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This study evaluates flow capacity fluctuations in well cores from a southeastern Mexico formation using PDPKi records. Petrophysical
measurements provide wellbore wall flow capacity data, used to identify trends. Applying a dynamic scaling approach akin to the Family-
Vicsek method, we analyze discretekh∗ records. In particular, the order parameter structure functionq was applied to the flow capacity
records, and the exponents characterizing dynamic scalingα, β, z were identified, revealing self-affine scalings for fluctuations. Data collapse
of flow capacities occurs in the northern zone with higher fractures and oil production, contrasting with the poorly collapsed flow capacity in
the southern zone. This suggests superior flow capacity in fractal reservoir media compared to Euclidean counterparts.
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1. Introduction

The fluid flow capacity in porous media, influenced by rock
formations (oil or gas reservoirs), is defined as the product
of the equivalent permeabilityK and the thicknessHF of
the formation. This parameter plays a crucial role in as-
sessing reservoir potential and various reservoir engineering
calculations. The flow capacity, challenging and costly to
characterize, depends on the mobility or permeability of the
fluid in the porous rock medium, controlled by intrinsic fac-
tors such as diversity in pore structures (matrix, cavities, and
fractures), connectivity between them [1], flow path tortu-
osity [2–4], sedimentation, diagenesis, and drilling-induced
formation damage [5–10]. In the oil industry, the estima-
tion of the flow capacity,KHF , of the formation or reser-
voir is commonly assessed through the Darcy equation. Sub-
sequently, pressure and production tests in the reservoir are
the primary means of estimation for determining this param-
eter [10–12]. Responses in pressure and production transients
vary based on fluid flow dynamics and formation geome-
try [13–15]. Similarly, local measurements and their petro-
physical interpretation are used to infer the predominant type
of medium in the formation.

In Euclidean or fractal analysis, theoretical models are
applied to infer general characteristics. For instance, Eu-
clidean analysis considers single, double, or triple porosi-
ties [16,17], while fractal analysis is addressed in [13,18–21].
Therefore, for manifestations of the Euclidean type, it is pos-
sible to determine an equivalent or average permeability,K,
of the system in the radial flow interval, corresponding to
the heightHF of the formation under study in the pressure
test. This allows for the estimation of the flow capacity of
the formation. While, in the case of fractal geometry, the
response follows power-law behaviors. Therefore, an equiv-
alent or average permeability is often not estimated since the
pressure transient does not stabilize, making it unfeasible to
estimate the flow capacity. Typically, in this type of frac-
tal analysis, permeability functions are presented concerning
dimensionless radial distance and various fractal parameters
such as connectivity dimension [22], backbone dimension,
chemical dimension, etc., as demonstrated in previous stud-
ies [13, 14, 19, 20, 23]. Although these studies are limited by
deterministic fractal derivations, they are crucial for charac-
terizing the formation and calibrating petrophysical models
in fluid flow simulations.

Therefore, various models have been proposed for the as-
sessment of flow capacity based on well logs, considering
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variables such as matrix porosity, vugs, and fissures [7], wa-
ter saturation and shale volume in the formation [24], dolomi-
tization [10], and so forth. The use of scalar logs at the core
and well levels is a common practice that has demonstrated
that certain formations exhibit fractal structures in their com-
position. Examples include textures in core images, the di-
versity of pores observed in cores, fractures, stratigraphy, and
seismic faults. These processes exhibit scaling behavior and
are classified by fractal dimensions [25–29]. As for scalar
logs of oil and gas flow capacity at the well level, they are
often employed to plot their cumulative curve against depth
(hdeep) and identify flow units that characterize specific rock
types [12]. The importance of characterizing flow capacity
locally is reflected in studies that employ different scaling
processes to infer it [9,10,30–34].

In this study, we propose to employ the dynamic scaling
approach of Family-Vicsek [35] to investigate whether uni-
versal fluctuation dynamics emerge in the formation and/or
diffusion process of the reservoir, measured at a local scale
within the field, across various test wells located in different
productive sites in southeastern Mexico. The spatial scale
invariance is assessed through the series of flow capacity
roughness records provided by discrete log-well measure-
ments ofkhdeep over a total sample size of lengthL. This
roughness is weighted through the standard deviationw(L, t)
of h(x, t).

