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RESUMEN

Las mudrocks organicas son reservorios dinamicos cuyas propiedades petrofisicas y mecanicas
varian con el soterramiento en el largo plazo (tiempo geoldgico) y con la produccion en el corto plazo
(semanas, meses, afios). En condiciones de reservorio, la produccién de hidrocarburos va a estar
gobernada por fuerzas de presion, el campo de esfuerzos y por la conectividad hidraulica (interna
0 externa) que pudieran propiciarles las fracturas naturales o las inducidas por fracturamiento
hidraulico. La politica de manejo del choke es crucial para regular el flujo de hidrocarburos tanto
en la etapa inicial de flowback como durante el periodo de producciéon del pozo. Contar con un
modelo geomecanico poroelastico 3-D de elementos finitos (FEM) que permita determinar el tamafio
optimo del choke posibilita seleccionar la mejor estrategia de produccion a lo largo de toda la vida
util del pozo. El presente trabajo muestra, mediante simulacién numérica, el alto impacto que tiene
el manejo de la presién de fondo en la recuperacion de hidrocarburos y en la ralentizacion de la
pérdida de permeabilidad de un pozo vertical en la formacion Vaca Muerta, ubicado en la ventana
de generacion de petroleo.

INTRODUCCION

Hydrocarbon production in organic-rich mudrocks is affected by multiple and diverse
causes. Among them are the mineralogical, petrophysical and geomechanical characteristics
of the reservoir rock (Loucks ef al. 2012; Loucks and Reed 2014; Sinchez Camus ef al. 2021),
kerogen type, maturity and volume (Lewan and Henry 1999; Lewan 1985; Lewan and Ruble 2002;
Lewan and Birdwell 2013), wettability (Bryndzia and Braunsdorf 2014; Jagadisan and Heidari
2019), matrix and organic matter sorption properties (Ross and Bustin 2009; Gasparik et al. 2014;
Zoback and Kohli 2019), well design, fracture plan and selected completion strategy (Zee Ma and
Holditch 2016; Belyadi ez al. 2019; Zoback and Kohli 2019). Nevertheless, being these reservoirs
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with dual porosity and at the same time governed by pressure forces, it is exactly the variation of
forementioned pressure forces which have the main influence on the reservoir permeability for
most of the production (Apaydin ez al. 2012, Wan ez al. 2013; Zoback and Kohli 2019). Therefore,
choke management policy is crucial for hydrocarbon flow control and the delay of the subsequent
compaction and destruction of permeability it causes on the wellbore.

The determination of optimal choke size is not an easy task. If pressure drawdown is too
aggressive, production will improve at the beginning; however, this causes a sudden increase in
effective stresses which leads to a quick closure of the interconnected fracture system (natural or
induced) along with other adverse effects such as proppant embedding or crushing and spalling. On
the other hand, a too conservative approach helps preserve the fracture system conductivity, but the
production rate increases slowly in the initial stage (Karantinos 2019; Almasoodi et l. 2020; Bagci
and Stolyarov 2019; Zhao ez al. 2021). In both cases, the system of microfractures and macrofractures
near the wellbore will eventually collapse, leaving a remaining permeability or remaining hydraulic
conductivity that will depend on the proppant type, size, mesh, volume and distribution in the
fracture system (Hegazy 2016; Irirarte ez al. 2018; Hryb 2018) and on the matrix and organic matter
sorption properties (especially in the gas window). Additionally, in the oil and condensate generation
window, pressure and temperature changes may lead to wax and asphaltene precipitation in the
reservoir walls, which will decrease even more the rock permeability in the latter production stages.

In general terms, production rates of unconventional wells decrease quickly during the first
2 or 3 years of production. Therefore, it is important to apply a choke management policy that
considers the phenomena affecting reservoir permeability, maximizes hydrocarbon recovery and
allows a faster return on investment.

