
URTeC 1508336 

Vaca Muerta Shale Reservoir Characterization and Description: The Starting 

Point for Development of a Shale Play with Very Good Possibilities for a 

Successful Project 
Mariano N. Garcia, Federico Sorenson, Juan Carlos Bonapace, Fabio Motta, Christian Bajuk, 

Halliburton. Jose Juarez and Hernan Stockman, Staff External.

Copyright 2019, Unconventional Resources Technology Conference (URTeC) 

This paper was prepared for presentation at the Unconventional Resources Technology Conference held in Denver, Colorado, USA, 12-14 August 2019. 

The URTeC Technical Program Committee accepted this presentation on the basis of information contained in an abstract submitted by the author(s).  The contents of this paper 

have not been reviewed by URTeC and URTeC does not warrant the accuracy, reliability, or timeliness of any information herein. All information is the responsibility of, and, is 

subject to corrections by the author(s). Any person or entity that relies on any information obtained from this paper does so at their own risk. The information herein does not 

necessarily reflect any position of URTeC. Any reproduction, distribution, or storage of any part of this paper without the written consent of URTeC is prohibited.  

Summary 

The Vaca Muerta formation is one of the primary source rocks at the Neuquina basin located in the central west 

portion of Argentina, South America. During the last few years, it has been at the industry forefront for different 

reasons. Currently, many operators, including some of the major industry leaders, are initiating their own approach 

to this promising play. 

This shale reservoir, like many others, is characterized as a marine deposit with different depositional sequences and 

environments. Therefore, its organic content, as well as mineralogy, changes across its areal and vertical 

distribution. The Vaca Muerta areal extension is in the order of 30000 km
2
 (7,413,154 acres), and reservoir thickness 

varies from 160 to 400 m. Based on the many different analyses performed and results of vertical pilot wells across 

the basin, it is understood that this shale reservoir offers a very high potential within its different facies.  

This paper includes some of the lessons learned from Vaca Muerta as a result of the characterization process that has 

been building for the last few years. Some recommendations are also provided that relate to well construction, 

reservoir characterization, and well completions. 

Geological/Regional Description 

Located in South America—specifically, in west central Argentina—the Neuquina basin extends between 32 to 40° 

S latitude and 66 to 71° W longitude (Fig. 1). Covering a total area of 160 000 km
2
 (Vergani et al. 1995), the basin is 

bordered on the west by the Andes mountains and on the east and southeast by the Colorado basin and North 

Patagonian Massif. The sedimentary sequence exceeds 7000 m in thickness, comprising complex continental and 

marine sequences of the Late Triassic to Early Cenozoic strata.  

The different structural scenarios at the basin are used as a distinctive feature to classify basin evolution. Because of 

the Andes orogeny (early Cenozoic), the western part of the basin is more structurally complex, represented by 

major thrust areas. The central portion of the basin remains unaffected by this orogeny, being less structurally 

deformed and presenting thicker stratigraphic columns. This area is commonly known as the embayment and is 

where the majority of the basin’s hydrocarbon fields occur. The Neuquina basin is a major oil and gas production 

area for conventional and tight sandstones and is becoming a major site for unconventional reservoir development 

(Mosquera et al. 2011) in South America. 

http://www.urtec.org/


URTeC Control ID 1508336 Page Number 2 

Basin stratigraphy can be extremely simplified by a succession of transgressive/regressive cycles controlled by 

eustatic sea level changes and tectonics. Hence, sedimentation began as synrift deposits during the early Triassic and 

continued as basin sagging deposits (Mitchum and Uliana 1985) where sedimentation was occasionally interrupted 

or affected because of seismic activity. 

Basin evolution was initiated during the early Triassic period. Under an extension regime, structural complexity 

formed depressions over the volcanic plateau known as the Choiyoi group. Depressions were subsequently filled as 

a result of fault subsidence during the early Jurassic by Precuyano continental deposits. Synrift sedimentation 

continued until basin clogging deposits occurred, revealing the end of the basin’s first transgressive/regressive cycle 

from the Pacific Ocean, known as Gr. Cuyo. 

The regressive event is actually representative of a disconnection with the Pacific Ocean. This was caused by a 

reactivation of the volcanic arch located at the western part of the basin (Mutti et al. 1994). Compressive stresses 

generated a horst-like uplift that acted as a physical barrier for sedimentation. A discordance relation with the Gr. 

Cuyo basin sedimentation continued. Lotena group deposits correspond to a new transgressive event from the 

Pacific Ocean and are representative of a sagging event during the late Jurassic period. 

A later reactivation of the west volcanic arch (late Jurassic) modified the Neuquina basin topography. Tectonic 

inversion interrupted sedimentation and exposed Lotena deposits to sub-aerial alteration (Leanza 2009). This 

diastrophic event is known as the Intramálmica or Arauncánica discordance and was originated by the 

rearrangement of Mesozoic stresses cause by Gondwana fragmentation (Ramos 1988). This event is characterized 

by major clastic deposits sedimentation. Those deposits are identified as the Tordillo formation, representing the 

base of the Mendoza group.  

A Late Jurassic/Early Cretacic transgressive cycle flooded the basin, creating these new deposits almost throughout 

the entire basin. The event corresponded to a Tithonian eustatic sea level rise (Legarreta and Uliana 1996), with the 

Vaca Muerta formation deposits being the maximum expansion recorded at the basin for this event. Included with 

the Mendoza group are large volumes of carbonate sediments that accumulated during this event, indicating 

equilibrium between subsidence and sedimentation. Depending on the basin location, the base of  the Vaca Muerta 

formation can be at the Tordillo formation or Gr. Lotena (at basin’s northern location) or even directly on top of Gr. 

Cuyo (at the Huincul arch area).  

The Vaca Muerta formation thickens from south and east towards the north and west of the basin (Figs. 2 through 

4), ranging from absent to over 700 m thick in the basin center (Fig. 5). Depth ranges from outcrops near the basin 

edges to over 3000 m deep in the central syncline. Prospective depth for the Vaca Muerta shale averages 2500 m. 

Shales of the Vaca Muerta formation are deep marine sediments that have been mixed with organic material and are 

considered the primary source rocks for oil production at the Neuquina basin (Uliana and Legarretta 1993). They 

consist of finely-stratified black and dark grey shales and lithographic lime-mudstones (Dunham 1962) deposited in 

an anaerobic environment. 

The Vaca Muerta formation can be subdivided into three sections—the lower, middle, and upper members. 

Differentiation is based on lithology changes and sedimentary structures resulting from variations in the deposition 

environment. The Lower Vaca Muerta corresponds to an inner carbonate platform originating from a restricted sea. 

Deposits show an interdigitation of marls, carbonates, and limestones. The Middle Vaca Muerta represents slope 

deposits in relation to gravity flows or slumps, containing a higher proportion of siliciclastic material. Just as the 

Lower Vaca Muerta, the Upper Vaca Muerta represents a carbonate platform but in an open shelf/distal ramp 

environment. 
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Fig. 1: Neuquina basin location. Fig. 2: Regional cross-sections locations. 

As discussed previously, depending on the basin location, the mineralogy can present variations. In general terms, 

there is a preponderating of carbonates and quartz over clay. The major changes are related to the carbonate and 

quartz proportions. Clay percentage is usually less than 30%. Only at the basins southwestern part, there is a major 

content of clay compared to the rest of the basin, but it does not exceed the mentioned percentage. 

Fig. 3: Regional stratigraphic cut SW-NE. 

Fig. 4: Regional stratigraphic cut SE-NW. 
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Fig. 5: Vaca Muerta isopatch map. 