The structure of the current paper is as follows. Section 2
provides a brief overview of the study area and general infor-
mation about the geology of the utilized records. Section 3
outlines the methodology based on the dynamic scaling the-
ory of Family Vicsek, with mathematical details applied to
the analysis of scalar records ofkh to identify fluctuations as-
sociated with flow capacity records. Section 4 describes the
obtained results and discusses their interpretation. Finally,
the conclusions of this study are presented.

2. Area and study data

The study area encompasses two carbonate reservoir regions
in southeastern Mexico: one in the northwest (NW) and the

other in the southeast (SE), as illustrated in Fig. 1. The pri-
mary facies observed in both regions include dolomitized
floatstone and rudstone with varying degrees of fracturing
and dissolution, generating cavities of different sizes. For
this study, two series ofkh flow capacity records were used
in each region, respectively labeled asZN1, ZN2, for the
northern region, andZS1, ZS2, for the southern region, des-
ignated in this manner for confidentiality reasons. In general,
from the petrophysical geological analysis of cores, it was de-
termined that in theNW zone, dolomites with hydrocarbon
impregnation are observed, showing abundant fracturing in
various directions with good remaining porosity and partially
open fracturing. For theSE Zone, microdolomite is present
in portions. Additionally, there is little partially open fractur-
ing observed. It is considered a more brecciated region, al-
though not uniformly, it exhibits sedimentological variations
that could influence diagenetic variations. The (NW) zone
appears to have high hydraulic capacity and corresponds to
higher hydrocarbon production, while the (SE) zone shows
lower production capacity.

3. Methodology

Commonly, the Family Vicsek interface growth model is
widely used for time series associated with economic, seis-
mic, biological, physical, geological systems, etc. [36–39].
The purpose of applying this methodology is based on find-
ing the spatial and temporal dependence of the fluctuation
associated with the time series records. This dependence is
showed by scaling the statistical moment (roughness or stan-
dard deviation of the series records whenq = 2) as a function
of the interface heights relative to the lengthL or size of the
time series.

The Family-Vicsek dynamic scaling model associated
with fluctuations in the heightsh(x, t) of rough interfaces
w(L, t) implies a generic scaling invariance with respect to
the space-time variablesL andt, respectively. This is quanti-
fied by critical exponentsα, β, z that arise from the dynamic
scaling law of roughness given in Eq. (1) [35].

FIGURE 1. Distribution of flow capacity records in the central region of the study area within the southeastern part of Mexico.
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FIGURE 2. a) Cumulative flow capacity curveF (kn∆h) vs depth
of the recordshdeep(solid line), linear fit (dashed line). b) Fluctua-
tion function vs depth.

wq(δn) =

{
Lα t∗ << t

tβ t << t∗
. (1)

The wq is called the generalized function of theq − th
moment. It is expressed as follows,

wq = 〈|hn+δn − hn|q〉 , (2)

where the angular brackets〈. . .〉 represent an ensemble aver-
age over all pairs of points separated by a distanceδn, which
is a natural number in the interval[1, N − 1]. N represents
the length of the series. Then, the absolute values ofN − δn

for all pairs of points given by(hn, hn+δn) are calculated.
The mean of the set is approximated using the arithmetic
mean.

wq(δn) =

(
1

N − δn

N−δn∑
n=1

|hn+δn − hn|q
)1/q

, (3)

whereα is referred to as the roughness or Hurst exponent,
characterizing the behavior of the series.β denotes the
growth exponent of the series, and the ratioz = α/β is
termed the dynamic exponent. This dynamic exponent is uti-
lized to identify characteristic times at which the interface
width w(L, t) reaches saturation. The relationship between

the system sizeL and the critical saturation timet∗ is ex-
pressed ast∗ ∼ Lz. The interfaces will exhibit either self-
affine or self-similar geometry depending on the nature and
magnitude of these exponents [41].

For this study, series of scalar flow capacity records were
utilized to determine the associated fluctuation. The method-
ology applied to the wellbore wall flow capacity records
quantifies a measure in which theqth order structure func-
tions describe the scale dependence of expected values of
the qth moment (statistical moments). Drawing information
from the petrophysical and geological interpretation of the
analyzed wells, discrete scalar flow capacity records given
by kn∆h, where∆h = h∗, are considered. Subsequently,
the cumulative flow capacity is constructed asF (kn∆h) =∑n

i=1 ki∆h, and this curve is associated with a fit given by
the linear relationξF = ξ · kn∆h [see Fig. 2a)]. Then, it is
possible to construct the fluctuation function, which we will
refer to as the relative flow capacity (RFC). This function
is obtained from the cumulative curve ofkn∆h with respect
to its linear fit and is mathematically expressed as follows in
Eq. (3), [see Fig. 2b)].

