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Abstract. More than 70 rock samples from so-called sweet spots, i.e. the
Ordovician Sa Formation and Silurian Ja Member of Pa Formation from the
Baltic Basin (North Poland) were examined in the laboratory to determine
bulk and grain density, total and effective/dynamic porosity, absolute
permeability, pore diameters size, total surface area, and natural radioactivity.
Results of the pyrolysis, i.e., TOC (Total Organic Carbon) together with S1
and S2 — parameters used to determine the hydrocarbon generation potential
of rocks, were also considered. Elemental composition from chemical
analyses and mineral composition from XRD measurements were also
included. SCAL analysis, NMR experiments, Pressure Decay Permeability
measurements together with water immersion porosimetry and adsorption/
desorption of nitrogen vapors method were carried out along with the
comprehensive interpretation of the outcomes. Simple and multiple linear
statistical regressions were used to recognize mutual relationships between
parameters. Observed correlations and in some cases big dispersion of data
and discrepancies in the property values obtained from different methods were
the basis for building shale gas rock model for well logging interpretation. The
model was verified by the result of the Monte Carlo modelling of spectral
neutron-gamma log response in comparison with GEM log results. Key
words — shale gas rock, porosity, density, TOC, mineral composition.

1 Introduction

Shale gas deposits belong to the unconventional hydrocarbon (HC) resources. They played
important role in the energy balance all over the world since the prices of oil and gas from
conventional deposits started enormously increase. They will be still important because
conventional HC resources are now deeper and deeper, more difficult and complicated in
the aspect of porosity/permeability and saturation determination. Therefore, world companies
elaborate the technology of effective shale gas deposits exploitation. Poland belongs to the
countries rich in shale gas formations. The most prospective are the Silurian and Ordovician
shaly formations located in three Polish sedimentary basins: Baltic, Podlasie, and Lublin in
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the north-east and central-east parts of Poland [1, 2]. Polish shale gas formations differ
from the most known in literature American Barnett, or other shale plays because of deeper
depth of present deposition, different mineral composition, and changeable TOC values [3-5].
Results presented in the paper are typical for the Silurian and Ordovician sweet spots in the
Baltic Basin.

2 Materials and methods

Laboratory experiments were done on 72 rock plugs cut from the Silurian and Ordovician
cores drilled in three on-shore boreholes in the Baltic Basin. Depth intervals, stratigraphic
and lithological characteristics of the geological material are presented in Table 1. Depth
intervals were similar in BH-2 and BH-3 wells. Samples from BH-1 well were sited deeper.
Sequence of the Palacozoic formations drilled in three boreholes in the study was as follows
(going down): Silurian (Llandovery), claystone/mudstone Pa Formation with Ja Member
built of bituminous claystone at the bottom, next — Ordovician (Ashgillian) marl, limestone
and claystone/mudstone Pr Formation and at the end of the studied intervals — Ordovician
(Caradocian/Llanvirnian) bituminous claystone and claystone/mudstone Sa Formation.

Table 1. Rock material for laboratory measurements

Well Depth Silurian Ordovician
(Total no. interval, (Llandovery) (Carad./ Llanvirn.)
of samples) (m] No. of samp. Lithology No. of samp. Lithology
16 clay/mudst.
BH-1 3185.89- 5 claystone/ 1 limestone
27 3234.42 mudstone 1 sandstone
4 tuff
17 clay/mudst.
BH-2 2896.38- 6 claystone/ ] limestone
27) 2938.96 mudstone 3 -~
7 clay/mudst.
BH-3 2870.36- 7 claystone/ " limestone
(18) 2908.76 mudstone 3 e

2.1 Rock characteristics

Majority of the investigated rock samples were claystones/mudstones from two sweet spots:
Silurian Ja Member (15 samples) and Ordovician Sa Formation (45 samples). Basic statistics of
the selected petrophysical properties of these two shale gas rocks are presented in Table 2.
Symbols used in Table 2 are explained in paragraph 2.2.

