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SUMMARY: A potash ore reserve located at a depth between 685 to 863 m below surface has been 

studied by Brazil Potash in central area of Amazon Basin, a large Paleozoic basin in northern 

Brazil. The geological setting is composed by a sequence of marine to fluvial-lacustrine sediments 

of the Tapajos Group of Carboniferous to Permian age unconformable overlaid by the rocks of the 

Javari Group of Cretaceous to Paleogene age. This sedimentary sequence is represented by the 

formations: Alluvial Deposits (0-13m of silt and clay), Alter do Chão (13-399m of sandy material 

with subordinated clay layers), Andirá (399-701m of non-disturbed limestone and siltstone) and 

Nova Olinda (701-950m of anhydrates, siltstone and evaporates). There are also magmatic rocks, 

described as diabase, which occur as sills in the overburden of the Nova Olinda Formation. The 

potash ore is located in the top of evaporite sequence with thickness ranges from 1.0 to 4.0 m, with 

an average KCl grade of 31.5%. One of the biggest challenges of the project is related to shaft 

construction/sinking, guaranteeing a hydraulic liner so water of the upper aquifers (Alter do Chão 

Fm.) does not come in contact with the evaporate ore and digging process in loose material. 

Therefore, geomechanical, and hydrogeological surveys were performed in a pilot hole in order to 

obtain suitable data to design the structure. Geomechanical characterization rock-mass classification 

(RMR
76

 and Q’) comprised rock and soil strength, discontinuity characterization and geotechnical 

zoning. Hydrogeological studies included packer testing (falling head, rising head, constant 

injection, constant discharge, constant head) and spinner flowmeter.  
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1 INTRODUCTION 

The excavations cause decompression in the rock mass, causing a different state of stress from the 

preexisting conditions. These modifications are function of their dimensions, geometry, method and 

execution and may cause elastic and/or plastic deformations and displacements that are reflected in 

their discontinuities. The displacements can eventually cause rupture of the rock mass. In 

underground excavations geomechanical issues can range from falls of small blocks and superficial 

displacements until collapses of ceilings and walls, rupture of floors or eventually total collapse of 

excavation, according to the shape and section of the excavation. 

 The geomechanical factors that govern these mechanisms are the mechanical resistance of rocks, 

their anisotropies, joint (fractures) properties, state of stress and permeability characteristics.  

 Preliminary and mandatory geomechanical investigation in a project are of greater importance 

for future underground excavations. The geological-geotechnical characterization will allow the 

correct projection of the methodologies to be used, the necessary treatments to guarantee the 

stability of the excavation in the rock mass, a better prior evaluation of the human resources, 

equipment and materials to be made available for the works. 

 Underground excavations in poorly consolidated material usually require some type of support, 

which can be done by different methods, and their application usually represents a significant cost 

in the execution of the work. Thus, underground excavations require a preliminary geological-

geotechnical investigation as detailed as possible to avoid unforeseen situations, which can directly 

impact the cost and schedule of the work. The type of material to be excavated also affects the cost, 

the time of excavations and the methodology to be adopted.  

 The planning and execution of the geological-geotechnical studies, destined to the design and the 

construction of underground works, are integrated with the phases of the enterprise. Research, an 

essential element in the acquisition of data for characterization studies, provides data at progressive 

levels of detail. Thus, the treatment of the data undergoes constant and careful improvement, 

according to the evolution of the work (Francis, 1974; Tognon et al., 1977; Ojima, 1981 and 

IPT, 1984 apud ABGE, 1998). 

 According to Antunes and Gonzales (2015) the Figure 1 presents a parallel analysis that 

illustrates the impact of decisions taken in the early and late stages on the possible reduction of 

costs in construction projects. Expenses with detailed investigations tend to minimize future costs in 

the project with works of reinforcement and mitigation of problems not previously raised. 

 
Figure 1. Graph of percentage cost over time demonstrating how early correct decisions may impact cost reduction 

(Antunes and Gonzales, 2015) 
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 Potássio do Brasil (BPC) engaged Golder to provide geomechanical and hydrogeological 

services to support shaft pilot drilling investigations in Autazes Project, in Amazonas State – Brazil. 

A sylvinite deposit was determined to be at a sub horizontal layer of evaporite rock at a depth 

between 685 to 863 m below surface. Two vertical shafts will be needed to reach the ore and will be 

sink through different geological materials with specific geomechanical and hydrogeological 

characteristics. 

 This paper presents the summary of the pilot shaft borehole investigations and the results of the 

factual data obtained for geomechanical characterization, including rock-mass classification 

(RMR
76

 and Q’) comprised rock and soil strength, discontinuity characterization and geotechnical 

zoning.  

 As the ore is an evaporite salt, it is necessary a level of knowledge on the local hydrogeological 

conditions in order to prevent the underground water reaching the mineralized zone. 

Hydrogeological studies included packer testing (falling head, rising head, constant injection, 

constant discharge, constant head) and spinner flowmeter. Additionally, geophysical profiling 

included fluid temperature, resistivity, acoustic televiewer, full waveform sonic, natural gamma, 

apparent conductivity and spontaneous potential. However, we will not address geophysical survey 

in this paper. 

