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ABSTRACT: Petrographical examination of thin sections, scanning electron micross&hé) @nalysis
helium porosimey, gas permeamst low field Nuclear Magnetic Resonance (NMR) spectrometry
Mercury Injection Capillary Pressure (MICP) measurements of coreplasnvere investigated in ordel
understand pore size distribution models in the heterogeneous carlmnaations of the Euphratesd
Jeribe formations, Kurdistan. These techniques provide petrophysical pasgmétieh include porosit
permeability, pore size distributions and pore-throat size distributiRelaxation time distributionsry) of
the NMR data were combined with pore size measurements derived fronmteedtion and SEM analy
to construct pore size distribution models in high and low reservoir qualippnates with their different-
agenetic histories.

Three pore size categories were identified, each with unique NMR behavidulifferent pore typ
based on the petrophysical and petrographical data; these were: (1) pore dismalershan 1 pm whi
had a short relaxation time equal to or less than 200 ms; (2) pore diaamgfieg from 1 um to 4 um whi
had a relaxation time ranging from 200 to 600 ms; and (3) pore diamateying from 4 um to greater tl
10 um with very high relaxation time greater than 900 ms, in whiémodal intercrystalline and molc
pores were observed.

The pore size distribution in the low reservoir quality samples derived frerNfiR (T2) distributior
curves had unimodal intercrystalline pores that haveldse to 200 ms, isolated moldic pores havig
greater than 900 ms, and bimodal intercrystalline and moldic pohds, igh reservoir quality samples |
unimodal intercrystalline pores and bimodal intercrystalline pores, afdicnpmres were inferred from t
pore size distributions. A positive correlation has been established folesaawpibiting intercrystalline i
cropores, intercrystalline mesopores, moldic and vuggy mesopores usindnddtalitm porosimeter g
expansion and NMR techniques. The petrophysical behaviour of thenatelrock units of the Euphra
and Jeribe formations in this study can be considered to be an imigodiafior identifying and character
ing the wide variations of carbonate reservoir heterogeneity at differens.sPale size categories (2)
(3) show moderate to good reservoir quality, while pore size categampiE)sents non-reservoir rock.



1 INTRODUCTION milliseconds (ms) in a suite of both porous and tight

The main focus of this petrographical and petr@gphy carbonates.
ical study vasto conduct an integrated analysis of
pore system geometry and pore throat size torunde 2 MATERIAL AND METHODS
stand controls on the initial and residual fluid flow Laboratory measurement of porosity, permeability,
and fluid distribution through heterogeneous-ca resistivity (AC frequency=1 kHz, voltage=1V), NMR
bonate reservoirs. Reservoir rocks are ideally ahara spectra and capillangressure curves wemnducted
terized by large pores and pore throat sizes that holon Lower Miocene carbonate reservoir samples from
and transport sufficient quantities of hydrocarbonghe Euphrates and Jeribe formations (Hussein et al.,
(Ahr, 2008. However, pore throats in tight rocks are 2017) A total of 62 core samples were subjected to
small and provide very low permeability. Pore throatSoxhlet core cleaning. The cleahcore plugs were
connectivities are sensitive to being enhancedeer r then saturated with synthetic formation brine in a
duced by diagenetic processes such as dissolution oore holder under 1000 psi. In addition, 396 sets of
cementation. porosity and permeability data that were measured by

Recent studies have used a variety of petraphysthe North Oil Company (NOC) have also besn-
cal methods to explore the relationships between p lyzed Figure 1 shows the study area from which all
rosity and permeability in tight reservoirs. For exa the data and cores were obtained and Table 1 ssmm
ple, Rashid et al. (201pand Rashid eal. (2017 rizes the well names. All samples had nominahdia
investigated pore network systems in tight carbonateters of 2.54 cm (1 inch) and lengths varyirer b
formations which are largely controlled by chemicaltween 2.54 cm to 5.08m (1 inch to 2 inches).
diagenetic processes and tectonic fractures wineh e
hance pore network connectivity and reservoir- pe
meability. Nl

Defining pore systems and the microstructure o' juyes
carbonate reservoirs have been carried out b :'4,1
Brigaud et al. 2014, Regnet et al.2014 and Ka-  «| |~

46

czmarek et al.2015, and some use Nuclear Magne |72 2

ic Resonance (NMRjo provide pore size distrib A NN

tions in the reservoir samples (Akbar et al., 2000 | 7
G

Westphal et al., 2005). Many of these studies seek 1 |\
address problems within NMR signals in carbonate | " /
reservoirs (e.g., Brigaud et al., 2014; Rashid et al
2017 while others focus specifically on chalk rese *
voir pore systems (Li et al., 2014; Megawati et al., |
2012) using a wide range of outcrop chalk samples
including tight chalks. Gomord et al. (2016) has d
veloped comparisons between porosity, permeability
MICP, petrography and SEM analysis based p#a-
rographical study and petrophysical measurementss
while Rashid et al. (2015a; b; 2017) also relate poro
ity, permeability and pore throat size.