The organic-rich marine shale contains algae and herbaceous matter. Geochemistry is also showing variations in 

accordance with the geographical location and evolution. The kerogen type present varies from II (usually marine) 

to IV (dry gas prone). Total organic content (TOC) averages 5%, while thermal maturity (Ro) ranges from immature 

to wet gas window. 

Drilling Fluids 

A wide range of drilling experience along the basin is available. Fluid designs are customized to adjust to the 

different formation characteristics and overcome the challenges of each area.  

When designing a fluid for a certain area, it must be decided whether to use water- or oil-based fluid. This decision 

depends on many factors. Generally, oil-based fluids are used in areas of the basin where a liquid hydrocarbon 

influx is expected and where the quality of the required information is critical. 

The advantages provided by oil-based fluids include re-use in multiple wells, superior borehole stability time 

window, better hole gauge, higher mud density, better thermal stability, and good lubricity. The main disadvantages 

include higher costs, extra storage tanks and pumps required to store fluid between wells, stricter environmental 

regulations, higher probability of health, safety, and environment (HSE) risks (e.g., spills, fumes, skin contact, fire, 

etc.), additional personal protective equipment (PPE) required (e.g., disposable coveralls), rig wash required, unable 

to use traditional electric or spontaneous potential (SP) logs, lower information quality in resistivity and image logs, 

more expensive cement spacers required, more difficult well cleanup, high transportation costs for base oil, and high 

disposal costs for oily cuttings. 

The pore pressure expected will determine the required fluid density to control the well. The fluid density will 

determine the best water-oil ratio (WOR) for the fluid; the higher the density, the less water is necessary in the 
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system. Another key point is the water phase salinity; for this case, the basin is between 250 000 and 270 000 mg/L 

calcium chloride.  

Even though clays are not the most abundant, they are the most reactive mineral present in these types of wells; they 

play a very important role in the stability of the well. Exposure of clays to drilling fluids can lead to chemical 

changes that might affect their properties, causing faults in the rock and consequently stability problems while 

drilling the well. These problems can be reduced if the proper fluid is used. Several laboratory tests have been 

developed to determine beforehand how the different components of the drilling fluid will react with the formation.  

Tests Sequence 

Two types of laboratory tests are used. One is performed to obtain clay characterization, and the other is performed 

to determine the interaction between clays and the drilling fluid. 

Tests to characterize the different types of clays present in nature include the following: 

 Mineralogical composition of the formation and clay fraction determination.

 Cationic exchange capacity (CEC) of clays.

Tests conducted to determine the interaction between clays and the drilling fluid include the following: 

 Capillary suction time (CST) tests.

 Linear swell meter (LSM) tests.

 Erosion and dispersion tests.

Mineralogical Composition of the Formation and Clay Fraction Determination 

An analysis of formation composition led to better drilling fluid formulations because knowing the mineral 

components of the formation can help in predicting certain behaviors. X-ray diffraction (XRD) tests on cutting or 

core samples are performed to obtain this information with a semi-quantitative analysis. Type and quantity of clays 

present in the formation are also obtained. 

CEC of Clays 

This method is used to determine the reactiveness of clays, which is very important because different types of clays 

have different reactiveness.  

When clays are part of aqueous suspensions, some cations (positively charged atoms) of those clays are easily 

replaced by other cations present in suspension. This exchange occurs because the original cations are not as 

compatible with the negative charges as the new cations. As more cations are replaced, there will be more 

interaction between clays and the suspension, so the reactiveness of the clay will be higher. Thus, this capacity of 

exchanging cations is a direct measure of the clay reactiveness. It must be mentioned that hydrogen is a strong 

cation absorber; thus, pH has a strong impact on CEC.  

Finely ground formation cutting samples are used for performing this test and, depending on the amount of 

methylene blue required to saturate the active clay particles, the cationic exchange capacity can be calculated and 

expressed in milli-equivalents per 100 grams of dry clay. 
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Table 1 shows classification as a function of CEC. 

CEC Eq/100 kg Classification 

0 to 8 Non-reactive 

8 to 18 Medium reactive 

18 to 30 Reactive 

30 to 45 Highly reactive 

> 45 Extremely reactive 

Table 1: Classification as a function of CEC. 

Capillary Suction Time (CST) 

CST tests measure the time required for a quantity of free water to move radially between two electrodes over a 

thick porous filter paper. The test actually measures the hydrating and dispersive properties of cutting samples by 

simulating the chemical and shear forces present in drilling operations.  

The longer the time, the more reactive the sample is to the fluid used because of more water absorption. It must be 

taken into consideration that this method is very sensitive, and results strongly depend on the way the sample is 

prepared. The mixing time must be constant and standardized and only used to compare different pH, types, and 

salts concentrations. It cannot be used with polymeric-based inhibitors, which limits the method because confusion 

can be created when evaluating different fluids. 

Linear Swell Meter (LSM) 

This test is used to measure the hydration or dehydration of clays when they are exposed to drilling fluids. For this 

purpose, cores are prepared from cutting samples. These cores are embedded in the different drilling fluids to be 

tested, and the difference in the core height is measured after a certain period of time. 

Swelling capacity is a critical property because it measures the amount of tension that the wellbore can accumulate, 

which can result in collapse or formation weakening. It also provides a measure of the amount of fluid that the clay 

can receive. Figs. 6 and 7 show a typical LSM test setup and the LSM results for the Vaca Muerta formation, 

respectively. 

Fig. 6: LSM test setup. 
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Fig. 7: LSM results for Vaca Muerta. 

Erosion and Dispersion 

This test is used to measure the dispersant effect that a drilling fluid can have on a specific type of clay. For this 

purpose, a known amount of cutting sample of a certain size (between 2 and 4 mm) is mixed with the fluid to be 

tested. This sample is hot rolled in an oven to a determined pressure and temperature for 16 hr. Finally, the cuttings 

material that was not dispersed into the fluid is separated with a 10-mesh screen (retained particles of 2 mm). This 

remainder is washed, dried, and weighed. Because the initial quantity of cutting is known, the percentage of erosion 

can be calculated.  

Comments 

 Cuttings or core samples from the formation to be studied are necessary to run the test sequence described

above. It is important to note that for the erosion/dispersion test, the cutting sample size must be

determined; if not, the test cannot be performed.

 The first two tests will determine the formation composition; according to the quantity and the type of clays

present and the cationic exchange capacity, their reactiveness can be evaluated. This information will help

to determine the type of inhibition that is required.

 The last three tests help with the design of the fluid system. Once the type of inhibition required is known,

a CST is performed to determine the best inhibitor and the best concentration to use. Several fluid

formulations can be designed to be tested using a LSM and erosion/dispersion tests. A high recovery index

from the erosion dispersion test and a low percentage of swelling in the LSM test show that the clay has

low reactiveness, that the fluid studied has good inhibition properties, or a combination of both. Final

results from different fluids are compared to determine the best drilling fluid to use, which will be the one

that produces the least amount of chemical change to the reservoir to be drilled and thus will enhance its

stability.
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Well Construction Experiences and Isolation 

Cementing the Vaca Muerta reservoir in the Neuquén basin presented several challenges that had to be overcome to 

achieve successful construction of the well. Some of the conditions that affected primary cementing include the 

bottomhole static temperature (BHST), which could be as high as 260°F, and slurry densities of approximately 18 

lbm/gal required to control reservoir pore pressure. Also, it is very important to tune the rheology of the cement in 

relation to the annular clearance between the casing-hole and height of the cement. 

The cement system must be able to resist the stresses generated during completion to prevent failure. Fracturing, 

production, injection, and pressure testing are some of the operations that generate stress in the cement seal. More 

than 15 wells were cemented with elastic cement systems that were designed to support the stress requirements 

generated during the completion phase in the Vaca Muerta reservoirs for different fields and customers. The next 

section discusses the methodology used to design a suitable cement system that would support the stress 

requirements during the life of the well. 

