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ABSTRACT 
This paper presents a systematic methodology used to integrate core and log data for petrophysical 
evaluation of the 1-~ighly heterogeneous Carapita and San Juan reservoirs in the Orocual Field. 
Conventional fornution evaluation methods have previously been employed in these reservoirs with 
Iiniited success. The reliability of the petrophysical datd required for reservoir characterization and 
formation damage control has always been questionable. It was necessary to take advantage of the 
esistence of a large core database and a new7 technique described in this paper to obtain more effective 
peuoph>-sical evduation and description of the reservoirs. 

The method is based on the Hydraulic (Flow) units concept that combines the geological attributes of 
texture and mineralogy with petrophysical data to delineate the reservoirs into units with similar fluid 
flow characteristics. This zonation enabled the development of effective petrophysical n~odels for the 
resen.oir systems. 

The systematic methodology described here includes the process of (1) building composite core and log 
databases for each reservoir, (2) hydraulic units zonation and verification and (3) petrophysical model 
development and predictio~ls in uncored wells and intervals. 

The existence and boundaries of the units were confvmed by mineralogical and textural attributes 
determined on core samples taken from each unit. Core samples from the same hydraulic units were 
shonn to have similar mineralogical and pore throat attributes. 
The present model is cxpected to provided better management strategies for these reservoirs and may be 
used for similar reservoirs. 

m T R O D U C T I O N  
It is \\ idel!. recognized that effective reservoir description requires detailed knowledge of the reservoir 
heterogeneih at both nucroscopic and megascopic levels. This knowledge base is typically enhanced by 
extensive core and log data acquisition. In this project, we took advantage of the available large core 
database. The core and log databases were organized and synthesized to facilitate a systematic linkage of 
the available geological, petrophysical and flow properties data. All ambient core data were stress - 
corrected. carefully edited and employed for hydraulic units zonation. 

The hydraulic units methodology and applications have been published previously'-5. For the sake of 
clarit! i t  suff~ces to sinlply state the l?bank's6 definition of hydraulic units as '"otal reservoir rock 
volunle ~vithin which geological and petrophysical properties that affect fluid flow are internally 
consistent and predictably different from the properties of other rock volumes". 

For practical application of this technology, a parameter that quantities geological attributes of the 
fom~ation is defined and referred to as flow zone indicator'(~~1). This parameter is typically obtained 
from core analysis data and can be estimated from log data. 

In this study. deterministic and probabilistic models were developed with core derived FZI and 
normalized log data. The models enabled the estimation of FZI from wireline log signatures where core 
data mere not available. The validity and robustness of the models were verified by comparing the 
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wireline log- derived permeability with those measured on cores within the cored intervals. Results from 
the multiple well study showing very good agreements are presented in this paper. It is demonstrated that 
prudent application of large core analysis database improved the qualiq of the description of the Carapita 
and San Juan reservoirs for simulation and productivity enhancement studies. 

BACKGROUND 
The subject field was discovered in 1933, but, commercial production commenced only 20 years later, in 
1953. Hydrocafbon bearing horizons of Oligocene and PaleocenelCretaceous age. nanlely the Carapita 
and the San Juan Formation sands were discovered in December 1985 nlth the drilling of ORS-52 at a 
depth of 14,000 feet. The Carapita Formation sands are divided into two different members. separated by 
several hundred feet of shale. These members are currently subdivided into six fieldwide correlatable 
units. 

The San Juan Formation Sands are currently divided into three members, named from top to bottom as 
Superior, Medio and Inferior. These members are subdivided into a total of eight litho-stratigraphic, field 
wide correlatable units. Production from the San Juan Formation originates from the two lower members 
onl!*. the Inferior and the Medio. 

A total of fourteen wells have been drilled into both the Carapita and San Juan Formations. Of these, 
cores were taken from four wells in the Carapita and four wells in the San Juan. The focus of this study 
was to provide petrophysical data required for effective reservoir description and simulation study. 

EVALUATION PROCEDURE 
The flow diagram for the systematic coreflog integration is presented in Figure I 

WireLine Log Data Pre-Processing 
Wireline log data available in the Orocual Field database was acquired by three different Logging 
Service Companies over a period from 1985 through 1994. Logging suites run over both Carapita and San 
Juan intervals generally consisted of gamma ray, dual-induction resistivity, lithodensity, compensated 
neutron, and acoustic logs. 