2 GEOLOGICAL CONDITIONS 

 The Autazes Project site is located in central portion of the Amazonas Basin. The basin occupied 

approximately 500,000 km
2
 in area with two main sequences: Paleozoic rocks (Trombetas, 

Upupadi, Curua and Tapajós Groups) and Mesozoic-Cenozoic rocks (Javari Group) (Cunha, 2000; 

Cunha et al., 2007). The geological setting in Autazes Project is summarized in Table 1 and briefly 

described below. 

 
Table 1: Autazes Project Stratigraphy 

Period 
Average 

Thickness (m)
1
 

Geological 

Group 

Geological 

Formation 
Principal Rock Types 

Quaternary 23.0 

Javari 

Alluvial Deposits 
Clays and lateritic ferruginous concretions 

interbedded with minor siltstone and sandstone. 

Cretaceous 373.3 
Alter do Chao 

Formation 

Fine to coarse sandstones interbedded with 

minor siltstone and mudstone 

Jurassic 42.8 Penatecaua Magmatism Volcanic Intrusive: fine grained diabase. 

Permian 152.5 

Tapajós 

Andirá Formation 
Siltstone and Mudstone, with some matrix-

supported breccia 

Carboniferous 223.1 
Nova Olinda 

Formation 

Siltstones and mudstones in upper formation 

and evaporitic sequences in lower formation. 

Note: 
1
Data obtained from BPC exploration drilling campaign (Potássio do Brasil, 2014) 

 

 The Alluvial Deposits are located at or close to existing ground surface at the Autazes project 

site. These sediments were deposited during the Quaternay time period and overlies the Alter do 

Chao Formation. The results from BPC exploration drilling indicate that the formation ranges in 

thickness from 8 to 37 m (Potássio do Brasil, 2014). The formation was deposited in a low energy 

fluvial environment and generally consists of clays and lateritic ferruginous concretions, with some 

minor sandstone occurrences (Bizzi et al., 2004).  

 Alter do Chão Formation consists of massive and thickly bedding, friable and weakly cemented 

quartz sandstones which were deposited in a braided fluvial environment at cretaceous-age. 

The sandstones are well sorted, sub-rounded the rounded and are fine to coarse in grain size. 

The sandstones can be interbedded with siltstone and mudstone rocks throughout the entire 

formation sequence. At the base of the formation can consist of poorly sorted sandstone with 
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distinct quartz horizons and oxidized conglomerate bands. The Alter do Chão Formation overlies 

the Andirá Formation with thickness ranges from 339 and 422 m (Potássio do Brasil, 2014).   

 Andirá Formation underlies unconformable the Alter do Chão Formation and gradationally 

overlies the Nova Olinda Formation. The Permian-aged Andirá Formation generally consists of fine 

grained carbonate, siltstones and mudstones representative of deposition in continental lake and 

river environments. Thick sedimentary matrix-supported breccia units composed of siltstone, 

sandstone and anhydrite clasts are observed within the Andria Formation. The formation generally 

strikes northeast-southwest with a gentle dip toward the southeast (Potássio do Brasil, 2014).   

 Nova Olinda Formation consists of Carboniferous-aged evaporite sequence ranging in thickness 

from 208 to 335 m in contact with the overlying Andirá Formation (Potássio do Brasil, 2014). In 

Autazes Project area this formation is encountered approximately between the depths from 430 m in 

the northwest to 960 m in the southeast. The formation strikes northeast-southwest with a gentle dip 

toward the southeast (Potássio do Brasil, 2014). The upper sequence of Nova Olinda Formation 

consists predominantly of massive carbonate siltstone and laminated clastic siltstones. Gradational 

variations in the composition and grain size of the formation are common observed in the upper 

sedimentary sequences. The lower sequence of the Nova Olinda Formation is characterized by 

evaporitic sequences (or cycles) predominantly with halite, anhydrite and sylvinite which hosts the 

potash mineralization.  

 Penatecaua Magmatism consists of Jurassic-aged volcanic rocks intruded into the Andirá 

Formation. The rocks consist of dark gray, fine grained diabase sills. Commonly observed rock 

textural features include fractures, veins and cavities filled with fluorite and crystallized calcite.  

2.1 Structural Geology 

 Within the Basin major regional geological structure is generally aligned in a northeast-

southwest direction (Potássio do Brasil, 2014). The northeast-southwest trending features are 

interpreted to be normal faults which sub-divide the basin into series terraces which displace the 

upper sedimentary sequences and are infilled with recent fluvial deposits.  

 To the west the Amazonas basin is restricted by the Purus Arch, separating it from the Solimões 

Basin, and in the east by the Gurupa Arch, separating it from the Amazon Mouth Basin (Mabesoone 

and Neumann, 2005). A north and south hinge line separate the Amazonas Basin from the Guyana 

Shield and the Central Brazilian Shield rocks.  

 The results of the exploration drilling and seismic survey interpretation suggest that geological 

structure at depth is sparse. However, locally steeply dipping faults within the Nova Olinda 

Formation can be observed. 