Finite Element Analysis (FEA) 

Primary cementing in shale reservoirs is important because the annular seal must be able to resist several fracturing 

stages without failure. Currently, tools are available to build mechanical models used for simulating the loads 

required and the response of the systems, with all of the interfaces. 

The behavior of the system during its lifetime under various conditions can be determined using FEA. A system will 

always have the following basic components: a productive formation, a cement system, and a casing with the 

required properties for the particular case. 

The modeling approach applies loads, such as pressure testing, completion fluid changes, hydraulic fracturing, 

hydrocarbon production, fluid injection, etc., to determine the failure risk and/or remaining capacity. If failure is 

observed, the failure mode will be determined, such as cement-formation/cement-casing debonding, fractures in the 

cement, or plastic deformation. 

Using this methodology, the cementing solution can be adjusted to the requirements of a particular scenario. For 

example, in a low-stress application for a shallow well, the cement solution probably would be conventional; 

however, in a high-stress scenario for a deep horizontal well, the solution would require a special design. 

Usually, the higher stress placed on the annular seal during a hydraulic fracturing treatment in a shale-type reservoir 

will require a detailed analysis that keeps the solution away from the failure risk zone while allowing enough 

remaining capacity. 

Using this methodology for cementing in the Vaca Muerta reservoir has been very good for different operators and 

fields (Figs. 8 and 9). 
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Fig. 8: Remaining capacity for a conventional slurry. Fig. 9: Remaining capacity of the elastic slurry design to 

support the stress requirements during completion. 

Cement Bond Log Interpretation (Advanced Cement Evaluation—ACE) 

The different types of particles added to the cement system used to improve the mechanical properties will also 

affect the first arrive amplitude during the cement evaluation phase. 

During cement evaluation, it is very important to keep the cement properties in mind to help ensure proper cement 

bond interpretation. Cement can be evaluated using a conventional tool, but consider that a higher attenuation in the 

arrive signals will be received. 

For this particular kind of cement, the cement evaluation can be improved by combining ultrasonic tools with a 

statistical variance analysis (Fig. 10). 
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Fig. 10: ACE interpretation example. 

Temperature 

It is very helpful to simulate temperature variations during primary cementing as well as during completion. This 

information is an important input for the determination of the reaming capacity of the system, which is affected by 

thermal changes during the operation. 

Rheology 

Rheology measurements are also affected by the additives used to improve the mechanical properties of cement. A 

bob and sleeve viscometer (Fig. 11) has a small annular space, which can become plugged with these kinds of 

particles. 

To address this issue, a new yield strength adapter can be attached to a conventional Fann 35 viscometer (Fig. 12) to 

help determine the rheological properties of the fluid without interference from these particles. 

Fig. 11: Bob and sleeve viscometer. Fig. 12: Yield stress adapter. 
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Since the yield stress adapter was introduced, it has been possible to measure rheology without the errors normally 

associated with a conventional Fann viscometer and different types of particles (Figs. 13 and 14) or bubbles.  

The precise determination of the rheology of a fluid with equipment, where the measurement is not affected by 

different kinds of particles, is crucial for the correct selection of the rheological model to represent the cement 

system. Currently, the capability exists to select a rheological model that best fits a certain fluid; thereby, all of the 

hydraulic calculations used to determine the equivalent circulating density (ECD) are more precise, which helps 

ensure the fracture gradient for a given formation will not be exceeded. 

Fig. 13: Fibers. Fig. 14: Elastomer. 

Currently, powerful tools are available for building models that help the understanding of the behavior of the cement 

seal under the stress of different types of loads, taking into account the mechanical properties of all of the interfaces. 

By performing FEA for a cement system and formation, the result of applying loads to cement and casing interfaces 

during the life of the well can be predicted, and robust solutions can be delivered for future complex scenarios. 

Geochemistry Overview 

Geochemical Analysis 

Characterizing a shale play during an early stage is highly important for understanding certain aspects, such as the 

generation potential and fluid type (oil-gas, gas, and condensate). A complete geochemical analysis provides 

answers about TOC, kerogen type, and reservoir maturity. Das and Pal (2013) discuss detailed descriptions of 

analysis types and methodologies to use.  

For the Vaca Muerta geochemical characterization, a total of 38 wells were included with over 1,000 measurements 

taken from cores, cuttings, and side-wall core samples. Because data originated from different areas, a regional view 

was available for how values varied depending on location. Hence, a geographical segmentation was performed in 

three major areas (east, south, and west), defining the Los Barreales dam as the midpoint reference (Fig. 15). 
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Fig. 15: Basin geographical subdivision. 

Chebli et al. (2011) present a regional view of the Vaca Muerta geochemistry. They state that, for Well CAN.x-3, 

located in the eastern section, the following characteristics were present: kerogen Type I and II, Ro between 0.6 to 

2.2%, TOC from 1 to 8%, and IH values of approximately 300 to 500 mg HC/g TOC; for the Aguada San Roque 

area (western sector), IH values were between 150 to 200 mg HC/g TOC. 

Figs. 16, 17, and 18 illustrate S1-TOC (free hydrocarbon), S2-TOC (hydrocarbon generation potential), and 

S1/S2+S2-Tmax (maturity and fluid type), respectively. Results can be observed divided by area, in accordance with 

Fig. 15. Further details for each zone are presented next.  

A) Western Zone

This information corresponds to nine wells. In this area, the source rock ranges from oil to gas window and is 

primarily wet gas (Ro = 1.05 to 1.37) and dry gas (Ro = 2 to 2.4). TOC values range from 0.5 to 10.6%. Free 

hydrocarbon is oil (S1- oil show) and gas (low saturation). The generation potential (S2) is Type III and IV. 

Regarding maturity, within the oil window, Tmax values over 450°C and productivity index values over 0.4 are 

observed. The gas window has average Tmax values of 540°C.  

Concerning produced oil, API values were determined over 45, with low paraffin and asphaltene (6%) values. 

B) Southern Zone

These samples correspond to a total of 18 wells. In this area, source rock is in an oil window (Ro = 0.5 to 1.03). 

TOC values range from 0.8 to 12%. Free hydrocarbon is oil (S1 - oil show) with values up to 11 mg HC/g rock. The 

generation potential (S2) corresponds to Type II and III (gas). Concerning maturity, within the oil window, Tmax 

values close to 450°C and lower are present, and mid-range values for productivity index of 0.15 up to 0.5 are 

observed. 

Regarding produced oil, API values are measured between 30 to 35, with low paraffin and asphaltene values (less 

than 5%); while, at Huincul arch zone, higher values close to 25 were found. 
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C) Eastern Zone

 This data comprises 11 wells. Source rock is mainly in the oil window (Ro = 0.5 to 0.9) and wet gas (Ro = 1.05 to 

1.23). TOC values range from 0.7 to 8.5%. Free hydrocarbon is oil (S1 - oil show and high saturation). Generation 

potential (S2) is primarily oil (Type I and II) and also gas (Type III and IV). Within the oil window, Tmax values 

below 450°C and low productivity index values less than 0.4 were measured. 

Concerning produced oil, API values between 40 to 45 were measured, with paraffin and asphaltene ranging from 9 

to 14%. 

Fig. 16: S1-TOC (free hydrocarbon). 

Fig. 17: S2-TOC (hydrocarbon generation potential). 
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Fig. 18: S1/S2+S2-Tmax (maturity and fluid type). 

Table 2 shows average values for principal geochemistry markers for the three mentioned sectors. 