2.2 Laboratory investigations of rock samples

Mercury injection porosimetry (MIP) was done using AutoPore IV 9500 Micromeritics Co
and following parameters were determined: bulk density (at 36.17 psi), pb [g/mL], apparent
(skeletal) density, ps [g/mL], effective porosity, @esr, total pore area, TPA [m*/g], average
pore diameter, APD [um], and permeability, K [mD]. Density was also determined with the
use of He pycnometer AccuPyc 1330, pHe [g/ccm].
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Table 2. Basic statistics of the selected petrophysical properties: the Ja Member and Sa Formation;
symbols: Min — minimum, Max — maximum, Avg — average, Me — median

Type of Parameter Min ‘ Max ‘ Avg ‘ Me Min ‘ Max ‘ Avg | Me

measure. | Stratigraphy Silurian Ja Member Ordovician Sa Formation
MIP pb [g/cem] 2.28 2.54 2.42 2.37 2.23 2.97 2.43 2.51
MIP ps [g/ccm] 235 | 257 | 236 | 244 | 229 | 298 | 249 | 2.55

He pycn. pHe [g/ccm] 255 | 272 | 263 | 2.66 | 2.56 | 3.07 | 2.68 2.73
WIP GDwip [g/ccm] 250 | 275 | 2.62 | 2.60 | 2.46 | 2.79 | 2.66 2.73

MIP Derr[%] 093 | 308 | 1.70 | 277 [ 029 | 751 | 232 | 1.67
NMR Drwir_« [%] 061 | 190 | 1.10 | 1.06 | 0.08 | 596 | 2.00 | 0.83
NMR Drwir_efr[%)] 0.10 | 038 | 020 | 024 [ 001 | 0.73 | 029 | 0.18
NMR Swirr [%] 0.66 | 090 | 081 | 0.75 [ 0.16 | 1.00 | 0.79 | 0.80
NMR CBW [%] 049 | 331 | 148 | 1.60 | 0.15 | 351 | 1.62 | 2.72
WIP Dwip [%] 293 [ 1194 | 6.11 | 6.05 | 0.83 [ 10.09 | 550 | 7.04
DLP DpLr [%)] 231 | 965 | 498 | 387 | 076 | 7.69 | 4.58 | 5.63
XRD OM [Wt%] 040 | 790 | 3.87 | 3.65 | 000 | 490 | 144 | 0385

Nal(TI) U [ppm] 324 | 1864 | 817 | 865 | 203 | 980 | 513 | 3.89
Th [ppm] 890 | 12.64 | 11.87 | 12.08 | 4.72 | 2620 | 11.70 | 10.51
Rock- TOC [wt%] 036 | 7.15 | 342 | 322 [ 001 | 431 | 126 | 0.71

Eval  1"S1 [mgHC/grk] | 025 | 273 | 156 | 1.62 | 0.02 | 3.63 | 081 | 033
S2 [mgHC/gr-k] | 0.30 | 10.19 | 4.68 | 3.60 | 0.01 | 034 | 0.09 | 0.08

MIP TPA [m2/g] 041 | 652 | 322 | 6.02 | 011 | 1525 483 | 3.44
N2 A/D Seet [m¥g] 290 [ 1030 | 6.79 | 655 | 0.70 | 40.10 | 13.94 | 13.20
N2A/D | TPV [cem/g] | 0.016 | 0.034 | 0.023 | 0.024 | 0.01 | 0.05 | 0.03 | 0.03
N2 A/D | Vmicro [ccm/g] | 0.001 | 0.002 | 0.001 | 0.001 | 0.001 | 0.008 | 0.003 | 0.002
N2 A/D | Vmezzo [ccm/g] | 0.006 | 0.018 | 0.011 | 0.011 | 0.002 | 0.035 | 0.017 | 0.016