3 METHODS 

 One borehole, named PBAT 15-43, was drilled for geotechnical and hydrogeological 

investigations. For hydrogeological investigation in Alter do Chão, another borehole was drilled 

and a multi-seal well installed (PBAT 15-43A). Both were located close to the shaft project location 

and are approximately 20 meters apart from each other. Golder team supervised on site the drilling 

activities and carried out a detailed geotechnical rock and soil logging. 

3.1 Drilling activities 

 The boreholes were drilled by the BPC drilling using a truck-mounted CT-20 AtlasCopco drill 

rig and cores were obtained in PQ and HQ sizes. 

 Borehole PBAT-15-43 was initially advanced from ground surface through Solimões and Alter 

do Chão Formations using PQ double tube coring methods up to 399 meters below ground surface 

(mbgs). Nova Olinda Formation and Andirá Upper Formation were drilled using PQ triple tube 

coring methods until 812 mbgs, just above the evaporite sequences.  

 Below a depth of 812 m, the borehole was advanced through Nova Olinda Formation using HQ 

double tube coring methods. BPAT-15-43 was terminated at a borehole depth of 950 m.  
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3.2 Core Logging 

The geotechnical characterization of a rock mass is broadly consistent with terminology 

recommended by the American Society for Testing and Materials (ASTM), and by the International 

Society for Rock Mechanics (ISRM). 

 To minimize disturbance to the core, the rock core was logged in a facility on a 24-hour basis. 

Geomechanical logging data were collected to characterize the rock and discontinuities according to 

the following rock mass classification systems: 

• Norwegian Geotechnical Institute Tunneling Quality Index, Q-system (Barton et al. 1974);  

• Council for Scientific and Industrial Research Rock Mass Rating (RMR) System 

(Bieniawski 1976). 

 Geomechanical logging intervals were selected based on variations in strength, fracture 

frequency, and lithology. The maximum allowable geotechnical interval length was equal to the 

drill run length. The minimum length of the geotechnical interval was 10% of the core run length, 

typically 30 cm. In addition to these data, structural orientation data were collected.   

3.3 Hydrogeology tests 

 Hydrogeological borehole testing was performed by SRK Consulting North America Ltd (SRK) 

under Golder’s supervision in two phases: (i) between the depths from 30 m to 393 m in the Alter 

do Chão Formation in the multiseal well; (ii)between the depths from 441 to 812 m in the Andirá 

and Nova Olinda formations in the open borehole. A total of 26 hydrogeological zones were tested 

at the boreholes PBAT-15-43 and PBAT-15-43-A, as summarized in Table 2. Each zone was tested 

for one or more techniques described below (SRK, 2016):  

• Rising (RH) and falling head (FH) tests, associated with packer inflation, both in the test 

zone and in the upper annular space;  

• Constant discharge (CD) pumping tests, conducted with 3” or 4” submersible pumps set at 

depths of about 40 m below ground within the PQ rods at rates of about 3.5 m
3
/h and 

9.6 m
3
/h); 

• Constant injection (CI) tests, at single or multiple rate, injected using the rig pump at rates 

approaching 7.2 m³/h; 

• Constant head (CH) tests, where constant injection tests resulted in stable, or quasi-stable 

pressures in the testing zone;  

• Constant Discharge Recovery (CDR) tests, following constant injection or constant head 

tests;  

• Spinner Flowmeter Test: performed in the entire borehole under pumping conditions;  

 
Table 2: Summary of Hydrogeological Testing Performed in PBAT-15-43A and PBAT-15-43 (SRK 2016) 

Top 

(m) 

Bottom 

(m) 

Type of Hydraulic Test  

 

 Top 

(m) 

Bottom 

(m) 

Type of Hydraulic Test  

 

70 393 Spinner flowmeter   229.2 261 FH
1
, CH, CI, CIR, CD, CDR 

360.6 393 CH, CI, CIR, CD, CDR  272.9 304.8 CH, CI, CIR, CD, CDR 

316.6 393 CH, CI, CIR  316.6 348.7 CH, CI, CIR, CD, CDR 

282.9 393 CH, CI, CIR  30 70 Spinner flowmeter 

228.2 393 CH, CI, CIR   441.2 812 FH 

19 393 CH, CI, CIR   761.2 812 CH 

178.6 393 FH
1
, CH, CI, CIR  711.2 812 CH 

127 393 FH
1
, CH, CI, CIR  641.2 812 CH 

316.6 348.7 -  566.2 812 CH 

22.5 64.6 CH, CI, CIR  511.2 812 CH 
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Top 

(m) 

Bottom 

(m) 

Type of Hydraulic Test  

 

 Top 

(m) 

Bottom 

(m) 

Type of Hydraulic Test  

 

76.4 115 FH
1
, CH, CI, CIR, CD, CDR  511.2 796 Rod leak test using CH 

127 166.8 CH, CI, CIR  411.2 812 RH  

178.6 217.3 FH
1
, CH, CI, CIR, CD, CDR  441.2 812 FH 

19 393 CH, CI, CIR  761.2 812 CH 

Note: 
1 
above test zone 

4 RESULTS 

4.1 Lithology 

The lithologies encountered in borehole PBAT-15-43 comprised sedimentary units from the 

Alluvial Deposits (Quaternary), Alter do Chão, Andirá and Nova Olinda Formations, Penatecaua 

diabase which was intruded into the Nova Olinda Formation. Due to the extremely to very weak 

rock strengths and uncemented texture of the materials encountered within the Alluvial Deposits 

and Alter do Chão formations, both soil and rock classification schemes were utilized to provide 

additional information for site characterization. General descriptions and photographs of the 

representative lithologies are provided in Figure 2. The soil and rock strength classification system 

used to describe the lithologies below is presented in Section 4.2. 