Zone Ro 
TOC, 

% 

S1, 

mg HC/g rock 

S2, 

mg HC/g rock 

S3, 

mg CO2/g rock 

Tmax, 

°F 

HI, mg HC/g 

TOC 

OI, mg 

CO2/g TOC 
Pi 

Western 1.52 5.45 7.60 5.90 1.38 489 188 37 0.44 

Southern 0.77 6.91 5.60 18.70 1.19 450 335 58 0.35 

Eastern 0.82 4.52 7.10 25.00 1.29 442 368 74 0.37 

Table 2: Average geochemistry values at the basin. 

Petrophysics and Rock Mechanics 

More than 400 wells distributed across 28 different fields were analyzed: 

 South from the Dorsal area (PicunLeufu, Puesto Cortez, Horqueta del Norte, Los Guanacos).

 North from the Dorsal area (Barda Gonzalez, Puesto Lopez, Guanaco, Bajo Barda Gonzalez, Meseta

Buena Esperanza).

 Aguada de Castro, Mangrullo, Aguada Pichana, Sierra Chata, Parva Negra, San Roque, Rincón de la

Ceniza, Rincón de Aranda, El Caracol, Veta Escondida, Borde Mocho.

 Fortín De Piedra, Lindero Atravesado, Centenario, Rio Neuquén, Aguada de Cajón.

 Los Toldos, La Escalonada, Coirón Amargo.

Because a complete petrophysical analysis for each zone across the basin is beyond the scope of this paper, typical 

shallow and deep well types for the Vaca Muerta are presented. Figs. 19A and 19B show the wells, and Table 3 

presents a summary of reservoir properties for each one. Following the same criteria presented in the geological 

description section of this paper, the formation is divided into lower, middle, and upper members.  

The first three tracks present basic logs (gamma, SP, and resistivity and porosity). The remaining tracks show 

mineralogy, brittleness map, calculated frac width, mud log, rock properties and minimum horizontal stress (Sh), 

unconfined compressive strength (UCS), TOC, gas content, porosity, and Vclay. 
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Fig. 19A: Shallow well type. Fig. 19B: Deep well type. 

Reservoir Property 
Deep Well Shallow Well 

Upper Middle Lower Upper Middle Lower 

Thickness, m — — 200 52 48 59 

Depth, m — — 2800 1240 1280 1340 

TOC, % — — 3.5 3 1 4.5 

Porosity, v/v — — 0.1 7 3.5 9 

Vshl, % — — 3.5 25 8 28 

YMS, MMpsi — — 3.7 3 5 2.6 

PR — — 0.24 0.26 0.25 0.26 

UCS, psi — — 7,800 10,000 14,500 10,000 

Brittleness — — 45 33 46 33 

Pore pressure gradient, psi/ft — — 0.83 0.65 0.65 0.65 

Stress gradient, psi ft — — 0.9 0.77 0.83 0.79 

Table 3: Average reservoir property by formation member. 

Mechanical rock properties were calibrated using a synthetic approach, as presented by Barree et al. (2009). The 

reason for this was primarily to reduce the effect of organic material, gas, and lamination on transit time. The last 

track in Fig. 19 (green and black) shows the difference typically found between synthetic transit time and actual 
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transit time from sonic logs, no matter the technology used. In Fig. 20, comparing DTS_COMP and DTC_COMP 

(which are the synthetic sonic logs) to actual sonic DTS and DTC, there is very good agreement along the entire 

section, except for the lower and upper members from Vaca Muerta, which are the more organic-laminated parts of 

the rock. This is not the case for the middle member because it is more likely to be a reservoir rock in between two 

source rocks. This middle member, compared to the other two, shows very low lamination and TOC content, which 

creates logging conditions similar to any other reservoir rocks. The primary issue related to this difference between 

synthetic and actual sonic logs is that, if directly measured sonic logs are applied, very different rock properties 

might be calculated for the two organic members compared to the static laboratory measurements. Table 4 shows 

rock properties calculated using a straight sonic log and the synthetic model. The critical point being made here is 

that, using the conventional approach, it would be thought that a very ductile rock was present when it actually was 

much more brittle. 

Fig. 21 shows an example of rock properties calibrated to laboratory data and presented with color dots. Poison’s 

ratio is blue, static Young’s modulus (YMS) is green, and UCS is black. 

Fig. 20: The effect of shale on sonic transit time. Fig. 21: Calibrated mechanical rock properties to laboratory 

data using a synthetic model. 

Mechanical Rock Properties 

YMS, 

MMpsi 
PR 

Brittleness 

Index 

Synthetic model 5.2 0.25 48 

Sonic logs 2 0.23 33 

Table 4: Typical difference of calculated mechanical rock properties using calibrated model or straight sonic logs. 
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An important characteristic associated with rock mechanics is clay content. More than 670 XRD tests have been 

performed, and most of them suggest clay content is no higher than 30%, as can be observed in Fig. 22. As is 

known, clay content is the primary driver of rock ductility/brittleness. Having said this, it was not expected that 

Vaca Muerta would respond as a ductile rock, in general terms because of the rock’s response to hydraulic 

fracturing. This issue will be addressed later in this paper in more detail. But, in general, it is rare to identify a high 

process zone stress (PZS), as would be the case for a ductile rock (Ramurthy et al. 2009).  

As addressed by Kundert and Mullen (2009), proper mechanical rock properties estimation is a key factor for the 

completion design process. Variables, such as perforation location, fracture design, fracture spacing, geomechanical 

understanding, and stress estimation, will be strongly influenced by estimated rock properties. 

Fig. 22: Mineralogy by well in the basin. Green bars show clay continent. 90% of the cases do not have more than 30% 

clay content. 

Data Acquisition 

It is well known that the required reservoir information is very different for the exploratory phase than for the 

development phase. During the exploratory phase, the following data can be very useful, not only for understanding 

and characterizing the rock, but also for building a calibration model, which can be reviewed and recalibrated at a 

future date with much less costs while at the same time providing good information. 

 Spectral gamma ray.

 Triple combo.

 Dipole sonic.

 Resistive and acoustic image.

 Cased-hole pulsed neutron log.

 Microseismic monitoring.

 Cuttings.

 Mud logging.
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 Rotary side-wall core.

 Core.

Although some of this information might appear redundant, the idea is to be able to begin building, from the very 

beginning, a set of correlations and calibrations so that a database can be improved later on using a more economic 

approach. For example, many authors suggest that preserved core data is better than cuttings for running more 

precise pyrolysis tests. Fig. 23 presents a comparison of S1 to TOC for the same well using fresh cuttings and core 

data. This is not the only comparison built. It is clear that both offer similar results and trends, but the costs 

associated with each type of information are very different.  

Other comparisons between cuttings and core data were performed for 

 TOC

 Volume of clay

 Mineralogy

 Mechanical rock properties

 Pyrolysis

Fig. 23: Core data follows the same trend as cutting samples, which is good for reducing well costs and being able to 

gather reservoir measurements. 

Of course, there are other tests and studies that can only be performed on cores, and this is why it is important to 

also acquire cores. The authors are not suggesting that cores should not be run, merely that using “redundant 

laboratory tests” might increase an already high authority for expenditure (AFE) in exploratory wells. Doing this 

during the exploratory phase should improve economics for the project much earlier and more quickly. 

Depending on how aggressive it is, the data acquisition program might change during the development phase. But, 

as a general guide, the following should be used: 

 Cased-hole spectral gamma ray.

 Triple combo or cased-hole pulsed neutron.
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 Resistive image (every couple of wells).

 Microseismic monitoring.

 Lab tests on cuttings; rotary side-wall cores.

 Mud logging.