The objective of this work is to determine a eepr
sentative model of large and small pore sizesxin e
ample_s of pOI’F)US _and tight _carbonate reserV(_BFS r Figure 1. Geological map of Kurdistan region and north east of
SpeCtlveW- This will be achieved by deve|0plng Alraq shows the selected fields, blocks and outcrop section of the
pore size distribution model that compares imagetudy arca, modified from (Sissakian et al., 2000). Well numbers
analysis with NMR T distribution to present a gp  referto Table 1.
parison between pore size in micragns) and T2 in




Table 1. Numberof core plugs in the Euphrates and Jeribe For- 3.2 Results
mations from studied wells (Figure 1). ¢ porosity; k permeability. It was observed that relaxation time distribution@ (T

No. of cores  No-of  No.ofdata - . .~ of the NMR data were correlated with the pore size

Wells  (Euphrates (ﬁgiﬁfe (fé?]mh’;‘ggs from Noc  distributions derived from the image analysis. Pore
Fm.) P (Jeribe Fm.)  diameters smaller than 1 pm were associated with

Fm.) Flr;l) 23 short relaxation times equal to or smaller than 200
HR-2 5 16 (Jandk)  (ponly) ms, while pore diameters raing from 1 pm to 4 pm
BH-23 - > - provided T values ranging from 200 to 600 ms. Very
PU-7 3 } } high relaxation times were observed for pores having
16 pore diameters greater than 10 pm, usually greater
IM-37 6 - (4 only) than 900 msFigure 2 show 3 typical samples from
KM-3 3 9 79 17 each pore diameter type.
(# only) (pand k) Porosity evolution and porosity type were ident
Outcrops 9 7 - - fied in these heterogeneous carbonate formations by
petrographical examination of the thin sectiomsa
3 RESULTS AND DISCUSSDN ples, scanning electron microscope and core analysis
(Mercury Injection Capillary Pressure test and the
3.1 Existing classification systems NMR pore size distribution)n the tight samples in-

Carbonate reservoir quality and fluid-flow capacitytercrystalline mesopores and isolated moldic micro-
are determined by their lithology and porosity distri-spores indicate unimodal intercrystalline pores with
bution. Average porosity, porosity type, pore throatT2 close to 100 ms, while intercrystalline pores
size distribution and their spatial distribution are allgreater than 1 um having T2 greater than 200ms were
importantin estimating productivity and in the simu- identified in the tight samples (Figure 3A). Intercrys-
lation of carbonate reservoirs (Zadeh and Adabitalline micropores and intercrystalline mesopores,
2010. Porosity classification includes assessment ofmoldic and vuggy micropores were observed from
pore space characteristics, pore space relationshipse higher porosity samples studied (Figure 38 a
and porosity evolution controls. A number of differ- 3C). Hence both Choquetteray’s (1970) fabric se-
ent classifications have been developed (Taple 2  lective and non-fabric selective types could be recog-

nized.
Table 2: The most widely used porosity classifications in car-  Diagenetic and depositional porosity influences
bonate rocks. were also recognized. Diagenetic influence emerged
Porosity Main porosity types in two forms: . L. . . .

classification 1. The pore size distribution in the tight samples de-
Lonoy (2006) re- | e Micropores (10-50 pm), rived from the NMR T2) distribution curves provid-
vised classification | e Mesopores (50-100 pm), ed unimodal intercrystalline pores that hak val-
based - on - Cho- | " Macropores (>100 um), ues close to 200 ms (Figure 3Ajhile samples with

quette and Pray | o ntercrystalline micropores (10-20 . : . e
(1970) with com- Lm), mesopores (20-60 pm) and in- isolated moldic pores showed a bimodal distribution

ponents from Lu- tercrystalline macropores (>60 pm). of T2 due to the presence of moldic pores irinder-

cia (1983) « Interparticle moldic micropores and crystalline matrix, and T2 values ranging from 200 to
macropores (10-20 pm >20-30 pm), 600 ms (Figure 3B)

* Vuggy and mudstone microporosity 5 | the porous samples, unimodal intercrystalline

with micropores of <10 pm . . .
b B and moldic pores were observed. The intercrystalline

Choquette-Pray e Fabric selective, . .