To obtain a good corellog integration extensive depth adjustments and in some cases, borehole 
compensation editing were applied to the log data. Log data normalization was also performed to 
facilitate construction of multi-well databases for the deterministic and probabilistic modeling. This is 
required in order to eliminate all differences in the log signatures that are not direct function of resen~oir 
properties. 

Core Data Pre-Processing 
The porosity and permeability were tabulated and the random errors associatd with measurement were 
estimated by the root mean square technique '". All samples with coefficient of variance (given as A 
FZI 1 FZI) 0.5 were considered unreliable for hydraulic units zonation' and were dropped out of tbe 
core database. The coefficient of variance is given as: 

-- 

FZI 

Typically A+ is taken as 0.5% if porosity is effective and 1% if total porosity is used. Random error in 
permeability measurement (Ak/k) is typically approximately 0.2. 
Due to the lack of multiple stress data, a modified form of Stanley's two point stress8 model was used to 
correct the permeability data to in-situ stress conditions of 4000 psi and 7000 psi for Carapita and San 
Juan. Generally stress sensitivity was not very significant in these reservoirs. 
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HYDRAULIC UNIT ZONATION 
First Pass 
For the delineation of the hydraulic units, Carapita and San Juan were treated as separate entities. This 
was done after initial data evaluation indicated that the rock qualities in  both reservoirs were controlled 
by different geological phenomena. All the data that met the criteria given in Eq. 1 were assembled and 
the different parameters required for the hydraulic units identification were computed according to the 
following procedure; 
1. Discrete values of flow zone indicators (FZI) were calculated using the folIowing: 

where 

2. Histogram of the discrete FZI was constructed to determine the number of observable population 
based on the number of normal distributions. 

3. Cluster analysis was performed using the numbers of units predicted from step # 2 to separate the 
samples into clusters. 

I .  Plots of RQI versus porosity group Oz (log-log) and Pemeabiliry \wsus porosity (semi-log) were 
made for the different cluster groups. 

Second Pass 
Comparison of the first pass hydraulic units boundaries with tbe stratigraphic units boundaries on a well 
to well basis helped in the second pass to get a final delineation of the Carapita and San Juan respectively 
to seven and ten hydraulic units. The identity plots are given in Figures 2 and 3 for Carapita and San 
Juan. respectively. The descriptive statistics of the hydraulic units shown in Tables la and lb indiwte, 
that in each hydraulic unit, the differences between the mean and median FZIs are minimum that means 
that the rock properties can be averaged within these units with minimum errors. This is the normality 
test. 

Hydraulic Units Verification 
GeoloPical Controls On Reservoir Quality - Petco~raahic 
In order to assign some geological significance to the variation in flow properties from one unit to the 
other, the available petrographic descriptions for the sandstone reservoirs of Carapita and San Juan 
Formations were evaluated in the context of the hydraulic units zonation. As shown in Table 2, reservoir 
qualities of both formations are controlled by a combination of rock depositional teswe and diagenesis. 

Four samples were available for petrographic analyses in the Carapita, representing hydraulic units #I ,#  2 
and #7. From the petrographic description given in Table 2a, it may be inferred that pore size and pore 
throat size reduction appear to be a direct result of decreasing grain size with a concomitant increase in 
authigenic cements and clays in the Carapita. The observed variation in grain composition is likely to 
have had some control on resultant differences in diagenetic fabric and authigenic mineralogy. 

Ten samples were available for the San Juan (Table 2b). Again, from the description given in Table 2, it 
may be concluded that both depositional and diagenetic processes have had an influence on the reservoir 
quality of these sands. Grain size ranges from medium to h e  nith a general decrease in grain size nith 
increasing hydraulic unit #s. Sorting ranges from moderate to poor, with the medium grained sandstone 
(i.e., the lower HU #s ) generally having poorer sorting characteristics. Clay matrix is uncommon in this 
suite of sandstone and detrital clay laminae were completely absent from a i l  analyzed samples. 
Diagenesis appears to be the primary control on reservoir quality for the San Juan. 
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Engineering Control On Resenoir Quality - Verification of Hydraulic Units 
The relationships between FZI and irreducible water (capillarity) and residual oil saturation 
(displacement) given by Figures 4 and 5 also indicate that the variation of the reservoir rock properties 
follo~vs the same trend as the FZI(HU indicator). 