The present work shows, by means of numerical simulation (FEM), three pressure management
scenarios in a vertical well in the Vaca Muerta formation (VMF), located in the oil generation
window. Initially, the FEM poroelastic model is adjusted with the well’s production curve and
wellhead pressures (history matching). Then, two different scenarios are simulated (considering
wellhead pressure 20% above and below history matching pressure), in which the high impact that

bottomhole pressure management has on hydrocarbon recovery and reservoir integrity is clear.

PRODUCTION MECHANISMS AND LOCAL COMPACTION

From a petrophysical point of view, matrix porosity of organic-rich mudrocks is composed of
four types of porosities classified according to its occurrence and origin. The pore space related
to the mineralogical skeleton is classified as intergranular (pores found between particles and
crystals) and intragranular (pores located within particles), the space generated inside the particles
of kerogen as it cracks to bitumen, oil or gas is known as ‘organoporosity’ (Loucks ez al. 2012;

Loucks and Reed 2014; Herniandez Bilbao 2016), and the space created when microfractures
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crosscut kerogen and grains is defined as microfracture porosity (Vernik 1994; Al Duhailan ez
al. 2013, 2015; Lewan and Roy 2011; Lewan and Birdwell 2013). The microfracture network is
similar to a conventional fracture network in shape but not in scale. It shows some of the fracture
characteristics, such as low porosity, high permeability and stress sensitivity. However, its size is
on the pore scale (micro-to-nano-scale pore size) and therefore it also shows some characteristics
of a low permeability matrix, such as boundary layer effect, threshold pressure gradient, etc.

Saif et al. (2017) conducted pyrolysis experiments on Green River Formation samples, going
from the oil to the dry gas window. Results showed that higher porosity values corresponded with
the most organic-rich zones which, at the same time, were the zones with the highest amount of
generated horizontal microfractures. Given the fact that microfractures develop within the matrix,
their distribution will affect fluid behavior inside it. Nelson (2009) shows that, in mudrocks, pore
size is one or two orders of magnitude above the radius of the smallest hydrocarbon molecule
(methane). For this reason, in the oil generation window, liquid hydrocarbon migration inside the
matrix will be mainly controlled by the microfracture systems.

Data reported regarding to mudrock matrix permeability shows significant permeability
anisotropy (Ghanizadeh e al. 2013, Bhandari e al. 2015; Pan et al. 2015). The ratio of horizontal
to vertical permeabilities, kh/kv ranges between 3 to 40 over a wide range of permeability values
(100 uD-0.1 nD). Hence, within the reservoir the fluid internal migration occurs mainly in the
horizontal direction. Mokhtarin et al. (2015) studied permeability anisotropy in outcrop samples
of the Mancos formation (Colorado, USA). They found that a sample with a single microfracture
showed a permeability one order of magnitude higher than the other twin samples did. Thus, it is to
be expected that under reservoir conditions, hydrocarbon filled bed-parallel microfractures increase
horizontal matrix permeability by some orders of magnitude (Lewan and Roy 2011; Lewan and
Birdwell 2013; Saif et al. 2017).

Apaydin et al. (2012) studied by means of an analytical model the effect of discontinuous
microfractures in a very low permeability rock matrix traversed by macrofractures (induced by hy-
draulic stimulation). Results showed that the contribution of a certain density and orientation of
microfractures to matrix flow capacity will depend on the permeability added by the microfracture
system and its connectivity with the macrofracture network. This work showed that a contrast of
at least five orders of magnitude is required in order to have a considerable contribution of the
microfracture system.

It is for all the foregoing reasons that production rates and cumulative production of this type of
reservoirs are ruled by a continuous flow (Darcy) that goes from the low permeability matrix towards
the natural and induced fracture systems which are much more permeable (Zoback and Kohli 2019).