Geomechanical Overview 

A strike slip stress regime exists for most of the Neuquina basin (Fig. 24), the primary cause of which is the 

compressive tectonic effect from the west. This means that the maximum of the three principal stresses is the 

compressive horizontal stress in a W-E direction. Moving from west to east, the magnitude of S1, which is also 

maximum horizontal stress (SH), decreases gradually, having less stress anisotropy toward the east. 

Table 5 presents the typical stress conditions observed across the basin, indicating each case of stress regime found 

with a color code. Zone 4 has the highest stress anisotropy and a clear strike slip stress regime, while Zone 3 has the 

lowest stress anisotropy, being in a normal stress regime. Zones 1 and 2 are in a medium position, in between the 

limits of a normal and strike slip regime. Even though Zone 1 is much deeper than Zone 2, both are in a similar 

stress condition.  

Fig. 24: Basin map with reference points to current stress regime and three principal stresses gradients. 
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Zone 

Pore 

Gradient, 

psi/ft 

Sh, 

psi/ft 

SH, 

psi/ft 

Sv, 

psi/ft 

Stress 

Regime 

1 0.83 0.91 1.03 1.06 
Normal to 

strike slip 

2 0.65 0.82 1.08 1.06 
Normal to 

strike slip 

3 0.75 0.85 0.92 1.06 Normal 

4 0.83 0.92 1.14 1.06 Strike slip 

Table 5: Results of stress analysis for areas across the basin. 

Fig. 25 shows rose diagrams of induced tensile fractures in vertical wells, indicating the typical W-E orientation for 

the SH found, with slight changes in some fields.  

Figs. 26 and 27 are good examples of how image logs look when using low- and high-density mud to drill in the 

Vaca Muerta formation. Because of high stress anisotropy, when low mud densities are used, many breakouts and 

induced tensile fractures occur. While using high-density muds (16 lbm/gal), very stable wells are drilled. Of course, 

this has many implications for drilling efficiency and associated costs. 

Fig. 25: Induced fracture orientation from image log for different reference points in the map. 

Fig. 26: Typical image log for a well drilled using low-

density mud. 

Fig. 27: Typical image log for a well drilled using high-

density mud. 
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Completions and Hydraulic Fracturing Experiences 

This section summarizes the different completion types performed at this early stage of Vaca Muerta shale play 

development. In Argentina, it was necessary to adapt conventional reservoir understanding and operational practices 

to the more challenging understanding and logistic requirements of water and proppant management, higher 

pumping rates, and treating pressures. 

A) Wellbore Types

Table 6 summarizes the different well configurations used by geographical area, which primarily is related to 

reservoir depth rather than position. In most cases, P-110, 4 1/2 and 5 in. casings were run, even for shallow 

horizontal wells, because of treating pressure uncertainty. 

Field W SE S Center SE S Center 

Well status New New Old New New 

General Information 

TOC, % 3 to 8 3 to 8 1 to 5 3 to 8 3 to 8 

Kerogen type Type I to II Type I to II Type I to II Type II to III Type II to III 

Thickness, m 25 to 450 50 to 450 60 to 120 50 to 200 50 to 200 

Well and Casing Information 

Type of Well Vertical Vertical Vertical Vertical Horizontal 

Surface Csg 

Type 
13 3/8 in. N-80 

68.0 lb/ft 

13 3/8 in. N-80 

68.0 lb/ft 

13 3/8 in. J-55 61.0 

lb/ft 

9 5/8 in. K-55  

36.0 lb/ft 

13 3/8 in. N-80 61.0 

lb/ft 

Length, 

m 
0 to 655 0 to 650 0 to 100 0 to 972 0  to 385 

Intermediate 

Csg 

Type 

9 5/8 in. P-110 

53.5 lb/ft; 7 in. P-

110 29.0 lb/ft 

9 5/8 in.  P-110 

53.5 lb/ft; 7 in. P-

110 26.0 lb/ft 

9 5/8 in. J-55 36.0 
lb/ft 

9 5/8 in. N-80 43.5 
lb/ft 

Length, 

m 

0 to 1688 

1540 to 2598 

0 to 1753 

1610 to 2400 
0 to 1000 0 to 1800 

Production 

Csg 

Type 

5 1/2 in. P-110 

20.0 lb/ft; 4 1/2 in.  
P-110 13.5 lb/ft 

5 1/2 in. P-110 

20.0 lb/ft; 4 1/2 in. 
P-110 13.5 lb/ft 

7 in. N-80 23.0 lb/ft 
5 1/2 in. P-110 

20.0 lb/ft 

5 1/2 in. P-110 17.0 

lb/ft 

Length, 

m 

0 to 1500 

1500 to 2835 

0 to 1550 

1550 to 2711 
0 to 2600 m 0 to 2768 m 

0 to 2400 

horizontal section 550 
mts 

Work string 

Type 

5 1/2 in. P-110 

20.0 lb/ft; 4 1/2 in. 

P-110 13.5 lb/ft 

5 1/2 in. P-110 

20.0 lb/ft; 4 1/2 in. 

P-110 13.5 lb/ft 

41/2 in. P-110 13.5 
lb/ft 

5 1/2 in. P-110 
20.0 lb/ft 

5 1/2 in. P-110 17.0 
lb/ft 

Length, 

m 

0 to 1500 

1500 to 2835 

0 to 1550 

1550 to 2711 
0 to 2400 0 to 2768 

0 to 2400     
horizontal section 550 

mts 

Table 6: Common well configurations used in Nequina basin for Vaca Muerta shale completion. 

B) Working Methodology

To improve completion recommendations, as presented in this paper, special attention was given to formation 

characterization to help reduce the learning curve as much as possible. Table 7 from Rickman et al. (2008) 

summarizes the main points included in the characterization process applied across the basin. 
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Geomechanical Considerations Important For Determined By 

How brittle is the shale? Fluid type selection Petrophysical model 

What is the closure pressure? Proppant type selection Petrophysical model 

What proppant size and volume? Avoiding screenouts Petrophysical model/tribal knowledge 

Where should the fracture be initiated? Avoiding screenouts Petrophysical model/tribal knowledge 

What is the mineralogy? Fluid selection 
XRD/laser-induced breakdown 

spectroscopy (LIBS)/petrophysical model 

Fluid water sensitivity? Base fluid salinity 
CST/Brinell hardness number 

(BHN)/immersion test 

Can acid be used if necessary? Initiation issues—etching AST 

Does proppant or shale flow back? Production issues Tribal knowledge 

Are surfactants beneficial? Conductivity endurance Flow test/tribal knowledge 

Table 7: Main aspects considered for the characterization process (from Rickman et al. 2008). 

Hundreds of laboratory tests were run to optimize fracturing fluid chemistry to achieve a cleaner, more economic, 

and operationally easier to run fluid. The goal was to generate the highest conductivity, especially for wet-gas and -

oil prone areas, with the least investment possible. 

Other aspects, such as stress condition and rock fabric and lamination, were major influences in the fracturing plan 

design. As discussed previously, different members were identified along the vertical distribution of Vaca Muerta, 

which had very different responses to hydraulic fracturing. For these reasons, all of these reservoir characteristics 

were considered when deciding how to group zones to be included in the same fracturing stages. Every zone showed 

to be productive but, as mentioned, they have different mechanical and petrophysical characteristics. Because of 

this, they could not be combined into one single fracturing stage if the goal was to perform the best stimulation 

possible for each individual zone.  

Because hybrid fracturing theoretically includes the benefits of developing fracture complexity and generating 

propped fracture conductivity while improving fracture height coverage, it was adopted for this type of design, not 

only for wet-gas/oil reservoirs but also for gas-prone areas. Most designs consisted of 15 to 20% slickwater for oil 

wells and 30 to 60% for gas well, then shifting to a low-polymer-load crosslinked fluid.  