CORElLOG INTEGRATION : HYDRAULIC UNITS MODELING 
Having delinealed the resenloirs into hydraulic units, the core and log databases were combined for the 
pwposes of core-log modeling and petroph>ysical analysis. The core data were depth shifted to match log 
depths in each well before recombining into a new multi-well database, one each for the Campita and San 
Juan formations. These databases were then utilized for the construction of deterministic and 
probabilistic petrophysical models as follows. 

Qv, Clay Bound Water & Effective Porosity Computation 
Using the clay volume obtained from a correlation betweeri FZI and MineralogTM data, total porosity 
($3, average core measured grain densities (2.63 and 2.65 for the Carapita and San Juan respectively) 
along with values of core measured CEC, continuous depth variable values of Qv, clay bound water 
(CBW) and effective porosity (4,) were derived using the procedure described by Hill, Shirley and ~lein'.  

Water Saturation Computation 
Electrid properties measurements made at in-situ stress on core plugs were used to determine 
cementation exponent (m*) and saturation exponent (n*) values, respectively. for utilization in a 
W a r n - S m i t s  water saturation model. By comparing the electrical properties with the various hydraulic 
units. it was observed that the following average values are best for the Carapita Superior a=1.0, m* 
=2.05, n* 2.01, Carapita Inferior a=1.0, m*=2.05 and n*=2.35 and San Juan a=1.0, m*=2.0 and n*= 2.07. 
The computed water saturation results were validated against an independent computation of core 
analysis capillaq- pressure calibrated irreducible water saturation (Swir). Excellent agreement was seen 
in the highest quality reservoir intervals believed to be above the transition zone. 

DETER~~INISTIC MODELING FOR HYDRAULIC UNITS ZONATION 
In order to exTend the hydraulic units zonation and FZI computation from the cored wells/itervals to 
uncored weIls/inteivals. a non linear optimization model was developed each for Carapita and San Juan. 
The non linear optimization was perfomled using the Levenberg Marquard non linear optimization 
algorithm described by Ohen and Civan lo. 

DETER~VNISTIC MODEL 
Model for Carapita 
From rigorous rank correlation exercise, it was determined that a combination of core quality density 
porosity ( + ), neutron and density porosity difference (Q, ,,) and gamma ray (GR) are best correlatable 
to the FZIs in Carapita. The final equation obtained from the non-linear optimization exercise is given 
as; 

Model for San Juan 
Again from rank correlation exercise, it was determined that in San Juan, porosity (+), deep resistivity 
(RT) and gamma ray (GR) best correlate with the FZIs. Equation for the deterministic prediction of FZI 
(HUs) in San Juan is given as; 
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Model Validation 
Shown in Figures 6 and 7 are the cross plot of model derived versus core derived FZIs. Considering that 
the prediction was made on conlposite. nornlalized, database of all cored intervals in the reservoirs, a 
correlation coefficient of 0.88 obtained in this work is considered very good. The vaIidity of these 
results is further confmed by the good match of the measured permeabilities and the results of 
probabilistic modeling discussed below . 

PROBABILISTIC MODELING 
Probabilistic modeling has been used in this work to estimate FZI and Permeabilities as comparison to 
the deterministic model. The software program which is part of the WDS package is called HORIZON 
and is based on a probabilistic implicit method which involves magnitude estimation. Detailed 
discussions of this technology and its applicability are presented by Tetzlaff and ~nderson". 

Deterministic versus Probabilistic Models 
As in Figures 8a and 8b , the deterministic and probabilistic models approximate both the FZIs (HUs) 
and permeability very effectively. However, the deterministic model was preferred because (1)the 
deternlinistic model is more likely to provide better results in the uncored interval because of its ability 
to compute the unknown variable by using the full range of the input parameters (2) The deterministic 
model consists of equations rather than a "black box" and can therefore be used by Petrophysicist, 
engineers and geologists at any time. 