• Alluvial Deposits (0.0 to 13.3 m) are composed by soil with high plasticity clay, fine 

grained, massive texture, light brown to red-brown, assessed residual soil to extremely 

weathered, generally estimated firm to hard clay soil strength (S3 to S6). 

• Alter do Chão Formation (13.3 to 399.0 m) is compost for three materials: 

o Laterite: fine to medium grained, massive texture, light red to red, assessed highly to 

completely weathered, estimated strength range from very soft clay (S1) to medium 

strong rock strength (R3). 

o Sandstone, Fine Grained: fine to medium grained with some clayey lenses, massive 

texture, light brown to grey, assessed completely weathered to fresh, estimated 

strength range from soft clay (S2) to medium strong rock strength (R3). Can be 

interbedded with siltstone. 

o Sandstone, Medium to Coarse Grained: fine to medium grained with silt traces, 

massive/bedded texture, light brown to red, assessed fresh to completely weathered, 

variable strength generally estimated firm clay (S3) to weak rock strength (R2). 

• Andirá Formation (399.0 to 701.1 m) is compost for three materials: 

o Limestone: fine to medium grained, massive bedded texture, light grey to brown, 

assessed fresh to slightly weathered, rock strength generally estimated in the strong 

to very strong rock strength range (R3 to R4). Some calcite veining is observed. 

o Siltstone: fine grained with some minor breccia, massive texture, brown to pale grey, 

assessed fresh to slightly weathered, generally estimated the weak to medium strong 

rock range (R2 to R3). 

o Breccia: fine to medium grained matrix with gravel to cobble sized clasts of siltstone, 

matrix and clast supported texture, brown and pale grey, fresh to slightly weathered, 

generally estimated in the medium strong rock strength range (R3). 

• Penatecaua Magmatism (701.1 to 709.8 m) is intruded between Andirá and Nova Olinda 

Formations is composed by diabase with fine to medium grained, massive texture, light grey 

to dark grey, assessed fresh to slightly weathered, rock strength generally estimated in the 

strong rock strength range (R4). 
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Figure 2: General apparence (A) Residual Soils, Alluvial Deposits – Quaternary; (B) Laterites, Alter do Chão Fm; (C) 

Sandstone fine, Alter do Chão Fm; (D) Sandstone Medium to Coarse, Alter do Chão Fm; (E) Limestone, Andirá Fm; 

(F) Siltstone, Andirá Fm; (G) Breccia, Andirá Fm; (H) Penatecaua Diabase; (I) Anhydrite, Nova Olinda Fm; (J) 

Breccia, Nova Olinda Fm; (K) Siltstone, Nova Olinda Fm; (L) Halite, Nova Olinda Fm; (M) Interbedded Evaporites, 

Nova Olinda Fm; (N) Sylvinite, Nova Olinda Fm 

 

• Nova Olinda Formation (709.8 to 950.0 m) is composed by six materials: 

o Anhydrite: fine to medium grained with some minor breccia, matrix and clast 

supported texture, white to light grey, assessed fresh to slightly weathered, generally 

estimated in the medium strong to strong rock strength range (R3 to R4). 

o Breccia: medium to coarse grained matrix with gravel sized clasts of anhydrite, 

massive to thinly bedded texture, brown to light grey, assessed slightly weathered to 

moderately weathered, generally estimated medium strong rock strength (R3). 

o Siltstone: fine to medium grained, massive to thinly bedded texture, brown in colour, 

assessed fresh to slightly weathered, generally the medium strong to strong rock 

strength range (R3 to R4). 

o Halite: coarse grained, massive texture, light brown to light grey, assessed fresh to 

slightly weathered, generally estimated in the medium strong rock strength range 

(R3). 

o Interbedded Evaporites: fine to medium grained with minor brecciated zones, 
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massive to bedded texture, brown to light grey, assessed fresh to slightly weathered, 

generally estimated in the medium strong to strong rock strength range (R3 to R4). 

o Sylvinite: coarse grained, massive texture, light brown in colour, assessed freshly 

weathered, generally estimated in the medium strong rock strength range (R3). 

 

The total length of rock core logged in PBAT-15-43 was 950 m. A histogram showing the lithology 

distribution is show in Figure 3. It should be noticed that the lithology assigned during the 

geomechanical logging was not cross referenced with the resourced geology log prepared by 

Potássio do Brasil. 

 
Figure 3: Total Length of Core by Lithology 

 

Based on the lithological interval logging data, it is possible to observe the poorly consolidated 

materials in the upper layers (sandstone) turns into fine and chemical units as the depth increases.  