Keep in mind that, because this shale play is in the exploratory phase, it is important to determine what the sweet 

spots are and why they are present. To reduce variables and uncertainties, a fracturing volume design was adopted 

on a per foot basis, defining proppant and fluid volume and pumping rate in terms of formations thickness.  

 Total fluid volume: 1,500 to 3500 gal/ft

 Total proppant: 2,500 to 3,500 lbm/ft

 Fracturing rate: 0.5 to 0.65 bbl/min/ft

This allowed for direct comparisons between production results because they were affected by reservoir 

characteristics rather than the fracturing treatment. 

Another reason why hybrid design was chosen is that the stress regime identified in several fields is strike slip, 

meaning that the difference between maximum horizontal stress and overburden are not very high. For this reason, it 

is possible to expect that, after developing vertical fractures and providing enough energy, horizontal fractures 

would then open (raising the overburden) and generate a smaller fracture width, which would increase the 

probability of early screenouts. Using higher-viscosity crosslinked fluids helped counter this situation. 

Two examples are presented in Figs. 28 and 29. While pumping at high rates with slickwater and 40/70-mesh 

proppant, excessively high frictions were observed, leading to early screenouts or the necessity to use several 
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sweeps. To overcome this, it was decided to run crosslinked gels so that treatment volumes of high concentrations of 

20/40-mesh proppant could be used. Tables 8 and 9 present two typical schedules for dry gas and oil zones. 

Fig. 28: Excessively high frictions observed at high rates. Fig. 29: Sweeps used to overcome high frictions. 

Fluid Description 
Fluid Vol, 

gal 

Proppant 

Mesh Conc Sacks 

Acid Acid 3,000 0 

Slickwater Mini-SDRT 25,000 0 

Shut-in Acid 0 

Slickwater Pad 60,000 0 

Slickwater Prop stage 15,000 50/150 0.30 45 

Slickwater Prop stage 15,000 50/150 0.60 90 

Slickwater Prop stage 14,000 50/150 0.80 112 

Slickwater Prop stage 14,000 50/150 1.10 154 

Slickwater Sweep 14,000 

Slickwater Prop stage 15,000 40/80 0.30 45 

Slickwater Prop stage 15,000 40/80 0.60 90 

Slickwater Prop stage 16,000 40/80 0.80 128 

Slickwater Prop stage 16,000 40/80 1.10 176 

Slickwater Sweep 14,000 

Slickwater Prop stage 15,000 40/80 1.00 150 

Slickwater Prop stage 20,000 40/80 1.30 260 

Slickwater Prop stage 25,000 40/80 1.50 375 

 Crosslinked fluid Sweep 18,000 

 Crosslinked fluid Prop stage 15,000 30/60 0.70 105 

 Crosslinked fluid Prop stage 15,000 30/60 1.00 150 

 Crosslinked fluid Prop stage 20,000 30/60 1.30 260 

 Crosslinked fluid Prop stage 20,000 30/60 1.50 300 

 Crosslinked fluid Prop stage 15,000 30/50 1.50 225 

 Crosslinked fluid Prop stage 13,000 30/50 1.70 221 

 Crosslinked fluid Prop stage 12,000 30/50 2.00 240 

 Crosslinked fluid Prop stage 12,000 30/50 2.30 276 

 Crosslinked fluid Prop stage 12,000 30/50 2.60 312 

 Crosslinked fluid Prop stage 12,000 30/50 3.00 360 

Slickwater Flush 9,275 

Table 8: Typical schedule for dry gas wells. 
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Fluid Description 
Fluid Vol, 

gal 

Proppant 

Mesh Conc Sacks 

Acid Acid 3,500 0 

Slickwater Mini-SDRT 35,000 0 

Shut-in Acid 0 

Slickwater Pad 75,000 0 

Slickwater Prop stage 15,000 50/150 0.30 45 

Slickwater Prop stage 15,000 50/150 0.60 90 

Slickwater Prop stage 21,000 50/150 0.80 168 

Slickwater Prop stage 21,000 50/150 1.10 231 

Slickwater Sweep 12,000 

Slickwater Prop stage 15,000 40/80 0.30 45 

Slickwater Prop stage 15,000 40/80 0.60 90 

Slickwater Prop stage 15,000 40/80 0.80 120 

Slickwater Prop stage 20,000 40/80 1.10 220 

Slickwater Sweep 12,000 

Slickwater Prop stage 20,000 40/80 1.00 200 

Slickwater Prop stage 20,000 40/80 1.30 260 

Slickwater Prop stage 22,000 40/80 1.50 330 

Slickwater Prop stage 22,000 40/80 1.70 374 

Crosslinked fluid Sweep 12,000 

Crosslinked fluid Prop stage 20,000 30/50 0.50 100 

Crosslinked fluid Prop stage 20,000 30/50 0.80 160 

Crosslinked fluid Prop stage 23,000 30/50 1.00 230 

Crosslinked fluid Prop stage 23,000 30/50 1.30 299 

Crosslinked fluid Prop stage 23,000 30/50 1.60 368 

Crosslinked fluid Prop stage 23,000 30/50 2.00 460 

Crosslinked fluid Prop stage 12,000 20/40 1.00 120 

Crosslinked fluid Prop stage 12,000 20/40 1.20 144 

Crosslinked fluid Prop stage 12,000 20/40 1.60 192 

Crosslinked fluid Prop stage 12,000 20/40 2.00 240 

Crosslinked fluid Prop stage 12,000 20/40 2.20 264 

Crosslinked fluid Prop stage 12,000 20/40 2.60 312 

Crosslinked fluid Prop stage 12,000 20/40 3.00 360 

Slickwater Flush 7,300 

Table 9: Typical schedule for oil wells. 
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As general rule in the Vaca Muerta formation, it is possible to perform stimulations without encountering major 

issues, such as screenout at low concentrations, and proppant concentrations can be run up to 6 lbm/gal. All of this 

has encouraged running more aggressive fracture designs, trying to achieve higher conductivity. Fig. 30 shows an 

example using 5,300 sacks of proppant; 30% was 30/60-mesh and 70% was 20/40-mesh. 

Fig. 30: 5,300-sack fracture chart. 

C) Statistics

Fig. 31 illustrates, at the upper section, the amount of pumped proppant per stage and, at the lower section, the total 

fluid volume. Fig. 32 shows the existing relationship between proppant and volume pumped according to well type 

(horizontal or vertical) and reservoir fluid type. Fig. 33 shows average fracture treating pressure by fracture depth; 

the different colors represent the amount of clusters perforated at each stage. Fig. 34 shows the cluster distribution, 

and Fig. 35 displays the relationship between maximum and average proppant concentration achieved according to 

well and reservoir fluid type. 
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Fig. 31: Proppant amount and water volume pumped per stage. 

Fig. 32: Relationship between proppant and volume pumped 

by well type. 

Fig. 33: Average fracture treating pressure by depth. 

Fig. 34: Cluster distribution. 

Fig. 35: Maximum vs. average proppant concentration by 

well type. 
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D) Completion Fluids

Formation fluid sensitivity testing examines the interactions that can occur between fluids and the reservoir (shale). 

The results help in determining specific fracturing chemistry to minimize potential formation damage. Relevant tests 

include CST, acid solubility tests (ASTs), and emulsion test. Das and Pal (2013) and Ramurthy et al. (2011) provide 

more detailed information about these tests. 

I. Capillary Suction Time (CST) 

Table 10 shows CST values for Vaca Muerta samples in the three main regions defined in Fig. 15. CST is expressed 

as time in seconds and as a ratio. Tests were performed with deionized water and clay inhibitor at a concentration of 

1.4 gal/1,000 gal of quaternary ammonium salt. According to Weaver et al. (2011), such clay stabilization has been 

cataloged as Organo Cation-2. 