Regarding local compaction, organic-rich mudrocks are overpressured reservoirs, most of them
showing Biot coefficients below 1, which means that pore pressure is less effective for expanding

pores than confining pressure is for closing them (Zoback and Kohli, 2019). This clearly shows
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how important it is to control the variation of effective stress inside the interconnected fracture
system during well production. Experiments show that organic-rich mudrock permeability
decreases almost exponentially with the increase of effective stress (Mokhtari ez al. 2013; Heller ez
al. 2014; Zhou et al. 2019; Chen et al. 2019).

CASE STUDY

The study well is in the Loma Jarillosa Este block, located in the oil generation window of the
VME- embayment region—at about 500 meters from a normal fault, in the fault damage zone. In
this area the stress regime is normal faulting and the horizontal stress anisotropy is very low (Gar-
cia et al. 2013; Varela et al. 2020). In this well, VMF has an average thickness of 100 meters. The mi-
neralogical composition is comprised mainly of calcite, quartz, feldspar, and several clay minerals,
with most of the clay being illite, mica and the mixed illite/smectite phase. The upper (UVM) and
middle (MVM) sections were classified as argillaceous marlstones and the lower (LVM) section as
a siliceous marlstone. The kerogen content rises from top to base, being the mean volume in the
well of 9% for UVM, 13% for MVM and 21% for LVM.

The C33, the C44 and the C55 stiffness parameters of the VTT elastic tensor were calculated using
dipole and cross-dipole sonic tools, while the C12 and the C13 were adjusted with the constants taken
from core measurements (core extracted from Lower Vaca Muerta). For the purpose of making a seismic
interpretation of the permeable fractured zones, it is necessary for the C66 parameter to be obtained from
an independent measurement and not as a linear combination of the C44 parameter. The C66 was calcu-
lated using the Stoneley wave together with the drilling profiles (Chi and Tang 2006; Sinha ez al. 2006a).

The formation was divided into 17 anisofacies interpreted for using in the 3D numerical geome-
chanical model. The anisofacies were calculated as effective mediums; however, in the numerical
model the pore pressure and the stress field vary point to point with the depth within each anisofa-
cie. It is assumed that there is no hydraulic connection between anisofacies, or that it is very low if
there is any. The orthorhombic elastic tensor in anisofacies with a strong presence of open vertical
fractures was estimated applying the model given by Sinchez Camus et a/. 2018. For further details

on the interpretation and characterization carried out in this well, see Sdnchez Camus ez al. 2021.

Pore Pressure and stress field

Organic-rich mudrocks are anisotropic, viscoelastic, porous, overpressured and low permeability
media. The rock behaves as closed or open systems depending on the hydraulic connectivity provided
by the natural fractures or those induced by hydraulic fracturing. Under reservoir conditions, the pore
pressure and the quantity of hydrocarbons in situ will depend on the kerogen chemical composition, its

thermal maturity and its volume. The composition will define the hydrocarbons generation time and the
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types of products to be obtained, while the volume will determine the fluids expansion and the quantity
of hydrocarbons generated (Lewan 1985; Lewan and Ruble 2002; Vandenbroucke and Largeau 2007).

Because of the high hydrogen-rich organic matter content, the pore pressure (Pp) in the VMF
already reached the minimum horizontal stress (dynamic balance) practically throughout the
hydrocarbon generation window. This is the reason why the Pp curve follows a linear trend. If the
rock had vertical hydraulic connectivity from top to base, it would also follow a linear trend as a
result of pressure equilibrium. In the VMF case, natural fracture systems appear not to contribute
significantly to formation permeability. Ukar ez al. (2020), concluded that in the subsurface, the
VME contains abundant bed-parallel and bed-perpendicular veins of fibrous calcite, completely or
partly calcite-filled. Hence, at reservoir conditions the natural fractures systems may not provide
fluid flow pathways. Additionally, the thickest and largest bed-parallel veins of fibrous calcite
act as seals for the vertical fluid migration (Rodrigues ez /. 2009; Sosa Massaro 2018). This is the
reason why the VMF needs to be hydraulically stimulated to be economically profitable.