 

4.2 Rock and Soil Strength 

The results of the field strength estimates are based on the International Society of Rock Mechanics 

(ISRM) strength classification, i.e. soil variation is from <0.025 (S1) to >0.500 MPa (S6) and rock 

variation is <1 (R0) to >250 (R6). The estimated ISRM field soil and rock strength distribution for 

borehole PBAT-15-43 has been separated by the encountered geological formations, presented in 

Figure 4. 
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Figure 4: ISRM Estimated Field Strength Distribution for PBAT-15-43 

 

Based on the geotechnical interval logging data, the field estimates of intact soil strength and rock 

strength indicate the following: 

• Alluvial Deposits are generally characterized as a firm to hard clay (S3 to S6) and accounts 

for 1% of the total length of core logged. The average estimated field strength for these 

sediments is very stiff clay (S5). 

• Alter Do Chão Formation exhibits the variable field strength estimates, ranging from very 

soft clay to medium strong rock (S1 to R3). The Alter Do Chão Fm. accounts for 

approximately 40% of the total core logged. The average estimate field strength is very 

weak rock (R1) which accounts for 21% of the total core logged in the formation. 

• Andirá Formation field strength estimated ranged from weak to very strong rock (R1 to R5). 

The Andirá Fm. accounts for approximately 25% of the total core logged. The average rock 

strength is medium strong rock (R3) which is approximately 61% of the total core logged in 

the formation. 

• Nova Olinda Formation field strength estimated ranged from very weak to strong rock (R0 

to R4). The Nova Olinda Fm. accounts for 33% of the total core logged. The average 

estimated field strength is strong rock (R4) and accounts for 50% of the total core logged for 

the formation. 

• Volcanic Intrusive was logged as strong rock (R4) and accounts for 1% of the total core 

logged. 

 

4.3 Discontinuity Characterization 

4.3.1 Joint Condition Rating Data 

The joint condition rating (JCR) is a parameter used in the RMR
76

 rock mass classification system  

(Bieniawski 1976) to describe the small-scale surface characteristics of open discontinuities, based 

on visual estimates of the discontinuity surface roughness and wall rock alteration. A discrete 

numeric rating of 0, 6, 12, 20, or 25 is assigned based on the evaluation of the shape and the 

roughness of the discontinuity. The lower the rating of JCR the worse condition of joints.  JCR 

data were collected for individual discontinuities, and also estimated an average JCR for each 

geotechnical interval logged. The JCR was assigned based on the most representative joint 
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conditions observed in the interval. A histogram of the interval JCR distribution is presented in 

Figure 5. 

 
Figure 5: Distribution of Joint Roughness Coefficient 

 

The interval JCR data collected indicate the following: 

• The length of intervals with an average JCR of 0 or 6 represents approximately 39% of the 

total length of core logged and are basically associated with shallow Formations such as 

Solimões and Alter do Chão. 

• The length of intervals with an average JCR of 12 represents approximately 15% of the total 

length of core logged. 

• The length of intervals with an average JCR of 20 or 25 represents approximately 46% of 

the total length of core logged and are associated with Andirá and Nova Olinda Formations. 

 

4.3.2 Joint Roughness Number and Joint Alteration Number Data 

The joint roughness number (Jr) is used in the Q rock mass classification system (Barton et al. 
1974) to describe the small-scale geometry of the joint surface. The Jr number ranges from 0.5 for 

slickensided, planar surfaces to 4.0 for discontinuous joints.. 

 Similarly, the joint alteration number (Ja) is used to distinguish between fractures that are filled 

with alteration minerals such as clay and those that are not.  Filled fractures lower the rock mass 

strength, thereby reducing the stability of excavations. The Ja number ranges from 0.75 for closed 

or healed features to 20 for discontinuities filled with swelling clay greater than 5 mm in 

thickness.Jr and Ja data were collected for individual discontinuities. The Jr/Ja ratio gives an 

indication of the shear strength of the discontinuity surfaces, and ranges from 0.025 to 5.3, with 

higher values typically indicating higher discontinuity shear strength. The Jr/Ja ratio was calculated 

for all the open discontinuities logged and an average was given to each logged interval. A 

histogram of the interval Jr/Ja distribution is presented in Figure 6. 
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Figure 6: Distribution of Jr/Ja by Formation 

 

The interval Jr/Ja data collected indicate the following: 

• The length of intervals with an average Jr/Ja class of < 0.04 represents approximately 2% of 

the total length of rock and soil logged. The majority of the logged core from this class is 

from the Alluvial Deposits and the Alter Do Chão Formations. 

• The length of intervals with an average Jr/Ja class of 0.04-0.1 represents approximately 11% 

of the total length of rock and soil logged. The majority of the logged core from this class is 

from the Alluvial Deposits and the Alter Do Chão Formations.  

• The length of intervals with an average Jr/Ja class of 0.1-0.4 represents approximately 37% 

of the total length of rock and soil logged. 

• The length of intervals with an average Jr/Ja class of 0.4-1.0 represents approximately 7% of 

the total length of rock logged. 

• The length of intervals with an average Jr/Ja class of 1.0-4.0 represents approximately 3% of 

the total length of rock logged. The logged core from this class is from the Andirá and the 

Nova Olinda Formations. 

