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Abstract

Brittleness index, generally estimated from array sonic logs or triaxial tests, is commonly used to quantitatively characterize the possible failure
features in shale reservoirs. Because of the similarities in mineralogical composition between shale reservoirs and mudstone caprock, it is
valuable to utilize brittleness index derived from conventional well logs for evaluating the brittleness of mudstone caprock. With the research
object of Tertiary mudstone caprock in the northern margin of the Qaidam Basin, core samples of mudstone were taken from several significant
wells. To construct the ternary diagram of mineralogy of the study area, the X-ray diffraction analysis was used for obtaining relative content
of minerals (including quartz, carbonate, and clay). Then the brittleness index was calculated from mineralogical composition. Since
conventional well logging signatures are sensitive to variation in mineral constituent, statistical regression analysis was carried out to probe the
relationship between brittleness index and conventional well logs (such as GR, SP, Pe etc.). The relationship between the brittleness index and
log data, like GR, Pe, were established. The results indicate that the ratio of GR to Pe has the best corresponding effect on brittleness index.
Therefore, the brittleness index could be calculated from conventional logs. The brittleness of different formations ranges from 60%-70%,
among which Shangganchaigou Formation (N1) and Lulehe Formation (E1+2) are the highest while Xiaganchaigou Formation (E32) is the
lowest. The brittleness of different districts varies, the highest of which are in Lengdong and Lenghu No.5 structure belt, about 60%, while the
brittleness of Lenghu No.4 structure belt is lowest, around 47%. Therefore, E32 brittleness is comparatively low so that natural fractures are not
easy to form. Besides, the brittleness in Lenghu No.4 structure belt is lower; so it is more difficult for natural fractures to form than in the other
part of research area. Thus, E32 caprock in Lenghu No.4 structure belt could be high-quality caprock. The result of the analysis is consistent
with oil-test results. To conclude, the brittleness index could be estimated using conventional well logs and could be used as a new parameter to
evaluate sealing capacity of mudstone caprock.
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Brittleness index, generally estimated from Brittleness is one of the important mechanical properties of rocks Though there are many methods to evaluate the rock brittleness The research area (Fig 1) is located in northern margin of Qaidam Fig. 5 is the ternary diagram of quartz, carbonate, and clay percentage
array sonic logs or triaxial tests, is commonly (Kahramana and Altindag, 2004, Yagiz, 2009; Altindag, 2010; Meng (Goktan and Yilmaz, 2005; Guo et al., 2015), two common ways basin, China. With the research object of Tertiary mudstone caprock summary from XRD data for mudstone. This diagram suggests three
used to quantitatively characterize the et al., 2014). were generally adopted to define the brittleness index. One way is to in northern margin of Qaidam basin, core samples (Fig 2.) of minerals content and quartz and carbonate content is relatively high. So It
possible failure features in shale reservoirs. calculate the brittleness index in terms of the proportion of brittle mudstone were taken from several significant wells. All samples were I3 [NEEEssEly (0 Gonsler RIpliEls S & Sl mivssl.
Because of the similarities in mineralogical The concept of rock brittleness combines both Poisson’s Ratio and minerals (e.g.quartz or carbonate), and the brittleness index can be crushed for whole-rock X-ray diffraction and whole-rock geochemical Fig. 6 shows that quartz content is highest mineral and carbonate content is
composition between shale reservoirs and Young’'s Modulus. These two components are combined to reflect expressed as follows (Eg. (1), (2) and (3)(on condition that carbonate analysis. Mineral X-ray Diffraction (XRD) analysis was performed at Iowést mineral in each formation.
mudstone caprock, it is valuable to utilize the rocks ability to fail under stress (Poisson’s Ratio) and maintain a IS treated as the brittle minerals like quartz). the Key Laboratory of Tectonics and Petroleum Resources, Ministry Cey
brittleness index derived from conventional fracture (Young's Modulus) once the rock fractures. In view of of Education in China University of Geosciences to obtain semi-
well logs for evaluating the brittleness of these, ductile rock may be good caprock because the formation will Bll =QZ/(QZ + Car + Clay) X 100 % (1) guantitative mineralogical data (clay, quartz, carbonate, etc.) and to
mudstone caprock. With the research object want to heal any natural fractures. Brittle rock is more likely to be identify the clay mineral species, I/S mixed-layer ratio, and the
of Tertiary mudstone caprock in northern naturally fractured and will more probably lose oil and gas as Bl2 = Car/(QZ + Car + Clay) X 100 % (2) content of matrix and cements.