The study well is in the fault damage zone of a normal fault system. Fault systems are zones
where external hydrocarbon migration is favored, and it will be different for each formation layer.
The leak-off gradient will depend on Pp, mineralogy, organic matter content, thermal maturity, type
of fluid, wettability, permeability anisotropy, sorption phenomena, mineral diagenesis phenomena,
fault plain connectivity, etc. Due to this, and since each organofacie will experiment secondary
hydrocarbon migration in a differential way, and most organofacies are not hydraulically connected,
the Pp curve is not expected to follow a linear trend in the whole column when near a fault.

Estimating the stress field by using the anisotropic poroelastic equation is not a simple job.
Being this a constitutive equation, Biot coefficients and strain field must be calculated for each
point (Fjaer ez al. 2018). In this equation, stresses and strain are two sides of the same coin; to
establish a strain field means to establish a stress field and vice versa. Biot coefficients are also very
difficult parameters to calculate in reservoir conditions (even in the laboratory). These depend on
mineralogy, mechanical anisotropy, effective stress and, to a great extent, on dual porosity (Ma
and Zoback 2017; Zoback and Kohli 2019)

With the aim of obtaining a stress field with actual physical sense, i.e. that represents a real
equilibrium condition, an algorithm which approximates the stress field and Biot constants point
by point was developed. Further details on Pore Pressure and horizontal stress calculation may be

found in the Appendix.
FEM NUMERICAL MODEL
A 3-D FEM geomechanical model is built with the objective of studying how the reservoir

varies from an initial geostatic state to a final dynamic state of production. This model is poroelastic,

which allows finding the equilibrium conditions by coupling the pore pressure changes with the
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mechanical deformations (Zoback 2007; Fjaer et al. 2008). Starting from a mechanical (anisotropic)
and petrophysical model, including a stress field characterization, the reservoir conditions are
reproduced. Then, the production after completion and hydraulic fracture is simulated.

The flow model in porous media used in the production simulation is fully coupled to the
anisotropic poroelastic mechanical model, in such a way that the production modifies not only
the pore pressure but also the void ratio, the permeability, and the stress field on the rocky massif,
on the well and on the cement shield. The horizontal Darcy permeability of each anisofacie is
calibrated with the initial production data together with a vertical permeability consistent with
the elastic symmetry of each anisofacie. The fracture permeability is assumed to be isotropic
(Apaydin et al. 2012) and the rock matrix void ratio is entered from the total porosity log. The
initial saturation condition is 100% and a single-phase flow is assumed. It is worth mentioning
that the single-phase flow condition may change throughout production. The initial stress field
of the production model comes from the fracture model modified by the completion operation
(well cementing) (Ramos and Sanchez Camus ez al. 2017). For additional information regarding
this model see Sanchez Camus et al. (2021).

Well production simulation results

Figure 1 shows on track 1 the Pp of the reservoir before fracturing, on track 2 the liquid
production by layer perforation with a difference in time of 22 days (initial in blue, day 22 in
black), and on track 3 the rock elastic symmetry factor. It is observed that, once the vertical

hydraulic connectivity is established by induced fracturing, the fluid flows from the layers with
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Figure 1. Well tracks.
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higher pressure and stronger 7z situ VT anisotropy to the ones with lower pressure and weaker 7z
situ VTT anisotropy. Hence, the low relative pressure and great permeability zones ‘will compete
for’ the hydrocarbon with the areas of higher pressure (and also with the well) once the vertical
hydraulic connectivity is established.

The highlighted corridor of Figure 1 had an impact not only on the hydrocarbon production,
but also on the well stability and the hydraulic fracturing propagation (Osorio and Musio 2013;
Sanchez Camus et al. 2021). It would be expected that this zone presents strong i situ VTI
anisotropy and high pore pressure due to the fabric anisotropy, the high kerogen content and
thermal maturity that it exhibits; however, it presents weak iz situ VTI anisotropy and suffers
a pressure drop. This section of the well is a corridor that presents a complex system of open
fractures hydraulically connected to the fault. For the sake of simplicity, the anisofacies were
characterized with two sets of fractures perpendicular to each other, where the set parallel to the
SH presents a higher density of fractures than the set parallel to the fault strike line.