• The length of intervals with an average Jr/Ja class of > 4.0 represents approximately 40% of 

the total length of rock logged. The logged core from this class is from the Andirá and the 

Nova Olinda Formations. 

 

4.4 Rock Mass Characterization 

The geomechanical data collected from the rock core logging was used to estimate the rock quality 

in PBAT-15-43. The rock quality was estimated using the following rock mass classification 

systems:  

• Council for Scientific and Industrial Research (CSIR) Geomechanics Classification, RMR 

(Bieniawski 1976); and 

• Norwegian Geotechnical Institute (NGI) Tunneling Quality Index, Q-System (Barton et al. 
1974). 

 

4.4.1 Geomechanics Classification, Rock Mass Rating 

A rock mass quality assessment using the Rock Mass Rating - RMR
76

 (Bieniawski 1976) has been 

prepared for the rocks logged in the borehole. RMR
76

 values were calculated on a geomechanical 
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interval basis, with each interval assessed based on the actual conditions encountered during the 

logging. The intervals were selected based on variations in strength, fracture frequency and/or 

lithology.  

 The RMR
76

 classification system ranks rock mass quality based on the following five 

geomechanical parameters, as summarized in Table 3 below. 

 
Table 3: Summary of Rock Mass Rating System (Bieniawski 1976). 

Parameter Range of Values 

UCS  - MPa 

(Rating) 

>250 

(15) 

100-250 

(12) 

50-100 

(7) 

25-50 

(4) 

5-25 

(2) 

1-5  

(1) 

<1 

(0) 

RQD 

(Rating) 

90-100% 

(20) 

75-90% 

(17) 

50-75% 

(13) 

25-50% 

(8) 

<25% 

(3) 

Joint Spacing 

(Rating) 

>2m 

(30) 

0.6-2m 

(25) 

200-600mm 

(20) 

60-200mm 

(10) 

<60mm 

(5) 

Joint Condition 

JCR 

(Rating)  

 

Very rough 

No separation 

Hard wall rock 

(25) 

Slightly rough 

Separation<1mm 

Hard wall rock 

(20) 

Slightly rough 

Separation<1mm 

Soft wall rock 

(12) 

Slickensides 

Separation or 

gouge <5mm 

(6) 

Soft gouge or 

Separation >5mm 

(0) 

Groundwater 

(Rating) 

Completely Dry 

(10) 

Moist 

(7) 

Mod. Pressure 

(4) 

Severe 

(0) 

Total RMR
’76

 Value (Sum of Ratings for 5 Items) = 

Rating 100 – 81 80 – 61 60 – 41 40 - 21 20 – 0 

Description I – Very Good II – Good III – Fair IV - Poor V - Very Poor 

Notes: MPa = MegaPascal; Rating values are shown in parentheses. 

 

The five geomechanical parameters logged and the resulting RMR
76

 for each interval are shown in 

the summary log for borehole PBAT-15-43 (Figure 9 and Figure 10). A histogram of the 

geomechanical interval RMR
76

 distribution is presented in Figure 7. 

 
Figure 7: Distribution of RMR by Formation 
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The interval RMR data collected indicate the following: 

• Alluvial Deposits are characterized as very poor quality core. This represents approximately 

1% of the total core logged.  

• Alter Do Chão Formation is characterized from very poor to good quality rock. This 

represents approximately 41% of the total core logged. Approximately 80% of the total core 

logged for this formation is characterized as very poor quality core.   

• Andirá Formation is characterized from very poor to very good quality rock. This represents 

approximately 24% of the total core logged. Over 50% of the core logged in this formation 

is characterized as good quality rock. 

• Nova Olinda Formation is characterized from very poor to very good quality rock. This 

represents approximately 33% of the total core logged. Approximately 55% of the total core 

logged in this formation is characterized as very good rock.  

• Volcanic Intrusive is characterized as good quality rock. This represents approximately 1% 

of the total core logged. 

The following rules and assumptions have been applied for RMR
76

 calculations: 

• RQD values for soil and weak rock (R0 and R1 rock strengths) are assigned 0%. This is 

consistent with standard industry practice, where RQD is considered to apply only to rock 

with an intact rock strength of R2 or greater (this is a commonly used condition based on 

Deere et al 1967);  

• The Joint Condition parameter for each geomechanical interval was determined by 

calculating the average of all features in an interval. JCR values for soil and weak rock (i.e., 

soft joint wall conditions) are assigned a maximum value of 12; and 

• The groundwater parameters were assigned as a uniform rating of 7 (which represents moist 

conditions with inflows less than 25 L/min), assuming that ground freezing, dewatering or 

cover grouting will be carried out prior to or during shaft sinking. 