margin of Qaidam basin, X-ray diffraction caprock. | | | | | _ B
analysis was used for obtaining relative BI3 = (QZ + Car) / (QZ + Car + Clay) X 100 % (3) Tablg 1. Mlngralogy dgtermlngd l:’Jy X-ray diffraction of muglstone in northern - ::ab:ate
content of minerals (including quartz, Brittleness index, generally estimated from array sonic logs or triaxial margin of Qaidam basin.(Partial list of data because of limited space) oy
carbonate and clay). Then the brittleness tests, is commonly used to quantitatively characterize the possible In which Bl1, BI2 or BI3 is the brittleness index, Qz is quartz and Whole rock mineralogy (weight %)
Index was calculated from mineralogical failure features in shale reservoirs. However, they are difficult to be feldspar (plagioclase and K-feldspar) content, Car is the carbonate Well Sample Depth : | - , |

" . . . . . g . . . . ell Sample Dept Quartz K-feldspar hLesjocies Calcite Dolomite Siderite Anhydrite Augite Total clay
composition. Since some kind of applied widely in oil field company or research institute because of content, and Clay is the total clay content by weight. The scholars . . . .
conventional well-logging signature is high cost. With the type of data available, significant correlations can generally adopt the Eg. (1) when the quartz content is high in tgg ; ﬁ;gg ié-g gg 12% 195-41 ig - igi Crbonae 10 20 30 40 50 60 70 80 90 N €32 31 142
sensitive to variation in mineral constituent, be drawn by integrating the wireline log data as a tool to estimate the mudstone. On the contrary, the Eq. (3) may be taken when the ' | ' ' ' ' | ' _ _ _ . _ _ _

g - - - - - - - - : - - L89 3 12295 4l.1 3.0 15.2 > 75 33 244 Figure 5. Ternary diagram of mineral composition. Figure 6. Mineral histogram
statistical regression analysis was carried out mechanical rock properties and geochemical analysis. Thus, the carbonate content is relatively high. In the comparison of quartz and 189 4 12181 19.2 105  11.2 0.9 43 39 494 ' ' ' '
to probe into such a corresponding wireline analysis, once calibrated with core measurements, is very carbonate content in mudstone caprock of the research area, the tgg 2 ggéé ggi’ ;g 18639 gg U s 2;2
relationship between brittleness index and useful tool in extending the rock brittleness understanding as one author is inclined to adopt the Eq. (3) according to the ternary 180 7 12416 352 15 121 152 | 36.0 The Fig. 7 indicates that both Bland B2 are positive correlation with
conventional well logs (such as GR, SP, Pe, moves away from the wellbore where actual lab data was measured. diagram of the mineralogy of seven wells. L89 8 12447 320 68 11.8 7.4 42 317 B3. Especially, B2 and B3 have a better correlation. The same rule is
etc.). Therefore, the brittleness index could x 190 ﬁﬁ’? i% ‘11:‘7‘ gg ;‘11:5 = 1;2 5 féf suitable for well Y2 and the correlation index R?is 0.85. So the authors
be calculated from conventional logs. The Y2 11 12125 261 2.9 7.4 14.8 21 40 427 are inclined to take B3 as brittleness index to evaluate the mudstone in
brittleness of different formations in districts x 12 142&2-3 igg ;g gg 141-91 e Le o dl 22 ‘212-2 research.
vgries_. The result of anaIySiS IS consistent If;g;rglsls%?)?a Y2 14 1415:4 16:6 2:9 4:8 8:7 48:7 | 18:3 BIll a
with oil test results. To conclude, the Y2 15 14198 23.1 23 9.7 86 141 0.4 41.8 L
brittleness index could be estimated using Y2 16 14223 272 50 109 235 4.8 28.7 70 A e
conventional well logs and could be used as METI'“"]S AN“ MATEI“AI.S e Rl 8820 = e B 50 e
a new parameter to evaluate sealing capacity N I Y R I °

. . . . The well-log data were collected w 0 [, [ [ T L L L L LR L Lb ety
of mudstone caprock. Overview on the methods of calculating rock brittleness index 1-10g dat : o |t s
0 50 100 Km Mahai Salient from anhal OIlfIEId Company Of A) F===mmmcccccccccccccaaaga e
: . . : . — CNPC. The log measurements
The brittleness is usually evaluated by brittleness index (Rickman et COMMOnN 1o thg wells comorise the | 2 10 J [F TSR (A
al., 2008; Sondergeld et al., 2010). In the last decades, the concept conventional ooen-hole SLFI)iteS N I SR
and measurement method of rock brittleness have long been Sanhu Depression (the gamma rap (GR) ¢
discussed and have not reached a consensus (Goktan and Yilmaz, SN ] S hotgelectric aﬁsor 01 Cross O
2005). There is no standardized concept or measurement method PHOtOele dex (P P q 0 :