(1970) deposition- |« Non-fabric selective pores have micropore and mesopore sizes, and the
al and diagenetic | o Fabric selective or not moldic and vuggy pores have a mesopore size range
classification _ : throughout the high porosity of the data set (Figure
Ahr (2008) generic | e Depositional setting 3C)

carbqqate_ porosity | e Diagenetic process
classification. o Mechanical fractures
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ples ensure that the rock porosity is low, pore con-
nectivity is low and consequently permeability and
0.08 1 reservoir potentiais low.
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Figure 2. Typical transgressive relaxation time distribution (T2)
curves calibrated with pore diameters which have been obtained o o e o 100 1000
from image analysis; they are used as a standard scale in this T, (ms)
study, distinguishing microporosity from mesoporosity. 09
08

Three types of pores including microporous inter-. 2;
crystalline pores, mesopores, and isolated moldic cio.s
vuggy pores were recorded in the tight samplsr- €
ing diagenesisht intercrystalline pore type’s size in- =,
creases to mesopore size throughout the porous sam-
ples. Further diagenesis leads to the formation of ° ™ T & "
moldic and vuggy pores which then occur in a matrix T, (ms)
characterized by inter-connected mesopores. Thte he_. L . .
erogeneous dis)t/ribution of pore structupre throughou igure 3. NMR relaxation time (T2) in the tight sam-

the study area was not only influenced by the por@les of the study area: (A) Intercrystalline pore diam-

size, and pore size distribution, but by the pore throagte's smaller than fim (T2 < 200 ms), (B): Moldic

size, all of which was found to vary throughout thePOres with diamete_rs greater than fifd (T2>300
study area. ms). C) Intercrystalline pore diameters smaller than 1

Pore throat heterogeneity is thought to control th rlnggnd moldic pores with diameters greater than
fluid flow conductivity and the reservoir potential /*-®<H™
throughout the study area (Rashid et al., 2017). The h Idi q d .
microporous and mesoporous pore system is inter- BY contrast, the moldic and vuggy post deposi-
connected by pore throats smaller than-0.67 um tlonal pores throughout the porous data set form a
in the nanoporous and microporous pore throat size¥€!l-interconnectechetwork and enhance the reser-
of the tight samples including both Euphrates an oir potential. Cement, which is diagenetic product,
Jeribe samples (Figure 4). The mesoporous po as bloc_kedfpozeljtthroat spaces, anchvc(iarggfe potr1e
spaces are connected by pore throats greater th oat sizeof 0.41+0.07 pm was recorded for the
0.5£0.7 pm that are characterized by mesoporous t!ght_samples. However, dol_or_nltlzatlon and dISSOIL.j-
pore throat radii and mesoporous and macroporod‘éOn increased pore connectivity and pore throat Slz-
pore throat sizes in the porous part of the area. THe® Pforous samples.have a minimum pore throat radi-
small pore throat sizes encountered in the tight sanS Of 0-50+0.7 um with an average of 2.25+0.7 pm,

1000 10000



Permeability (mD)

and a good reservoir potential is preserved impiie  349+0.68 um with an arithmetic mean of 72+0.68
rous samples of the studyear(Figure 4) pum.
Rock-typelll is characterized by a unimodal nor-

100000 100 malised NMRT: distribution, with a modal pore ra-
10000 1 [ gTight samples dius greater than 200 ms. In addition, image analysis
1000 o & Forous sampies 0 E  Shows a homogeneous pore radius distidsu The
100 A P = pore type of this rock type consisted of moldic and
10 - e PIT- vuggy mesopores, the pore diameter ranged between
1 'Q o @ g 240.62 pum to 65+£0.62 pm with an average of _
01 3 S 20+0.62 um. The rock texture and pore system of this
' @ @ o0 s petrophysical rock type is affected by dolomitization
0017 ‘. °o® :m;gfopp(gfoujs((z@_;‘g“am) %28  diagenesis that enhanced the reservoir quality, espe-
0.001 A '*.‘ — |\les0POrOUS (0.5-2.5 um) | & cially porosity. This rock type would be expected to
0.0001 {%® - Mgggg;gﬂg Egé-zofmu)m) _ have reservoir potential from both the matrix porosity
0.00001 . : : Loo and from its natural fractures
0 10 20 30 40 In summary, in the Jeribe and Euphrates for-
Porosity (%) mations rock-typesl andlll are identified as poten-

tial reservoir rocks. Productive reservoir units of
Figure 4. Poroperm cross-plot for 171 samples using measureghese types are found throughout the western part of

helium porosity, Klinkenberg-corrected helium permégband ; ; ~
image analysis/MICP-derived pore throat size. The [oreats the study area in this study. By contrast, Rock-type

have nanoporous and microporous sizes in‘tigat’ data (green  Nas NO reservoir quality.
symbols) while the pore throat sizes are enlarged to roesap

and macroporous in the enhanced porosity data (redag)mb 5 REFERENCES
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