 

NGI Q-System 

The Q-System (Barton et al, 1974) was used to estimate quality from gemechanical parameters 

collected from logging data. The Q classification system is an empirical method of classifying rock 

masses which was developed by Barton et al. for the Norwegian Geotechnical Institute in 1974 

based on a series of tunneling case histories. The Q system uses six inputs which are: the percent 

RQD, the number of joint sets (Jn), joint roughness (Jr), joint alteration (Ja), groundwater (Jw) and 

a stress reduction factor. During the geomechanical logging, the RQD, Jn, Jr, and Ja values were 

collected for each interval and feature to allow for calculation of a Q’ value for each interval, which 

is calculated as: 

÷
ø

ö
ç
è

æ
÷
ø

ö
ç
è

æ
=

Ja

Jr
x

Jn

RQD
Q'          (1) 

 

 When adjusting Q’, which is calculated using parameters logged from rock core to derive Q, an 

assessment of stress and groundwater conditions anticipated in the development must be made. 

The rock quality classes defined in the Q-System are summarized in Table 4. 

 
 Table 4: Summary of Barton’s Q’-Tunneling Index (Barton, Lien, & Lunde 1974) 

Q’ Rating Description Q’ Rating Description 

1000 – 400 Exceptionally Good 4 – 1 Poor 

400 – 100 Extremely Good 1 – 0.1 Very Poor 

100 – 40 Very Good 0.1 – 0.01 Extremely Poor 

40 – 10 Good .001 - .0001 Exceptionally Poor 
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Q’ Rating Description Q’ Rating Description 

10 – 4 Fair   

The following assumptions where made in Q’ estimations: 

• Where RQD was less than 10%, a value of 10% was assumed. 

• The Jr/Ja parameter for each geotechnical interval was determined by calculating the 

average of all features in an interval; 

A histogram of the interval Q’ distribution is presented in Figure 8. 

 
Figure 8: Distribution of Q’ by Formation 

 
The interval Q’ data collected indicate the following: 

• Alluvial Deposits are characterized as extremely poor quality core. This represents 

approximately 1% of the total core logged. 

• Alter Do Chão Formation is characterized from extremely poor to extremely good quality 

core. This represents approximately 41% of the total core logged, 77% of the total core 

logged for this formation is characterized as extremely poor quality rock.  

• Andirá Formation is characterized from extremely poor to extremely good quality rock.  

This represents approximately 24% of the total core logged, 58% of the core logged in this 

formation is characterized as extremely good quality rock. 

• Nova Olinda Formation is characterized from extremely poor to extremely good quality 

rock. This represents approximately 33% of the total core logged. Approximately 69% of 

the total core logged in this formation is characterized as extremely good rock. 

• Penatecaua Magmatism is characterized as good quality rock. This represents approximately 

1% of the total core logged. 

 

In the following figures it is possible to observe the all geomechanical survey from the pilot hole of 

the shaft. The results from the unconsolidated materials (0 to 399 m) are presented in the Figure 9, 

and the results of the consolidated rocks (400 to 810 m) are presented in the Figure 10.  It should be 

noted that the RQD values for soil and weak rock (R0 and R1 rock strengths) presented in the 

downhole plot are assigned 0%. This is consistent with standard practice, where RQD is considered 

to apply only to rock with an intact rock strength of R2 or greater. 
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Figure 9: Geotechnical summary log BPAT-15-43 (0 – 410 m) 
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Figure 10: Geotechnical summary log BPAT-15-43 (410 – 810 m) 
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4.5 Hydrogeological results 

The results obtained for hydraulic conductivity and flow in the Alter do Chão Formation are shown 

graphically in Figure 11. The red circles represent the average hydraulic conductivity (SRK, 2016); 

the vertical bars indicate the depth intervals; and horizontal bars represent the hydraulic 

conductivity intervals, i.e., maximum and minimum values. 

 The results indicate that the hydraulic conductivity at the base of the unit is greater than 

shallower lithologies in the Alter do Chao Formation. The two intervals tested in the Upper Alter do 

Chão Aquifer show average values of 4.5 x 10
-7

 and 1.9 x10
-6

 m/s, while the Lower Alter do Chão 

Aquifer shows hydraulic conductivities between 4.5 x 10
-6

 and 1.7 x 10
-5

 m/s. The hydraulic 

conductivity increase with depth is consistent with the coarser sand portions and fluid losses 

observed during drilling and hydraulic tests. 

 In addition to the hydraulic tests, the spinner flowmeter survey was performed by AFC (2015) at 

depths between 70 and 390 m continuously and intermittently with and without pumping. Figure 11 

shows the test profile, velocity measurements and flow variation in sections for the pumping test. 

During the test the pump rate was 9.6 m³/h and data was obtained every 10 meters. The static level 

prior to test start was 19.30 meter below surface and pumping level 20.57 meters, which represents 

a drawdown of 1.27 meters.  The variation corresponds to the flow percentage to the tested areas. 

The chart shows that the main contributions take place in deeper layers, and 86.5% of the Alter do 

Chão flow is concentrated in deeper layers, at depths less than 185 m. Intervals with significant 

contributions are 208-2013 (7.9%), 232-237 (7.1%), 332-341 (11.8%) and 362-371 (13.4%). 

 
Figure 11: Hydraulic tests results obtained in Alter do Chão Formation (0 - 400 m) 
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The Andirá and Nova Olinda Aquitards present hydraulic conductivity values far below those 

observed in Alter do Chão, and they can be ranked as low to very low permeability aquitards. 

Figure 12 shows graphically the results.  

During the drilling of the shaft’s pilot hole, hydraulic tests were conducted using a single packer. 