exactly defining or measuring the rock brittleness up to now. The Figure 1. Location of research area :Ettlr%r:\l::) ez(C(N E)) ’ galrlr(\%eerrllssziitte 0 20
most acceptable methods of calculating brittleness are calculated (DEN) ang resisti\’/it o (RT)?I -
from the XRD mineralogical composition or rock mechanical and s ’ectral ammay(cogntents of [4AS Hiittt ittt ittt ettt ittt
parameters. In this research, we took the former method to get the — T otasgium (Kg)] thorium (Th) and 60 e e e e e
brittleness index in consideration of the laboratory equipments. — 1 ﬁranium (L)) ’Core descrintions ¢
Sondergeld et al. (2010) developed a mineralogical method to were correlafed o well 1o pS b D s
cnuTncT calculate the rock brittleness index. But there still is no uniform correlating the GR si natﬂre v>\//ith 20 d el
criterion for brittle minerals. The quartz, feldspar and carbonate are the core dgescri tion t% obtain the
: often regarded as brittle components. However, the feldspar e P B0 e e
Yin Gong ) : ) : = best match between core features )
China Uni tv Of G . Wuh minerals are relatively not brittle like quartz and carbonate. - and the well loas :
In.a. nlver§| QI eSSBS BEs, UL Generally, the most brittle rock has the most quartz and carbonate gs- 20 Tmmmmmmmmmmmmmmmmoooommees
Email: gongyincug@163.com content but least clay content. The higher the magnitude of 10 4--==========m=mmmmmm -
Phone: +86 130 1807 9639 brittleness index, the more brittle is the rock (Goktan and Yilmaz,
) 0
2005). \
Figure 2. X-Ray Diffractometer Figure 3. Core samples Figure 4. Typical well-log characteristics 0 20
of mudstone caprock. Figure 7. a: plot fo Bllversus BI3; b: plot of BI2 versus BI3.
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Brittleness index, generally estimated from >0 Statistical regression analysis was carried out to find the relations ( I PO ) S LA O “ww | KOs | " iy (0.w) [vscy) [FOmera)® The brittl £ dift (t . - f 60%-70%
array sonic logs or triaxial tests, is commonly o ~ between brittleness index values and conventional well logs, & i © orl ir.‘erfssﬁ | erenh Qrmallzons mtgln yl\rlangej Lrolm H s
used to quantitatively characterize the e L X 2 Including GR, Pe, CNL, DEN and SP. It is seen that there is no Izimongt_w ICE ang?rz;mch_a;]goil ﬁ.rlm?(.'on ( 131 an IIJ:e € fion (E.2
possible failure features in shale reservoirs. 35 . obvious relation between the brittleness index values and any single : Otha} on (t 11+_2g alroe'ttl €nig .esd\_/f\; e tlda'g?nct aigou (zrr]mi_lor? (t3 ]2
Because of the similarities in mineralogical 30 * 4 well log curve (like GR, Fig.8a). Only by translating brittleness index = 'Sh. eh OWES L ed " eneoslsLln |herNen . ISt “Cts Vageli’ be ;960605 0
composition between shale reservoirs and 25 & to the combination of two or even more log curves, the prediction ) Wh!IC tﬁreljlnttleng on? fn henlg u4 ?' f rucburlte_ el » @ ?u 21
mudstone caprock, it is valuable to utilize 20 model of brittleness index could be established. while the orl enesszo . enghu . 0.4 StUC u_re €l 1S lowest arotin
I T 15 ] 47%. Therefore, E5 brittleness is comparatively low so that natural
well logs for evaluating the brittleness of 10 As we know, GR logs and Pe logs are sensitive to the variation in : : Klac;rurtes atre n%t leta}S)i & fo.rm. I_?;e_5|des, tzif_brltlttliness tOf I_lefnghtu
mudstone caprock. With the research object 5 lithology and mineralogical composition. Higher GR counts are t Of' > rtl;]C ure the |sthower, tSOfI IS morﬁ | |cuThor n; t;ra raclijres
of Tertiary mudstone caprock in northern commonly attributed to mudstone. The Pe values of various minerals o form thah In The Oer part o research area. 1hus, Eg-caprockin
_ : _ _ _ 0 BI3 _ . : : Lenghu No.4 structure belt could be high-quality caprock.
margin of Qaidam basin, X-ray diffraction 30 50 60 20 80 90 are largely different, and the effect of fluids on PE readings is very
analysis was used for obtaining relative small. Base on above analysis, GR log and combined with Pe logs
content of minerals (including quartz, 70 B12 d are selected to be used to estimate the brittleness index of shaly
carbonate and clay). Then the brittleness sandstones. SRR s RN HA N ) - ZZ
index was calculated from mineralogical &0 $ R?=0850 o8 _
composition. Since some kind of 50 The ratio of GR values (API) to Pe readings (b/e) seems to be a _ a 66 B
conventional well-logging signature is sensitive indicator for the variation in mineral composition or even the o [P | |y RO e, [ M, :j .