Nuclear Magnetic Resonance (NMR) experiments were done using the Maran Ultra 23
MHz spectrometer of Resonance Instruments, Ltd and provided total and effective porosity,
Dnmr ¢ and Onwmr efi, respectively; irreducible water volume, Sy i, and clay bound water,
CBW. Specific method - Dual-Liquid Porosimetry (DLP)/Water Immersion Porosimetry
(WIP) [6, 7] was used to determine total porosity, @wrr [%] and dual liquid porosity, @prpe [%0],
corrected for swelling of water filled samples, together with grain density GDwip [g/ccm].
Quantachrome Autosorb-1C automatic gas adsorption apparatus was applied to measure
physical adsorption/desorption of nitrogen (N2 A/D) at 77 K. Nitrogen adsorption/desorption
isotherms were used to characterize the specific surface area, Sgpr [m%*/g] and pore size
(diameters < 350 nm) distribution [8, 9]. The Brunauer — Emmet — Teller (BET), Barrett —
Joyner — Halenda (BJH) approach, as well as Quenched Solid Density Functional Theory
(QSDFT) were adopted for interpretation of adsorption data. From the nitrogen adsorption/
desorption measurements total pore volume (pore diameter less than 350 nm), TPV [ccm/g]
was calculated and QSDF theory provided with volume of micropores of diameters less
than 2 nm, Vmicro [ccm/g] and mezzo pores of diameters 2—50 nm, Vmezzo [ccm/g]. Rock-
Eval 6.0 pyrolysis as the organic geochemical analysis oriented to hydrocarbon deposits
recognition allowed determination among others of total organic carbon, TOC, free
hydrocarbons, S1 and hydrocarbons generated through thermal cracking (residual hydrocarbons,
S2) [10]. These parameters are good indicators of rocks rich in organic matter (OM). TOC
is well correlated with individual S1 and S2 parameters and also with the sum of them thus,
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each parameter may be used interchangeably for characterization of source rocks. Uranium
and thorium contents, U [ppm] and Th [ppm] measured using apparatus with crystal Nal(TI)
SKW IUO4 (TESLA) inform on the level of organic matter OM [wt %] and shale volume VCL
[wt %], respectively, on the basis of natural radioactivity. Values presented in Table 2 and
relationships illustrated in chapter 3 present the typical characteristics of the sweet spots of
considered shale gas formations, which are an input data to construct rock model.

3 Relationships between parameters

Correlations in Figures 1 and 2 illustrate selected examples of mutual relationships between
properties comprising various types of porosity, density, and volume of organic matter.
They are presented separately for Ja Member and Sa Formation to underline the differences
in the bituminous claystone/mudstones building sweet spots. The goal of the presentation of
these simple correlations is to show the relationships as an introduction to multidimensional
regression and revealed by mutual connections that gas is placed in the bituminous claystone/
mudstone formation in the pore space and also is connected to organic matter. Correlation
between the total volume of pores with a diameter less than 350 nm, TPV, and effective
porosity from NMR experiment, ®xwmr _er, shows that the smallest pores are connected among
themselves and gas inside can be removed. The relationship between bulk density pb from
MIP and organic matter content calculated together with mineral composition (Fig. 1b)
documents distinct density decreasing with organic matter increase and confirms the high
importance of density determination. Dispersion observed in plots is caused by heterogeneity
of bituminous claystone/mudstones [11, 12].