Fluid 
Eastern Southern Western 

CST, sec CST Ratio CST, sec CST Ratio CST, sec CST Ratio 

Deionized water 70 7.7 133.8 15.7 67.5 7.4 

Clay stabilizer  

(1.4 gal/1,000 gal) 
42.1 4.3 65.8 7.2 38.3 3.8 

Table 10: CST values per basin geographical subdivision. 

Fig. 36 shows CST ratio results for a total of six wells. Tests were standardized by running the same clay inhibitor 

and concentration as previously mentioned. Each graph indicates a CST ratio average value for the complete vertical 

section of the analyzed Vaca Muerta formation. The two lines shown indicate sensitivity level—non-sensitive CST 

ratio = 0.5 (light blue line) and extremely sensitive CST ratio = 50 (black line) (from Ramurthy et al. 2011). 

Fig. 36: CST ratio results for a total of six wells. 

Despite all of the analyzed wells presented acceptable average values between 3.7 to 7.2, it was possible to identify 

a well on the western sector, referred to as Well C, that had the highest values, which means it had a higher 

Grafico XX6
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sensitivity to the aqueous phase. Further tests were run using different clay stabilizers to obtain values that would 

match the recorded averages. 

Fig. 37 shows the Well C results. A total of five samples (depths) were tested, representing the highest values from 

the initial test (blue bars, Organo Cationic-2). Then they were tested with the highest concentration of the same clay 

stabilizer, which did not obtain significant results. Other tests were run on two different concentrations of KCl 

(green bars), providing acceptable values (average of 5.9 to 4.7). Because of the test results, it was decided to use 

1% KCl as a clay stabilizer in the fracturing fluid. Finally, a new ultralow-molecular-weight cationic organic 

polymer (PC-4) was tested (red bars) (Weaver et al. 2011), which provided similar values as those seen with the 

KCl. Nonetheless, this product provided several advantages over KCl. From an operational point of view, it is easier 

to use because it is a liquid. It acts as a temporary clay stabilizer at lower concentrations and is permanent at higher 

concentrations. It is also more economic than inorganic salts such as KCl. 

Fig. 37: CST results for Well C. 

II. Acid Solubility Test (AST)

ASTs quantify the percentage of rock that is soluble to acid, typically using 15% hydrochloric (HCl) acid. The use 

of reactive fluids (acids) in shale is a common practice, which is usually performed to decrease fracture initiation 

pressure and remove excessive near wellbore friction (Grieser et al. 2007; Wood et al. 2011). However, there are 

documented cases in which an increase in production was obtained because of rock etching and the creation of new 

exposed areas (Grieser et al. 2007; Rowe et al. 2004; Trehan et al. 2012).  

At Vaca Muerta, volumes between 2,000 to 3,000 gal of 15% HCl acid are used, usually to create abrupt pressure 

drops in the range of 1,500 to 2,500 psi. 

Fig. 38 shows analyzed information for seven wells located in the three regions discussed in this study. Fig. 38A 

shows a linear correlation between carbonate % (XRD) and solubility % to 15% HCl acid (AST), as detailed by 

Rickman et al. (2008). The clay percentage is represented by dot size, where the highest clay percentage corresponds 

to a lower solubility percentage. Fig. 38B displays solubility responses to HCl-hydrofluoric (HF) acid (6.0%-1.5%). 
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It can be observed that high clay percentage values shift toward higher solubilities (50 to 80%). Figs. 38C and 38D 

illustrate the percentage of mineral fraction (quartz-carbonate-clay) and solubility to both acid formulations—15% 

HCl acid and HCl-HF acid (6%-1.5%). 

Fig. 38: (a) Correlation between mineralogy and solubility, (b) solubility response (HCl-HF acid), (c) mineral fraction % 

for tested wells, and (D) tested wells’ solubility response (HCl-HF acid). 

In general terms, two tendencies can be observed in accordance to mineralogy (average values for Vaca Muerta 

samples) and ASTs using 15% HCl acid. The first group included samples from the eastern and southern sections 

(Wells O, M, N) and Well B from the western section. These wells contained a higher carbonate percentage, over 

45%, and low values of clay percentage, less than 20%, with solubilities over 55%. The second group of wells is 

located in the western section (Wells C, D, and E). From XRD results, an evenly distributed percentage was present 

for mineral fraction and solubilities, around 45%. On the other hand, for the majority of analyzed wells, solubility 

values to HCl-HF acid were observed at over 65%. 

Because of these results, a more detailed analysis was performed for Well B. In Fig. 39, a 160-m section of the Vaca 

Muerta formation is displayed with mineralogy variations to solubility for different acid formulation types, 15% HCl 

acid, 3% HCl acid reactive fluid, and HCl-HF acid (6.0%-1.5%). 
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Fig. 39: Mineralogy variation to solubility for different acid formulation types—15% HCl acid, 3% HCl acid reactive 

fluid, and HCl-HF acid (6.0%-1.5%). 

Solubility response is strongly related to the predominant mineralogy. In the lower section, results showed a higher 

solubility percentage to acids, such as AST-15% HCl acid or 3% HCl acid (blue and yellow bars) because of a high 

carbonate percentage (XRD, light blue bars). These carbonates (80 to 95%) correspond to the ones observed in Fig. 

38A in the upper right corner (red dots). On the other hand, the upper section presents the highest solubility 

percentage for HCl-HF acid (AST, red bars), which is explained by the higher quartz percentage (XRD, orange 

bars). 

III. Analysis Emulsion Test

Emulsion tests were performed for five different Vaca Muerta oil samples. Samples A, B, and C are from the 

southern section (according to the reference map). In particular, Sample B showed the lowest API value of 30. 

Samples D and E are from the western section.  

All tests were run identically at 120°F and used two different surfactants (non-ionic and microemulsion). Each 

sample was tested with used fracturing fluid (slickwater, linear gel, and broken crosslinked gel). Fig. 40 shows the 

test results obtained using the crosslinked gel (the least favorable).  

Different concentrations were tested (1, 1.5, 2, and 3 gal/1,000 gal) to optimize the surfactant usage. 

In general, the same tendency was observed in all tests with slickwater. It reached the highest separation percentage 

(100%) in the least time (5 min). In contrast, the linear gel and crosslinked gel showed a lower separation percentage 

(80%) for the same time (5 min). All tests showed a 100% separation after 30 min.  
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Fig. 40: Test results obtained using crosslinked gel (least favorable). 

Fig. 40 shows, on the upper section, all tests performed with different oil samples using non-ionic surfactant. In 

general, it can be observed that, after 5 min, an 80% separation can be observed, with the exception of Sample B. 

With this oil sample, it was necessary to incrementally increase the concentration to 2.0 gal/1,000 gal to achieve the 

separation percentage in the same amount of time. 

In the lower section of this chart, results obtained with the microemulsion are shown. Again, similar results as the 

non-ionic surfactant can be observed, also with the exception of Sample B. 

After all tests were performed, it was concluded that a concentration between 1.0 and 1.5 gal/1,000 gal was 

optimum, excluding oil samples with low API values. 

Fig. 41 shows the Sample C test, which was performed with the non-ionic surfactant (1.5 gal/1,000 gal). 

Fig. 41: Sample C test performed with non-ionic surfactant (1.5 gal/1,000 gal). 



URTeC Control ID 1508336 Page Number 32 

Impact of Geomechanics on Hydraulic Fractures 

To help prevent oversimplifying or underestimating formation characteristics, it is important to understand the rock 

mechanics and geomechanical conditions of a reservoir, which allow for estimations of how the fractures might 

actually occur. 