The effect that hydraulic fracture has on the formation is not only the mechanical fracturing
generation and its subsequent filling with a proppant agent, but also the modification of the pore
pressure field by infiltration in the area close to the fracture. This overpressured zone infiltrated
with water is the one that the well will produce first. Consequently, the water percentage in the

initial production will be very high, which is verified in the production records of the operator
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Figure 2. History matching.
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Figure 2 shows the well production log for the first 128 days compared to the obtained
production model. The discrepancy between the model and the well production log ends at
the point where the water flowback (WFB) peaks and the production is mostly oil; this is since
the applied pore pressure field is consistent with the pre-fracture reservoir conditions. The point
at which oil production exceeds 80% of total liquid is highlighted. After the zone of unstable
production, the well was closed, and an electro-submersible pump was installed. Finally, the long-
term production is achieved with the pump assistance. See that the artificial lift period between
day 80 and day 128 was also reproduced by the model.

As mentioned above, the permeability anisotropy of organic-rich mudrocks is very significant.
Effective vertical stress will increase when pore pressure decreases, which will subsequently cause
the decrease of the horizontal permeability associated with hydrocarbon filled bed-parallel
microfractures and with the least stiff interconnected pores. It is worth mentioning that, in many
laboratory studies, increasing effective stress tends to lower permeability more in the vertical than
the horizontal direction mainly due to the increased tortuosity of vertical flow pathways (Arch
and Maltman 1990; Zoback and Kohli 2019). Therefore, the increase of effective vertical stress will
decrease the rock permeability in both directions.

Figure 3 and Figure 4 (centered on the well axis) show the effective vertical stress of two differ-
ent perforation layers in a line perpendicular to the fracture plane for five specific production days.
The increase in this stress near the wellbore is due to the pore pressure drop in the surroundings of
the hydraulic fracture. As the permeability is related with the void ratio, higher stresses are correlated
with lower permeabilities. If the production gradient is too high, the consequent effective vertical
stress will cause a permeability barrier that will decrease hydrocarbon recovery even with a high dif-
ferential pressure between the well and the far field. The microfracture systems that affect fluid flow,
along with the interconnected least stiff pores, will have more possibilities to remain open and be re-
charged by hydrocarbons if the pore pressure remains as high as possible. The resulting permeability
between the well and the far field will also be higher, with a positive impact on the total oil recovery.
Note in Figure 4 that the hydrocarbon migration into the fractured corridor caused a decrease of the
effective vertical stress away from the surroundings of the hydraulic fracture.

A modification in the production strategy with the purpose of getting a lower rate of
compaction around the hydraulic fracture should decrease the mentioned permeability barrier
effect. This means that the differential pressure between the well and the far field should be lower.
In order to test this hypothesis, the built model was run with a wellhead pressure 20% above and
20% below the history match (20% chosen arbitrarily).

Figure 5 shows the effective vertical stress in the first perforated layer (3025,5 m) on day 34
for the three models described. The model with wellhead pressure 20% above actual field values
showed a lower effective vertical stress, as opposed to the model with wellhead pressure 20%

below, which showed an increase in effective vertical stress.
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Vertical Effective Stress at 3025,5m (Perforation 1)
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Figure 3. Effective vertical stress at Perforation 1.
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Figure 4. Effective vertical stresses at Perforation 3.
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Figure 6 shows the resulting production rate in each of the three scenarios. A higher differential
pressure between the well and the far field produces a peak in the flowrate followed by a sudden
drop. This drop is due to the mentioned barrier effect. Additional phenomena like proppant
crushing and spalling or embedding are not included in this model; considering them could
significantly affect modeled cumulative production.