A good correlation is observed between organic matter content calculated together with the
mineral composition on the basis of elements recognition by chemical analysis followed by
mineralogical interpretation and TOC from Rock-Eval geochemical measurement (Fig. 1c)
despite of different methods of determination. Also, the significant relation is visible in
Figure 1d between grain density, determined from water immersed porosity method [7], and
TOC. The relationship in Figure 1d confirmed the necessity of precise density measurements
and understanding the difference between bulk, skeletal (from MIP) and grain density from
WIP method in shale gas rocks. Similar relationships are shown for Sa Formation (Fig. 2a, b).
The main feature of these plots in comparison to previous ones is larger number of data but
also higher dispersion of points due to geological features of rocks [11, 12]. Two data sets
are distinctly visible in Figure 2a. The first one is more dispersed, marked by oval, and the
second one, more consistent. shows TPV porosity increase with the OM decrease. These
two sets of data mean that organic matter and small diameter porosity exist alongside in the
bituminous claystone/mudstone.
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Simple linear relations were checked between all parameters in the study (Table 1) to
check how big part of regression they explain. All of them were included in multiple regression
to construct shale gas rocks model based on porosity and density as values determined
continuously along the borehole axis in well logging. Parameters used as inputs into multiple
regression were selected by interpreters on the basis of simple regression because of a limited
number of cases in which there were complete data set with all quantities.

3.1 Multidimensional regression

Multidimensional regression was tested between density, porosity, TOC, and other available
parameters. An exemplary result of bulk density (MIP) prediction on the basis of selected
parameters (Table 3) for Ja Member is presented as equation (1):

pb =2.7898 — 0.19®prp — 0.05CBW + 0.26dDnmr ¢+
@)
—0.17Sw,ir — 0.83TOC — 0.05Vi+s — 0.07Ven

Symbols in equation (1) and Table 3 are the same as in Table 2 and subchapter 2.2.
CBWmeans clay bound water [%], Vi+s,Ven — volumes of illite+smectite and chlorite [%]
from XRD mineral analysis. Correlation coefficients between independent and dependent
variables are included in Table 3. They illustrate the strength of relationship and contribution
in evaluation which quantities are important in prediction. The correlation coefficient for
multidimensional regression (eq. 1) is equal to R = 0.91, determination coefficient R? is equal
to 0.83 and corrected R?= 0.59.
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Similar equation (2) was obtained for effective porosity (MIP) predicted on the basis of

known parameters in Sa formation:

Deff = 27.99 — 0.42Dprp + 1.02GDwip + 0.49CBW + 0.50Sy,x — 9.32pb + 9.50ps +

—6.60TOC —2.16S1 +0.08S2 — 1.75pHe + 0.01U — 0.43Th + 0.18VCL + 6.690M

@

In that case correlation coefficient in multidimensional regression is equal to R = 0.96,
determination coefficient R? is equal to 0.93 and corrected R?= 0.63.

In Figure 3a, b there are presented regressions for predicted bulk density (pb_pred) and
effective porosity (Qeff pred) vs. their measured values. High determination coefficients for
bulk density and effective porosity correlations are equal to 0.99 and 0.93, respectively. They
confirmed the ability of petrophysical properties prediction on the basis of the determination of
various quantities, but Table 3 showed that contribution of selected parameters to variability

explanation is different.
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Table 3. Correlations between independent variable, pb and dependent variables, Ja Member

@wip | Oore | Swir |CBW | ps | TOC| S2 | pHe | Vis | Vau | OM | pb
Owr | 1,00 | 0,96 | 023 | 0,61 | 049 | -0,71|-0,68 | 0,69 | 027 | 039 |-0,72| 0,40
Gpre | 0,96 | 1,00 | —0,19 | 0,87 | 0,30 | -0,69 | -0,71 | 0,69 | 0,22 |-0,08 |-0,97 | 0,69
Swir |-023]-0,19| 1,00 | -0,23 | -034| 0,41 | 0,53 |-0,11| 0,33 |-0,17| 042 | 0,26
CBW | 0,61 | 087 | —0,23 | 1,00 | 0,77 |-0,83 [ -0,74 | 0,65 | 0,07 | 0,19 |-0,82 | 0,04
ps | 049 | 0,30 | -034 | 0,77 | 1,00 | -0,81 | 0,69 | 0,43 | 0,14 | 0,20 | -0,81 | 0,98
TOC |-0,71|-0,69 | 0,41 | -0,83 | 0,81 | 1,00 | 0,96 | 0,79 | -0,06 | 0,46 | 1,00 |-0,73
S2 | -068]-071| 0,53 | -0,74 | -0,69 | 096 | 1,00 | -0,82| 0,13 |-048 | 0,96 |-0,60
pHe | 0,69 | 0,69 | -0,11 | 0,65 | 043 | -0,79|-0,82 | 1,00 | 0,00 | 038 | -0,78 | 0,35
Vie | 027 | 022 | 033 | 0,07 | 0,14 |-0,06| 0,13 | 0,00 | 1,00 |-0,38 | -0,05| 0,13
Var | 039 | 0,08 | 0,17 | 0,19 | 0,20 | -0,46 | -0,48 | 0,38 | —0,38 | 1,00 | -0,46 | 0,13
OM |-0,72|-097| 042 |-082 |-081| 1,00 | 0,96 | 0,78 | -0,05 |-0,46 | 1,00 | 0,74
pb | 040 | 0,69 | —0,26 | 0,04 | 0,98 |-0,73 |-0,60 | 035 | 0,13 | 0,13 |-0,74 | 1,00