Tests were carried out from bottom to top of the unit and were validated due to the low or very low 

hydraulic conductivity values observed (SRK, 2016). The highest values were observed in the 

deeper strata, whose last interval from 761.2 to 812.0 m reached 5.7x10
-9

 m/s. When the entire 

range of the Andirá and Nova Olinda units was tested, obtaining a hydraulic conductivity value of 

9.1x10
-10

 m/s. A slug test conducted on all the sequence indicated a hydraulic conductivity of 

8.8x10
-9

 m/s, i.e., an order of magnitude higher than the constant head test conducted on the same 

unit. These values indicate low permeability for the unit. 

 
Figure 12: Hydraulic tests results obtained in Andirá and Nova Olinda Formations (400 – 820 m) 
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5 CONCLUSIONS 

 

The pilot shaft borehole was drilled from ground surface to a depth of 950 m. The recovered rock 

was geomechanically logged and sampled at the drill site. 

 Due to the weak nature of the material encountered primarily in the Alluvial Deposits and Alter 

do Chão Formations, both rock and soil geotechnical logging have been conducted to provide 

information to support future shaft design.  

 The preliminary data indicates that rock quality improves below a depth of 400 m, within the 

Nova Olinda and Andirá Formations, and the igneous rocks encountered in borehole BPAT-15-43.  

 A summary of key geomechanical and hydrogeological findings from the Alluvial Deposits and 

Alter do Chão Formations (0 to 399 m) is presented below: 

• Total core recovery (TCR) from each drill run generally ranges between 95 and 100% 

between 0 m and approximately 300 m. Below a depth of 300 m, TCR is variable with 

notable zones of poorer recovery, and this zone can be related to similar depths where 

difficulties were experienced in the tripping-in and –out of drill rods and increased fluid loss 

to the formation. 

• The logged ISRM rock and soil strengths are generally assessed to be less than R2 (i.e., 

weak rock strength, equivalent UCS of less than 25 MPa). 

• Observed geological structure is poorly defined in the weak rock core recovered. 

• RMR
76

 values indicate that the encountered rock core is classified in very poor to poor range 

(RMR
76

 0 to 40), with minor zones in the fair to good rock (RMR
76

 40 to 80). 

• Q’ values indicate that the encountered rock core is classified in extremely poor to very poor 

range (Q’ value 0.001 to 1), with minor zones in the poor to good rock range (Q’ value 1 to 

40). 

• The hydraulic conductivities observed in these units are usually two orders of magnitude 

higher than in Andirá and Nova Olinda Formation and increase with depth. 

A summary of key preliminary geotechnical findings from the Nova Olinda and Andirá Formations, 

and the Volcanic Intrusive rocks (below 399 m) is presented below: 

• Total core recovery (TCR) from each drill run generally ranges between 95 and 100%. 

• The logged ISRM rock and soil strengths are generally assessed to be less than R3 and R4. 

• The observed geological structure generally includes open beddings partings and minor 

occurrences of moderate to steeply dipping joints. The spacing of the bedding partings is 

typically between 0.3 and 3.0 m. 

• RMR
76

 values indicate that the encountered rock core is classified in good to very good 

range (RMR
76

 60 to 100), with minor zones in the poor to fair rock (RMR
76

 20 to 40). 

• Q’ values indicate that the encountered rock core is classified in good to extremely good 

range (Q’ value greater than 10), with minor zones in the very poor to fair rock range (Q’ 

value 0.1 to 10). 

• Hydraulic tests indicated low to very low hydraulic conductivity, which corroborates with 

the geomechanical characterization of joints observed in the core. 

Considering the results obtained, the design of the shaft will need to have special attention to first 

400 meters which presents low strength and good hydrogeological conditions for groundwater flow. 

These conditions are even more severe in the basin of Alter do Chão Formation, that showed 

highest hydraulic conductivities and lowest strength, RMR
76

 and Q’ ratings. Although findings 

from the Nova Olinda and Andirá Formations indicated easier conditions for shaft sinking, an 

effective lining is essential for preventing underground water to reach the mineralized zone.  
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As next steps of the project, laboratory testing will be performed in core samples to better 

understand the behavior of rock mass on the shaft area. The tests will include Unconfined 

Compressive Strength; Frozen Unconfined Compressive Strength; Unconfined Compressive 

Strength with Young’s Modulus and Poisons Ratio; Frozen Unconfined Compressive Strength with 

Young’s Modulus and Poisons Ratio; Frozen Triaxial Compressive Creep; Triaxial Compressive 

Creep; Triaxial Compressive Strength; Indirect Tensile Strength; Porosity; Dry Density; Moisture 

Content; Pore pressure measurement from triaxial compressive strength testing; Particle sized 

distribution on disturbed samples; Bulk density on disturbed samples; and X-ray diffraction. 

The results obtained will guide the shaft design that may account for: shaft collar and related 

heavy foundation capacity; temporary ground support required for deep excavations; permanent 

shaft liner requirements (e.g. concrete liner); determination of suitable water control approaches 

(e.g. ground freezing, grouting, hydrostatic liner) including requirements for shaft pumping stations. 
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