sensitive to variation in mineral constituent. 40 brittleness index. As can be seen from Fig. 7b, the content of T o % )
Statistical regression analysis was carried 30 brittleness index (BI3) shows a strong negative correlation (R2=0.76 58 0
out to probe into such a corresponding 2 ¢ with the GR/Pe values (Fig. 7b) between GR/Pe and brittleness index :j .
relationship between brittleness index and 20 Z (BI3) from XRD results. Therefore, the estimated model has the N1 E 32 E31 E81+2 L°§§i‘;”g No. 4 N;). 5-1 lglo.gé(l)
. - - - 0 nC c % : ) : A7 % : . 4.14 .
conventional well logs (such as GR, SP, Pe, 0 potential to be used for the brittleness index prediction using . LRI o i L 4 :
etc.). Therefore, the brittleness index could conventional log suites (GR and Pe). _ - _ _ o _
be calculated from conventional logs. The 0 - Figure 10. Characteristic of brittleness index in different formations(a) and
brittleness of different formations in districts 30 50 60 70 80 90 E areas(b).
varies. The result of analysis is consistent = R 218 o ol 75 e (oot o - 20 T ISy L CLINED St el e cuNcl“s“'Ns
with oil test results. To conclude, the FIQUIE 7 PRI 118 WEREUES 28 I EE 12 CF (e @1F 11 Welielle &0 N ¢ e -
) ) : : in well Y2. ¢ _ } 5 } =
brittleness index could be estimated using 0 X3 - — :
conventional well logs and could be used as Britt y I s hiah brittle mineral tont and/or | - * Figure 9. Calculation of brittleness index in well Y2 (a, b) and L89 (c) using brittle 1. The ratio of GR to Pe is sensitive to the variation in mineral
a new parameter to evaluate sealing capacity rittie rock ustally presents high britie minerals content andror low ¢ ¢ ” Mineral and logs data composition and the brittleness index. The prediction model of
clay content. The brittleness index in terms of mineralogy brittleness 50 : . . .
of mudstone caprock. . . : . . brittleness index using GR/Pe values when it is corrected for
Index could easily be calculated using brittle mineral content.. . . . . N . : : . . ) .
However, the XRD data could not be collected in every well due to As is evident from Fig. 8, significant relations exist be_tween mineralogical brittleness from XRD data is reliable. Therefore, the
the hiah éx ense. Predicting the brittleness index by taking full 0 brittleness index and GR/Pe values; therefore, the mineral brittleness index could be calculated using conventional well logs
J P o J . =X DY J P brittleness index can easily be estimated from relations (Fig. 8; y = without array sonic logs.
advantage of conventional well logs is of great importance for the e : .
brittleness evaluation in wells without dipole acoustic logs 10 2LESERET), O WEMiy 1 EETEIC o e RIEelEive mote) ol
P Js- brittleness index, a blind test was administered to two wells with 2. High brittleness index means a better ability to form fractures and
As discussed above. the detailed brittleness index could be 040 0 5 LA 5 % 1OS5R another well (Fig.8c). The brittleness index (BI) in well L89 was difficult to heal natural fractures. The favorable mudstone caprock is
’ : : . : calculated using the relationship presented in Fig. 8b. The result characterized by low brittleness. So it is thought that brittleness
calculated from XRD data. The mineralogical brittleness index by . . .
) , : demonstrates that the tow brittleness indeces calculated from index should be regarded as a new parameter to evaluate the
XRD could serve as “standard”. But the XRD result derived from BI3 051 . . . . o . .
; : _ . 0 v =-219.0% mineral brittleness and conventional suite logs match well in Fig. 9c. healing capacity of mudstone caprock.
core samples is not continuous; therefore, the calculation of . . . . . ) .
: . : . : . R2 = 0,760 As is evident from Figs. 9 and 10, the mineralogical brittleness index
brittleness index by conventional logs is of great importance. In this 80 ) : : . :
. : . : : . (B12) is generally consistent with the geomechanical brittleness
section, the relationship between mineralogy brittleness index and 70 . . .
conventional logs is established to serve as the prediction model e el{Ee); el Wkt (ee Tlsise iSRSl el
c(""ncT J P | 60 ‘ conventional logs (GR/Pe) is reliable. For wells without core ncKNOWIEnGEMENT
: : : . . 50 $ samples, brittleness index can be easily estimated by conventional
In this section, the point-to-point log response characteristics of the o well logs
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Figure 8. Plot of BI3 versus GR (a) and the ratio of GR to Pe (b) in well Y2






