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southern portion of the Rio Apa Cratonic Block. The Itapucumi
Group has been bio- and chrono-correlated with the Ediacaran
Tamengo Formation (Corumba Group, Almeida, 1965) of the
Paraguay Belt in Brazil based on the discovery of a Cloudina fossil in
the San Alfredo region (Boggiani and Gaucher, 2004).

In preliminary studies of the Vallemi region of northern
Paraguay, Boggiani (1998) identified systems of overturned folds-
and-thrust faults with east vergences, contrary to those identified
in the Paraguay Belt.

The analysis of this region suggests that there are two distinct
lithostratigraphic and structural domains for the Precambrian
carbonates that outcrop in central-northern Paraguay, which are
usually attributed to the Itapucumi Group. The first domain is
located in the Vallemi region and the surrounding hills along the
Paraguay River in the southwestern edge of the Rio Apa Cratonic
Block. It is composed of siliciclastic rocks (red sandstones, silt-
stones, and claystones) with intercalations of basic rocks in the
basal portion, overlaid by carbonate rocks (ooid grainstones) and
marls that have been partially affected by low-grade meta-
morphism (chlorite zone) and intense deformation. The second
domain is an extensive horizontal or sub-horizontal sedimentary
cover over the southern portion of the Rio Apa Cratonic Block (San
Alfredo — Cerro Paiva region) with shallow water sedimentary
facies (breccias, thrombolites, stromatolites, grainstones with tidal
bundle laminations, and ooid grainstone layers with cross-stratifi-
cation, Fig. 6). To date, the Cloudina has been found only in this
second domain.

The work presented here is the result of a structural character-
ization carried out at the Vallemi Mine (Industria Nacional de
Cemento — INC, Paraguay) and the neighboring Tres Cerros area, as
well as a reconnaissance along the Paraguay River in the San
Alfredo, Cerro Paiva and Sargento José E. Lopez regions. Recent
advances in the exploitation of the Vallemi Mine have allowed
a better understanding of the deformation pattern of these rocks.

In this article, we analyze the hypothesis that the Itapucumi
Group at the southwest edge of the Rio Apa Cratonic Block (Vallemi
and other exposures along the Paraguay River) represents the
outcropping vestiges of a fold-and-thrust belt with a vergence
opposite to that of the Southern Paraguay Belt. We also address the
idea that these belts form a system of belts with centripetal ver-
gences directed towards the Rio Apa Cratonic Block. Detailed
geological and structural data are presented and compared to the
regional geologic knowledge currently available.

2. The Itapucumi group

The units currently known as the Itapucumi Group in Paraguay
were preliminarily described in regional geological reconnaissance
studies (DuGraty, 1865; Boettner, 1947) and were named the “Ita-
pucumi Series” by Harrington (1950), who thought that they were
possibly of Ordovician age. Eckel (1959) described the succession as
being about 300—400 m thick, composed of light to dark gray
carbonates (locally oolitic) in erosive contact over the basement
and culminating at the top with marls and pelitic rocks. The lith-
ologic similarity of the Itapucumi Series to successions described in
Brazil allowed Putzer (1962) to suggest a Cambrian or Precambrian
age and a correlation with the Tamengo Formation of the Corumba
Group.

Wiens (1986) carried out the first detailed stratigraphic study of
the Itapucumi Series, in which he reclassified the unit as a group. It
was proposed that this group be divided into two distinct forma-
tions: the predominantly terrigenous Vallemi at the bottom and the
carbonatic Camba Jhopo at the top (Fig. 3).

According to Boggiani (1998), the Vallemi quarry section is
a succession with siliciclastic rocks (arkoses) at the bottom and
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Fig. 3. Stratigraphic column of the Itapucumi Group.

calcareous rocks intercalated with marly rhythmites at the top. The
calcareous rocks, predominantly ooid grainstones, were formed in
oolitic sandbanks and barrier islands that had undergone post-
depositional dolomitization under evaporitic conditions.

Isotopic data for the Itapucumi Group are not conclusive.
Kawashita (1996), Oliveira (2004), and Cordani et al. (2005)
analyzed 37Sr/®6Sr isotopes in carbonates from the Vallemi Mine
and compared them with the Proterozoic seawater variation curve
(Gorokov et al., 1995). The results suggested a sedimentation age of
about 560 Ma (Ediacaran). An Rb/Sr isochron obtained from
calcareous samples of the Vallemi Mine (Oliveira, 2004) yielded an
age of 517 &+ 24 Ma, which was interpreted as an isotopic homog-
enization event and attributed by the author to diagenesis.

3. Local geology

The current study was carried out in the westernmost Itapucumi
Group outcrops of the Vallemi region. The primary study site was
the INC Mine, but additional work took place in small calcareous
rock quarries in the neighboring Tres Cerros region and in outcrops
following the Paraguay River southwards (Fig. 2).

The Itapucumi Group comprises the lower Vallemi Formation
and uppermost Camba Jhopo Formation (Wiens, 1986; Fig. 3).

The lower Vallemi Formation comprises meter-scale layers of
massive and cross-stratified arkoses as well as a decameter-scale
body of basic rock, possibly effusive, overlain by intercalations of
fine-grained massive red sandstones and pelites.

The basal unit is overlaid by the Camba Jhopo Formation,
possibly through an unconformity. The upper unit begins with
a 130-m-thick succession of massive to stratified ooilitic calcareous
rocks, sometimes with trough and low-angle cross-stratifications.
At the top, the unit changes to a 90-m-thick succession comprised
of marly rhythmite intercalations with terrigenous pelites, dark
mudstones and meter- to decameter-scale layers of massive,
partially dolomitized calcareous rock (Fig. 3).