RFC(kn∆h) = F (kn∆h)− ξ · kn∆h. (4)

4. Empirical results and discussion

To analyze theRFC [see Fig. 2b)], we employ the metric of
the order parameter structure functionq [Eq. (3)]. If the sys-
tem exhibits correlations, one would expectwq(δn) to display
power-law behavior,wq ∝ (δn)αq , whereαq represents the
Generalized Hurst exponentHq [46].

We found that theq-order structure functions of the Rel-
ative Flow Capacity (RFC) records exhibit power-law behav-
ior for well ZN1 with αq = α = 0.95 ± 0.01 at least for
1 ≤ q ≤ 5, as shown in Fig. 4a) and detailed in Table I. This
indicates a self-affine characterization of the RFC [41]. Sub-
sequently, a self-correlation through power-law scaling for
the RFC concerning depth is presented, parallel to the vertical
direction on the y-axis of the sampled records. These expo-
nents are of the same order as those found for sandstone sam-
ples from geological environments that exhibit permeability
fluctuations while maintaining long-range correlations with
exponentHy ≈ 0.90 for permeability records [47].

The scaling exponents for the additional wells within the
two designated study zones (refer to Fig. 1) pertain to the
northwest and southeast regions of the Mexican area, are
shown in Table I, where self-affinity is observed, indicating
that the processes exhibit long-range memory and character-
ize these two regions. Statistical persistence has also been ob-
served in well records for lithofacies characterization through
the multifractal approach and the calculation of the Hurst ex-
ponent [42]. However, for other reservoirs in different re-
gions of the world, short-term memory processes have been
found using the rescaled range analysis (R/S) approach [43].

This naturally does not contradict our results but presents
an additional parameter for studying the heterogeneities of
the formation. On the other hand, the universality of classes
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FIGURE 3. a) Structure function (wellZN1). b) Dynamic structure functionw(δq) vs ∆n. c) Log-log plot ofw2(δn < δc, ∆) vs size
intervals∆, well ZN1. d) Log-log correlation plot withδc intervals against∆ intervals, well ZN1.

TABLE I. q-order structure function (exponentαq).

wq ∝ (δn)αq

Records of q

wells 1 2 3 4 5

well ZN1 αq = 0.96 0.94 0.95 0.94 0.94

well ZN2 αq = 0.94 0.93 0.92 0.93 0.93

well ZS1 αq = 0.72 0.76 0.76 0.76 0.76

well ZS2 αq = 0.82 0.81 0.82 0.82 0.81

in diffusion and fluid flow processes is evident when we ob-
serve that the scaling exponent for well(ZN1) is almost sim-
ilar to that obtained for geophysical porosity records with
q = 2 by [44] (obtained by the Multifractal Detrended Fluc-
tuation Analysis (MFDFA) approach) and for seismic trace
records near wells [45]. The latter authors associate the mul-
tifractality of porosity records to the significant influence of
shale presence and variations in the subsurface sedimentation
pattern, suggesting that the presence of gas in reservoir zones
weakens the multifractal behavior of porosity records.

On the other hand, the dynamics of fluctuations are stud-
ied by constructing new flow capacity profiles parallel to the
y-axis, based on the initial flow capacity records. To achieve
this, the following function with respect ton as the spatial
variable and the sampling width∆ as the temporal variable is

used:h(n,∆) =
√

(1/∆)
∑n

k=n−∆+1(Ak − 〈Ak〉)2. It de-
picts the fluctuations of a dynamic interface within thex− y
plane. To determine the exponentβ, the structure function is
applied to these flow capacity profiles. This function should
exhibit power-law behavior where the values scale with the
sampling intervals as follows:w2(∆, δn < δc) ∝ ∆β , and
the structure functions scale with the window widthδn.

The power-law behavior is displayed in Fig. 3c) for well
ZN1 with β = 0.944, and for the other records from the
study areas, the scaling behavior of the structure functions
concerningδn is established, and the results forβ are shown
in Table II. This exponentβ indicates a correlation of the
structure function with what could be a temporal evolution of
the medium. However, as in [36], we observe a spatial cor-
relation with respect to thex-axis. Additionally, scaling is
observed to be maintained over three orders of magnitude.