PERXIEABILJTY ESTI~MTION 
The concept of the hydraulic units is based on the fact that the relationship between permeability and 
porosity is only valid within a unit of the reservoir with similar fluid flow characteristics referred to as 
hydraulic (flow) units. Therefore, the identification of hydraulic units and the knowledge of the 
characteristics flow zone indicators (FZI,) is paramount in the development of the implicit relationship 
between permeability and porosity given as; 

K = 1 0 1 4  F Z I ,  4 ' 
(1.0 

The benefit of identifying hydraulic units lies in the ability to determine FZF that is the mean or 
median values of FZI obtained from frequency histogram of measured discrete FZIs and the descriptive 
statistics of the hydraulic units. 

CENTRIFUGE IRREDUCIBLE WATER SATURATION 
The aim of this modeling effort was to obtain continuous capillary pressure-calibrated logderived 
irreducible water saturation values that can be compared to log computed in-situ water saturation. The 
following form of relationship1 between Swir and FZI was used for a non linear optimization scheme; 

The results of the non-linear optimization show very good correlations between the measured and 
predicted (see Figures 4a and 4b) values. 

GASIOLL RESIDUAL OIL SATURATION UNDER GAS DR4INAGE 
The aim of this modeling effort is to obtain a continuous S, (See Figure 9a for Carapita and 9b for San 
Juan) values that may be used as an indication of the producibility of a given zone and make decision as 
to secondary recovery possibilities. The following functional form was optimized using core analysis 
relative permeability data. 
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The Sorg obtained for each Gmple was correlated to FZI to obtain a model for as shown in Figure 7 

ADVANCED ROCK PROPERTIES AVERAGES 

CAPILLARY PRESSURE AND GAS-OIL RELATIVE PERMEABILITY DATA 
Relative permeability and capillary pressure data of samples with similar hydraulic unit were grouped 
together. Table 3 shows the importance of the hydralllic units zonation as a tool for sample selection to 
ensure N1 coverage of all the flow zones in advanced core analysis programs. 

Reservoir Properties Averaging 
As the hydraulic units' and stratigraphic units' boundaiies do not coincide and average reservoir 
properties can be more effectively obtained by hyhul ic  units, hydraulic units thichess weighted 
averaged of the flow properties were provided to the simulation engineer. 

VALIDATION WITH PRODUCTION DATA 
Shown in Table 4 is a summary of the production tests by reservoir units and by well. Also included is 

an estimate of the total net producible reservoir in each zones. In all cases except CN-4 and ORS-58 in 
Carapita. the production tests confmn the producibility predictions from petrophysid evaluation. 
Earlier study shows that the wells that do not conform were damaged during drilling and well 
Co~npletions activities. 

CONCLUSIONS AND RECOMMENDATION 
The hydraulic units concept has been used effectively to delineate and show the existence of seven 
and ten hydraulic units in the Carapita and San Juan reservoirs respectively. The technique helped to 
obtain better zonal averages of the rock properties data. 
The technique has been utilized to obtain reasonably accurate estimates of permeability in uncored 
interval based on wireline signature sand. It is considered adequate for permeability estimation in 
future wells as long as the wireline log curves are properly normalized. 
Reservoir quality based models for irreducible water and residual oil saturation have been developed 
to facilitate a quick assessment of completion potential of zones data derived from log only. These 
fluid saturation models are, however, based on limited capillary pressure and relative permeability 
data and therefore need to be updated. 

NOMENCLATURE 
Abbreviations 
Chl Chaguaramal 
CP Carapita 

Hydraulic Units 
ORS Orocual 
RQ1 Reservoir quality index (mrn) 
S J San Juan 
Notations 
9 Porosity 
F Neutron and density porosity difference 
GR GammaRay, 
h Net sand thickness, ft 
k Absolute permeability, rnD 
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oil permeability . rnD 
KIinkenberg Permeability 
Air permeability 
Cementation factor 
Clay col~ected cementation factor 
Resistivity index 
Clay corrected resistivity index 
Cation exchange capacity (MeqA), 
Deep induction resistivity 
Residual oil saturation after gas drive 
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