used to analyze 6.8 km of passage morphology. Cave geology
research (Palmer, 1987, 2007) in the field was carefully performed in
order to identify erosion and deposition conduit features that indicate
base level fluctuation.

Finally, 40 samples for geochronological analysis (cosmogenic 4l
and '’Be, OSL and U-Th) were sampled from quartz rich clastic sediments
and calcite speleothems in the caves (Granger, 2006; Rhodes, 2011: Ri-
chards and Dorale, 2003). Major stages of evolution of the karst system
was interpreted from this multiple method approach.

Plan view morphology of the cave systems is characterized by aden-
dritic pattern, locally superimposed by network or anastomosing flood
maze passages, depending on the dip of the strata and the occurrence
of prominent vertical angle fault zones.

Hydrochemical analysis of karst waters showed that Ca” and HCO -
represents 60-80% of the ionic species in solution, while SO, usually
constitutes <20% of dissolved species. Average Ca’" concentrations in
the karst waters was 80 mg/l. Linear regression analysis of the Ca*,
Mg* and HCO,- concentrations show a good correlation (r=0,93). Hign
concentrations of SO,* (20 mg/l) occur in the deep phreatic zone (= 60
m depth in pumping wells) and some cave drippings. Saturation index
analyses showed that karst springs are saturated all over the water year,
except during major flooding events.

The burial ages of clastic cave deposits vary from 3.03 £ 0.19 My
(**Al and °Be) to 1.8 + 0.1 ky (OSL). Minimum ages of cave formation
three different cave systems gets progressively younger in the upstream
direction of the surface river (base level). Cave deposits at the top (2.15
+0.18 My, °Al and °Be age) and bottom (1.16 + 0.18 My, **Al and ' Be
age) of amajor vadose canyon with vertical amplitude of 30 m mark the
timing of a major base level drop.

Calcite flowstone speleothems that cover fluvial river bars in the
upper passage level shows a wide range of crystallization ages (337.9£15.6
ky,228.2 + 3.5 ky, 85.8 + 6.2 ky, U-Th age). Subaquatic speleothemswith
stromatolitic lamination (speleomicrobialites) locally form thick crusts (=
10-30 cm) on the sinkhole cliffs and all-around collapsed cave passage
walls and ceiling (Figure 3). The subaquatic speleothems occur upto 40
m above the modern cave river level and they consist of interchanged
vadose (soda straw) and phreatic (stromatolitic lamination) facies. Ages
of deposition vary from 4.3 + 0.052 ky to 2.2 = 0.248 ky.
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Figure 3: Speleomicrobialites preserved on the cliff of a large col lopsed
sinkhole (the same as in the background of Figure 1). Major axis of the larger
speleothems on the top left corner of the picture are approximately 4miong
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4. Discussion

The older karstification event corresponds to the Paleokarst formed
between the erosive contact of the Bambui Group and the Urucuia Group.
This karstification phase is characterized by the paleovalley morpho-
logy, and its formation is associated to the erosive hiatus between the
Ediacaran and the upper Cretaceous (a gap of approximately 400 My).

After the deposition of the Urucuia Group, continental uplift took
placein theinterior of the South American Platform (Almeida etal., 2000),
giving rise to a regional plateau landscape in the Cenozoic (Valadao,
2009). Interstratal karstification was triggered by the new established
hydraulic gradient of the plateau escarpment (= 1,000 m relief). The
evidences of the interstratal karstification are the sandstone sinkholes
in the covered karst zone.

Limestone exposure occurred during the incision of the Sdo Desidério
River valley. Carbonic acid dissolution was dominant to cave passage
enlargement in the phreatic and vadose zones. Punctual pyrite oxidation
ininterlayered mudstone and limestone successionsis interpreted to have
influenced dissolution by sulfuric acid in the vadose zone, as indicated
by higher SO,* concentrations in cave drippings and pumping wells.

The saturation index from karst springs suggests that cave enlarge-
ment by dissolution is active only during major floods. During most of
the water year, waters are saturated chemical with calcite and corrosion
is predominantly inactive.

The extension of the longest underground cave system flow route
and the average dip of the limestone strata were used to estimate the
maximum depth of groundwater flow in conduits between 150-270 m
fromthe surface, following the equation proposed by Worthington (2001).

Acidic water infiltration in the sandstone to limestone contact along
the Tamandua River created an alternative underground flow path and
head gradient to the S&o Desidério River. Due to the large catchment
area of the Tamandua River (long watershed axis = 100 km), the Jodo
Rodrigues cave system developed large underground galleries and
eventually pirated the Tamandua River flow to the Sdo Desidério River.
The time constrain for this stage is indicated by the minimum age of

5. Conclusion

The S30 Desidério karst system was formed during different phases
of exposure and burial of the Bambui Group limestones. The earlier
phase of evolution is related to the erosive unconformity between the
Bambui Group limestone and the Urucuia Group sandstone (Paleozoic
to Mesozoic hiatus), where a paleokarst is evidenced by a buried paleo-
valley landscape. Interstratal dissolution followed after the uplift of the
continental crust and the formation of a regional plateau, probably in
the Paleogene to the Neogene transition. The most prominent phase
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