Based on an understanding of geomechanics, the possible rock behavior during hydraulic fracturing was divided into 

two different groups using the zones identified in Fig. 42 as reference. 

Group 1 consisted of wells located in conditions similar to Zone 3 (geomechanical overview) with a normal stress 

regime. Group 2 included deeper and more western wells in Zone 4 conditions, which tended to be in a strike slip 

stress regime.  

For Group 1 type wells, it would be expected that it was possible to reactivate vertical secondary planes of weakness 

with an angle close to N-S, which would be the most difficult situation because it would dilate the maximum 

horizontal stress. This well condition should be very beneficial for maximizing contacted reservoir volume. 

For Group 2 wells, in a strike slip stress condition, bottomhole treating pressure (BHTP) should easily be enough to 

lift overburden once the fracture was initiated. Keeping in mind that the natural lamination of this shale is merely a 

horizontal plane of weakness, they could be reactivated and generate T-shaped fractures. As a general rule, this is 

not desirable because developing complexity by generating horizontal secondary fractures should not improve 

production as much as vertical secondary fractures. 

When the presence of pre-existing natural fractures that can reactivate is included in the analysis, results can change 

considerably. Currently, there has been only one job in which two offset wells were completed in a very similar 

manner, where one was in a very faulted area and the other was in a calm area. The well in the faulted area is not a 

good producer. The reason for this is unclear, but it is something to consider, especially when most wells drilled in 

calm areas are good producers.  

Moving on to the horizontal wells in Vaca Muerta, a very similar scenario to what Barree et al. (2009) suggest 

should be observed. Fig. 42 shows the horizontal wellbore conditions expected in each group type. As known, 

hydraulic fractures initiate where there is the least hoop stress in the near-wellbore (NWB) area. After the hydraulic 

fracture is initiated and propagates, fracture growth is only affected by far field stresses. Assuming the well is drilled 

in the direction of minimum horizontal stress to develop transversal fractures; this means that, for Group 1, it should 

be expected to have longitudinal fracture initiation in the top and base of the well, dilating SH. As it grows away 

from the NWB zone, the fracture might turn toward SH and against Sh.  

For Group 2, the fracture might tend to initiate longitudinally but at the sides of the wellbore. As soon as it grows 

away from the NWB area, it might turn vertically and toward SH.  

With different orientations for each case, very complex hydraulic fracture geometries should be observed in the 

NWB area. As mentioned, fractures should make strong turns toward SH directions as soon as they grow away from 

the NWB area. For this shale play with important stress anisotropy, this means that fracture width in the NWB area 

will be very small, which could result in having choked fractures in an area that requires the highest fracture 

conductivity, especially when trying to produce liquids. 
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Fig. 42: Possible rock behavior during hydraulic fracturing. 

Anything that reduces NWB complexity, improves well-reservoir communication, and improves NWB conductivity 

along the horizontal should help improve horizontal well productivity. A few options include the following: 

 Proper mud and wellbore cleanup.

 Foam cement isolation.

 Oriented perforations

 Reduced entry point spacing.

 Pinpoint completions.

 High-proppant-concentration fracture design.

 Reduce/avoid fracture overflushing.

Another issue associated with the stress condition is casing shearing events that occur during well completion. Fig. 

43 shows two clear examples. One was identified while completing the well, and the other just before the initiation 

of well completion. This well was used as a monitor to run microseismic geophones while fracturing an offset well. 

Unfortunately, these kinds of events occur often in these highly pressurized reservoirs.  

Fig. 44 (left side) shows a typical rose diagram of identified natural fractures in Vaca Muerta. It indicates that those 

planes of weakness are rotated 20 to 30° from the E-W direction, dipping from 20 to 80°. If there is enough BHTP 

pressure during hydraulic fracturing, then some of these sub-horizontal planes crossed by the well could be 

reactivated and generate casing shearing. For reactivation to occur, the net pressure normal to those planes of 

weakness must be reduced. This is equivalent to having a Mohr circle that moves from the original condition to the 

left, as indicated by the red arrow in Fig. 45. Because pore pressure grows as a result of low-viscosity fracturing 

fluid leaking into these planes, effective normal stresses decrease, and the circle moves to the left until there is 

reactivation and applied energy starts to dissipate. If pumping at high rates is continued, the circle will remain on the 

left side and shearing will continue until leakoff is higher than the injection rate at this point.  
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Fig. 43: Casing shearing events occurring during well 

completion. 

Fig. 44: Rose diagram of identified natural fractures in Vaca 

Muerta. 

Fig. 45: Pore pressure grows because of low-viscosity fracturing fluid leaking into weakness planes, decreasing the 

effective normal stresses. 

This condition might be “new” in the Neuquina basin, not because of something related to the completion process, 

but because a formation is being fractured with a much higher pore pressure (equivalent to very small effective 

normal pressure in planes of weakness) than traditional tight or conventional reservoirs in which pore pressure is 

much lower (equivalent to higher effective normal pressure in planes of weakness). This lower pore pressure will 

create the high shear stress required to reactivate sub-horizontal planes of weakness, which is rarely achieved while 

fracturing those reservoirs.  

Unfortunately, the cause of this problem is a natural condition and nothing can be done to change it; running any 

type of heavier casing is not cost effective. 

Some identified practices that could be performed during completion to help minimize the risk of casing shearing 

include the following: 

 Reduce total pumping rate.

 Increase viscosity.

 Increase average proppant concentration.

 Reduce total treated reservoir thickness per stage.

 Apply pinpoint completions.

It is understood that increasing viscosity, reducing rates, and increasing average proppant concentration could result 

in the reduction of the total volume of the sheared reservoir (more commonly referred to as stimulated reservoir 

volume or SRV), and this could cause diminished initial production. It is also understood that these types of events 
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could cause the loss of hundreds of meters of well, as happened in both wells discussed, where 70 and 200 m of 

reservoir were lost, respectively. Therefore, the risks of possible losses in productivity and higher costs should be 

considered. 

Summary 

From a technical viewpoint of this shale play, there are many reasons to believe it has potential to be a very good 

producer. Its areal extension, thickness, porosity, TOC, maturity, mineralogy, and mechanical rock properties show 

very good numbers compared to what is normally expected from a shale. The reservoir is promising and the 

resources are available to develop it. 

Well construction and completion experiences have demonstrated that successful operations can be conducted with 

Vaca Muerta drilling and completion if some of the lessons learned are followed. There will be specific targets and 

priorities for each operator that will influence the decision making, so a collaborative approach should be used to 

find the drilling and completion “best practices” for each field or area in the basin. Certainly, this will require much 

effort from all of those involved, but the results observed so far are encouraging.  
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Nomenclature 

ACE = Advanced cement evaluation. 

AFE = Authorization for expenditure. 

AST = Acid solubility test. 

BHST = Bottomhole static temperature. 

BHTP = Bottomhole treating pressure. 

Cb = Carbonate. 

CEC = Cationic exchange capacity. 

CST = Capillary suction test. 

DTC = Compressional wave slowness. 

DTS_COMP = Composite shear wave slowness. 

DTS = Shear wave slowness. 

DTC_COMP =Composite compressional wave slowness. 

FEA = Finite element analysis 

Gamma = Gamma ray. 

HC = Hydrocarbon. 

IH = Hydrogen index. 

LSM = Linear swell meter. 

PR = Poisson’s ratio. 

Qz = Quartz. 

Ro = Vitrinite reflectance. 

SP = Spontaneous potential. 

Tmax = Maximum temperature. 

TOC = Total organic carbon. 

UCS = Unconfined compressive strength. 

Vclay = Clay volume. 
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XRD = X-ray diffraction. 

YMS = Static Young’s modulus.
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