In bulk density case the most important role played skeleton density, organic matter content,
TOC, grain density, and CEC (Tab. 3). Effective porosity calculated from the modified
equation (2), without S1, S2 and OM, gave very similar result but parameters of correlation
were as follows: R =0.95, R? = 0.89 and corrected R?=0.70.
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As a final result, the multidimensional regression was calculated to obtain relationships
between bulk density and porosity from well logging and analyzed petrophysical parameters
to build a statistical model of shale gas formation. Mutual connections between parameters
measured in the laboratory and used as independent variables in the multidimensional
regression, and quantities measured in well logging, showed the influence of selected variables
on the output result. The regression equation for RHOB in the gas formation of Ja Member
predicted on the basis of considered parameters is presented as equation (3):

RHOB =0.08 — 1.19CBW + 1.57GDwrr + 1.08pb — 0.78ps — 0.32CEC - 0.10Swir  (3)

R equals to 0.95 R?= 0.90 and corrected R? = 0.82. The most informative quantities, in that
case, were clay bound water CBW and grain density from water immersed method GDwp.

3.2 Final confirmation of the built model

Final confirmation of the constructed model quality was the comparison of the cumulated
mass concentration of selected elements (H, Si, Ca, Fe and Al) calculated using Monte
Carlo method for the spectral neutron-gamma device response with the results of GEM
device measurements. Rock model was composed on the basis of highly correlated among
themselves parameters which were checked in the simple and multidimensional regressions.
In Figure 4 results of modelling of spectral neutron-gamma response are presented as mass
concentration of selected elements as a function of the detector in SN-G device position
along the geological profile.

[mH osi @ca OFe DAl |

Element concentration [wi %a]

1

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Position of detector [cm)]
Fig. 4. The cumulated mass concentration of hydrogen, silicon, calcium, iron, and aluminum in the
rock model calculated using Monte Carlo method for the spectral neutron-gamma device response

4 Conclusions

Variety of measured parameters allowed differentiation of the claystone/mudstone sweet
spots among other Silurian and Ordovician formations of similar lithological characteristics.
Simple statistics of measured petrophysical (reservoir and geochemical) properties and mineral
composition provide good characteristics of sweet spots and can be treated as the primary
indicators of the potential shale gas plays. Analysis of the results of simple linear regression
showed mutual relations between properties and revealed important features of shale gas
rocks. Cross-plots analysis enabled selection of the most informative parameters to model
construction. Similar petrophysical parameters worked as the input data in the multidimensional
regression for Ja Member and Sa Formation despite the difference in stratigraphy and
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heterogeneity of lithology. The most effective parameters providing characteristics of typical
sweet spots in Polish shale gas plays consists of: porosity from different methods, bulk and
skeletal density from MIP, grain density from WIP method, He pycnometer density, Sw.ir
from NMR experiment and mineral components: volume of illite, smectite and organic matter.
Monte Carlo modeling worked effectively as confirmation of the modeled rock formation.
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