3.1. Structures

The rocks in the main exploitation area of the Vallemi Mine are
affected by a relatively intense deformation pattern, marked by the
development of axial-plane slaty cleavage and open to isoclinal
folds. Some of these folds are overturned and are associated with
thrust faults (Fig. 4).

The foliation that developed under metamorphic conditions is
characterized as a fine slaty cleavage in the pelitic layers (S1; Fig. 5A,

American Earth Sciences (2010), doi:10.1016/j.jsames.2010.04.001

Please cite this article in press as: Campanha, et al., Structural analysis of the Itapucumi Group in the Vallemi region, northern..., Journal of South

436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
an
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565

SAMESS895 proof m 8 September 2010 m 5/11

G.A.daC. Campanha et al. / Journal of South American Earth Sciences xxx (2010) 1—11

57°57'0"

=

A 22°10'20"

LEGEND

[[] Grainstones, mudstones,
dolostones, pelites and sandstones

[] Oocid grainstones and grainstones
[] Sandstones, pelites and basic volcanic
rocks

_]_ Antiform (D1)

—— Antiform overturned (D1)

—4— synform (D1)

—~—v—v Reverse fault

— Contact
sw——  Bedding (S0)
40—-4-  Slaty cleavage (S1)
% ] Intersection lineation (SO x S1)

— T Mine banks c 10

=————— Routes

T Geologic section

200 m

A ' 'y

Fig. 4. Structural-geologic map and cross-section of Vallemi Mine.
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Fig. 5. Structural features of the Camba Jhopo Formation in the Vallemi Mine: (A) photomicrograph showing microfolded sedimentary bedding with axial-plane slaty cleavage
(plane parallel light); (B) photomicrograph showing clastic sedimentary texture cut by slaty cleavage (crossed polarized light); (C) impure carbonate levels (marls) with well-
developed rhythmic bedding and perpendicular slaty cleavage; (D) inverted limb of fold with upright sedimentary stratification and tectonic cleavage with lower dip angle; (E)
southern portion of the Vallemi Mine with decameter-scale open folds affecting alternating layers of marly rhythmites and grainstones; (F) ductile-brittle shear zone of low angle
(thrust fault) with pelitic marly rhythmites in the hanging wall and grainstones in the footwall; (G) detail of previous photo showing S/C structures indicating transport towards
ESE; (H) conjugate kink bands indicating horizontal maximum compression (1) WNW-ESE; (I) strike-slip fault in the southern portion of the Vallemi Mine, with the slip direction
indicated by the attitude of the observed slickenside striae (350/10); (J) detail of the previous photo showing cataclastic breccia associated with the fault plane.
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Fig. 5. (continued).

B, C and D) formed by the orientation of very fine sericite-chlorite
grains. This mineral association and the absence of other meta-
morphic minerals (e.g., biotite) characterize a low metamorphic
grade (greenschist facies, chlorite zone). This slaty cleavage has an
average dip of 56° at an azimuth of 290° (Fig. 7B) and frequently
cuts the sedimentary stratification (Sp) at an angle.

The sedimentary stratification (Sp) is more prominent in the
impure carbonates, where it is marked by alternating layers with
variable siliciclastic and carbonate contents (Fig. 5A). The bedding
poles fit to a girdle in the stereonet, indicating a mean fold axis
plunging 14° at an azimuth of 358° (Fig. 7A). The S; cleavage is in
the axial-plane position. The intersection of lineations between Sp
and S; confirms this pattern, with an average plunge of 28° at an
azimuth of 352° (Fig. 7C).

The northwest and central-eastern portions of the mine expose
tight overturned folds with an axial plane that dips to the west
(Fig. 5D). Most of this area is located within an inverted fold limb on
top of sub-horizontal basal thrust faults.

In the southern portion of the mine, the fold pattern changes to
a succession of more open antiforms and synforms (Fig. 5E). The
fold axis and axial-plane foliation gradually pass from N—S in the
northern portion of the mine to NNE in the southern portion
(Fig. 4), which could be explained by a second-generation fold with
an approximately E—W trending axial plane and an NW plunging
axis, as suggested by the dispersion of Sy poles and L; lineations
(Fig. 7B and C). However, there is no additional evidence supporting
this interpretation, e.g., axial-plane cleavages with E—W strike.

The thrust faults (Fig. 5F and G) have sub-horizontal undulating
planes, which in certain locations make the faults appear exten-
sional, but the continuity of the faults is evident in several places.
The ductile-brittle character of these thrusts and the associated S/C
structures are consistent with the low metamorphic grade
(greenschist facies, chlorite zone) observed in the pelitic rocks.
They display attitude (Fig. 7D and E) and kinematic indicators
compatible with a sub-horizontal WNW-ESE maximum compres-
sive stress (1) orientation. They further display a transport direc-
tion towards ESE compatible with the observed eastward vergences
of the Dy folds and S; foliation. The presence of sub-horizontal
tension gashes and kink bands with approximately N—S upright
axial planes (Fig. 5H) corroborates this interpretation of a sub-
horizontal WNW-ESE ¢ orientation. Brittle normal and trans-
current faults (Fig. 51 and ]) cut these structures, but without more
precise stratigraphic or chronological data, it is difficult to precisely
determine the age of these younger brittle deformation events.

This structural pattern contrasts with that found in other nearby
areas. In Tres Cerros and some outcrops along the Paraguay River,
such as the Fonciere and Guyrati Ports, the bedding is tilted with
dips ranging from horizontal to almost 35° (Fig. 6F) but without
apparent evidence of metamorphism or tectonic cleavage
development.

However, at the Itapucumi Port located downstream of the
Paraguay River, the westernmost quarries show a deformation
pattern similar to that found in the Vallemi area. In particular, the
deformation includes open to tight asymmetrical folds with upright
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