Figure 7 shows the cumulative production curves. The scenario where wellhead pressure was
20% above actual field values showed an improvement of 5% of the cumulative production (an
increase of 297 oil barrels), while the scenario in which wellhead pressure was 20% below showed
a decrease of 11% of the cumulative production (a decrease of 483 oil barrels).

Pore pressures on day 34 for the three scenarios are presented in Figure 8, Figure 9 and Figure
10. The effect over the pressure gradient is evident. The higher pore pressure represents higher
hydrocarbon content around the production zone.

The previously described models showed how the localized compaction process can be slowed
down by controlling the production gradient. The pore pressure is less effective for expanding
pores than confining pressure is for closing them; in consequence, choke management policy
is crucial for hydrocarbon flow control and the delay of the subsequent compaction and loss of

permeability.

Vertical Effective Stress at day 34 at 3025,5m (Perforation 1)
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Figure 5. Effective vertical stress at Perforation 1 at different choke management scenarios.
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Effect of wellhead pressure on total production
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Figure 6. Production rates for different choke management scenarios.
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Figure 7. Cumulative production for different choke management scenarios.
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Figure 8. Pore pressure [KPa] on day 34 - field case choke management.
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Figure 9. Pore pressure [KPa] on day 34. +20% wellhead pressure.
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Figure 10. Pore pressure [KPa] on day 34. -20% wellhead pressure.
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CONCLUSIONS

The present work demonstrates the advantages of having a comprehensive reservoir
characterization and a 3D FEM porelastic geomechanical model when estimating hydrocarbon
production from either vertical or horizontal wells. As shown in this paper, the FEM model allows
predicting how the reservoir will evolve during its exploitation and, at the same time, allows
an evaluation of the well integrity. The results obtained by means of the different numerical
simulations show the impact that wellhead pressure management has on the reservoir permeability,
and therefore on total hydrocarbon recovery. The scenario where wellhead pressure was 20%
above actual field values showed an improvement of 5% of total oil recovery (increased by 297
oil barrels), while the scenario in which wellhead pressure was 20% below showed a decrease of
11% of total oil recovery (decreased by 483 oil barrels). The obtained results were based on a fixed
increase/decrease of wellhead pressure of 20%, selected arbitrarily. The hydrocarbon recovery
percentage may improve by choosing the optimal choke management scenario that maximizes

hydrocarbon recovery and allows a faster return on investment.

APPENDIX

In order to calculate the pore pressure, the modified Eaton’s equation using Vp(0°) was
applied (Rezaee et al. 2015). For a porous, overpressured and low permeability VIT medium that
behaves like a closed or open system under a normal stress regime, the wave velocity Vp (0°) will
be the most sensitive to changes in effective stress and elastic symmetry of the rock (Vernik, 1994;
Pinna et al. 2011; Carcione and Avseth 2015). The curve was calibrated with the DFIT measured in
the Tordillo formation and is in agreement with the DFIT measured in a neighboring well within
the VMF. The Sh and SH were calculated using the in-house algorithm to solve the poroelastic
equation adopting the closure pressure as an upper boundary to adjust the Sh. In this case, as the
zone was a critically stressed area of the crust, an approximation of Sh using the internal friction
coefficient was used as lower boundary for the minimum stress (Zoback 2007). The resulting
solution lies between these two limits. Breakouts found in other formations of the well were not
used to estimate horizontal stress anisotropy since this ratio is strongly dependent on the Pp
(Zoback 2007). In this case, the ratio between the Sh and the SH was obtained from numerical
models using the caliper measurements (Fjaer ez al. 2008).

Figure 11 shows the strain calculated by the algorithm. In green the minimum horizontal
strain, in blue the maximum horizontal strain, and in red an average reference value usually used
in the normal stress regime area are shown. The static elastic VTT tensor, along with the estimated

Pp, Sv, strains, and Biots coefficients, resulted in the stress field shown in Figure 12.
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