Subsequently, it is necessary to determine the coefficient
z, called the dynamic exponent. We plotlog δc vs log ∆, ex-
pectingδc ∝ ∆1/z. From the graph in Fig. 3d), we find that
z = 1.09 for well ZN1, and the otherz exponents are shown
in Table II. While good vertical correlations withα (along
theY direction) and horizontal correlations withβ (along the
X direction) have been demonstrated, it is possible to visu-
alize cross-correlation with respect to both thex andy axes.
Finally, a collapse of information is observed in Fig. 4 with
coordinates of the structure functionf = w2/∆β

n and win-
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FIGURE 4. “Dynamic exponentζ”: Data collapse according to the dynamic scaling coordinatesw2/∆β vs δn/∆1/z, whereζ, β = zζ are
the dynamic scaling exponents of Family-Vicsek [49].

TABLE II. Characteristic exponents of Family-Vicsek.

exponents

Roughnes Growth Dynamic

Area α, q = 2 β z

Northeast
well ZN1 0.947 0.944 1.09

well ZN2 0.933 0.944 1.143

Southeast
well ZS1 0.765 0.600 1.313

well ZS2 0.819 0.724 1.158

dow widthδn/∆1/z
n . The exponentz is determined from the

plots oflog f vs log δn/∆1/z
n and is shown in Table II for the

two study areas.
From Figs. 3d), 4, and Table II, we observe that only

for the wells in the northern part, there is clear information
collapse [Fig. 4a)], indicating good vertical and horizontal
autocorrelation. In other words, the medium exhibits well-
defined fractal behavior. This is not the case for wells in the
southern zone, where, although there are good independent
correlations in both the vertical and horizontal directions, as
shown in Fig. 4b) -the collapse plot of information-, there is
no apparent cross-correlation, at least in thex − y plane of
the mobile interfaces. In other words, the medium exhibits a
more Euclidean behavior. This implies that the medium ex-
hibits more Euclidean behavior in the southern zone. This
observation is associated with the structure of the medium;
the reservoirs in the northern zone have fractal porous me-
dia, showcasing higher oil production and better flow capac-
ity. Conversely, the reservoirs with a Euclidean structure in
the southern zone exhibit lower oil production and reduced
flow capacity. Similar behavior was reported by [48] in an

experimental comparative study of water discharge in Eu-
clidean and fractal reservoirs. In their study, the fractal reser-
voir model was an inverse pre-fractal of the Menger sponge,
and the Euclidean medium was modeled by a translationally
invariant network of square rectangles. They found that the
discharge from the Menger sponge was greater than that from
the Euclidean medium.

5. Conclusions

After characterizing the flow capacity fluctuation profile for
the two study zones in Mexico, it has been observed that the
analyzed wells in zonesZN andZS exhibit long-range be-
havior with self-affine scaling up to three orders of magnitude
for flow capacity fluctuations. This scaling follows the verti-
cal direction along they axis, which aligns with the depth of
the records. Similarly, the autocorrelation along thex axis is
established with the growth exponentβ, determining the ex-
ponent for the moving interface fluctuations. The exponent
z reveals the cross-correlation between theα and β expo-
nents, and an information collapse is observed. The northern
zone is noted for its increased fracturing, hydraulic flow ca-
pacity, and information collapse. In contrast, the southern
zone, with fewer fractures and lower hydraulic flow capac-
ity, shows no information collapse. This leads to the conclu-
sion that zoneZS represents a more homogenous, Euclidean-
like medium, whereas zoneZN is more heterogeneous, with
a fractal behavior better defined by its exponents. In other
words, if the structure is fractal in thex − y direction and
crosswise, it corresponds to better flow capacity. Ultimately,
this finding could contribute to the local characterization of
reservoirs with the goal of reconstructing the modeling of the
petrophysical property matrix, where the local heterogeneity
of the medium is preserved.
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i. Pressure-Decay Profile Permeameter (PDPK-400), provides a
precise method for rapidly determining core permeability and
heterogeneity. These data can be used to identify and quantify
thin, highly permeable beds, permeability barriers, and depo-
sitional/diagenetic features. It measures the permeability auto-
matically in both Y and X-axis on up to 3 meters of core at one
time.
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42. E. Herńandez-Martinez, T. Perez-Muñoz, J. Velasco-
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