Sandia  Plane Wave Electromagnetic Transmission and Reflection from a Thin Geologic Layer U.S. DEPARTMER FE

National David F. Aldridge and Chester J. Weiss ,f ENERGY

Laboratories Geophysics Department, Sandia National Laboratories, Albuguerque, New Mexico

Introduction and Summary o I‘mf'EO'_m?'” fE'V'_ R?Sponsdes o Backward-Scattered / Forward-Scattered
. . . . . . . . . alne Yy INvVerse discrete rourier transrorming rrequency-aomain spectra. ource . . - -
onefourth wavelength of an ncent plane yiave. (Widess. 1673). In this case, distinct reflecton waveform is alternating polarity square pulse sequence (1 s on+, s off, 1 s on-). EM Signal Amplitude Investigation

arrivals from top and bottom bed boundaries are difficult to recognize. Information regarding layer
thickness and material properties is encoded in the amplitude of the composite (reflected and/or
transmitted) response. Due to the significantly larger wavelength of a diffusing electromagnetic

Reflection/ Transmission Modeling Geometry

Source waveform: 5m

) : . S . e o — — " i hbed
(EM) wave, virtually all geologic layers are considered extremely thin via this definition. This is Backward-Scattered (— ReﬂeCted) Forward-Scattered (— Transmitted — DlreCt) it larit ncidentEfed V2 +0/2 o . =10S/m
particularly true for a single hydraulic fracture (~1 cm width) or even a fracture zone (~ meters EM Responses EM Responses alt. polarity square wave train (x < -h/2) bed —
. . . . T itted —
width). Seismic and (low-frequency) EM wavelengths are given by pUlSG seqguence; N wave tein (¢ > +hi2) Mped = Mo » 10“0
1(1‘)‘ ~c (1) Co(f)  |4x Variable Bed Thickness Variable Bed Thickness period = 1 s. IR o
SEIS - f 1 ‘EM — f ~ f ) Ac Bak-Scattered Ex o ‘ . Ac Bak-Scattered By . Ac For-Scattered Ex Ao For-Scattered By | | |
071 vane:jble '391‘:):)hé°'r‘rl"ess - hpeq = 10" to 102 m: top to bot N variable l:efluahis:ikness : e lﬁ%“:’h;kness P r O X i m al I an e W ave <] Di S t aI I an e W ave
where C is phase speed, and O and u are current conductivity and magnetic permeability. For e o Tlnea= o £ os o =t £ os iy /\ p Fetiocted p
example, the wavelength of a 30 Hz sinusoid propagating with seismic velocity of 3000 m/s in an 3 b@ A | 3 i A J z EZ source 1 V/m wave train (x < -h/2) h Ez source 1 V/m
elastic medium is 100 m, whereas the analogous EM signal diffusing through a conductive body of — 5 . " g o
0.1 S/m (clayey shale) has wavelength 1826 m. This larger wavelength has implications for the § 8 o] variablebed tickness \-/ g .. : . Background Geologic Layer Background
resolution capabilities of the EM prospecting method. Hieg = 10"to 107 m: top to bot e g = 100 10% m: top 1 bot - oy 210/t 14 bt 110 . 1. 0) . 1z ) . 1. 01)
. ) A . i i . . . 10{)0 1500 2000 2500 3000 3500 4000 100 500 1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000 71'UG 500 1000 1500 2000 2500 3000 3500 4000 Source Ez = 1 V/m SOUrCe EZ = l V/m
In this investigation, we restrict consideration to a normally-incident plane EM wave, and calculate (9 L) tims) Lims)
reflection and transmission responses of a uniform-thickness layer embedded between two . A . .. Bak-Scattered Ez For-Scattered Ez Bak-Scattered Ez For-Scatiered Ez
(possibly dissimilar) homogeneous and isotropic halfspaces. Exact frequency-domain expressions Variable Bed Cond UCUVlty Variable Bed Cond UC“V'ty o1 ‘ ‘ ‘ ' ' ' ' 0 0 ! ' ' ' ' ' ' ' 0
for the electric vector E and magnetic vector B are obtained via two equivalent methodologies: 1) Ao Bak-Scattered Ex A Bak-Scattered By Ao For-Scattered Ex Ac For-Scattered By
summing primaries and all intrabed multiples (the SEIS way), and 2) solving a boundary value variable bed conductivity ‘° ‘ \ ‘ ' ‘ ST ' ' ) T ‘ ‘
. . . . . . . . higg = 1 €M ] Gpeq = 10% to 102 S/m: top to bot varia ‘; b ':“"m“‘ ivity varia T-n e=clunmuc ivity 500 - 500 5001 - 500
problem by imposing wavefield continuity at the interfaces (the EM way). Time-domain responses _ poa =11 ﬁ £ o ) a1 f\‘ - s =1 /\
are obtained by inverse numerical Fourier transformation. a = g’ =
y 5 e 3 5. —— A J S F T @ %
8 ° = & o N 5 ° = g o0 £ 1000 | F1000 £ £ 10001 -1000 E
We predict observable E and B responses, in both reflection and transmission, from layers that are E 05 ool bed conductivty i : = o f = = s / / =
several orders of magnitude smaller than the incident dominant wavelength. Large conductivity or Opeg = 10°10 107 S/m: top to bot £ Poua = 1 o 5 Sheq = 10510 102 Sim: top 10 ot £ Gpeg =10° 10 107 Sim: bot 10 top hat 3 o of 3 o ;
permeability contrast, as with a hydraulic fracture injected with a suitable EM detection agent, m e —" o— ] H y n 1500+ 1500 1500+ r - 1500
enhances response amplitude. In contrast with LaBrecque et al. (2016), we find that permittivity () () ‘°°° o A v
contrast exerts negligible influence at the low frequencies typically used in EM geophysical 2000 2000 2000 2000
exploration. However, responses appear to depend on the fixed (parameter x thickness) product, a Fixed Conductance . 2000 1500  -1000  -500 0 500 1000 1500 2000 2000 -1500  -1000  -500 0 500 1000 1500 2000
result that agrees with First Born Approximation scattering theory. An obvious extension of this Fixed Inductance x (m) X (m)
investigation involves a non-normal incident plane wave, which offers the intriguing possibility of EM 0 , Ao Bak-Scattered Ex N ‘  Ac Bak-Scattered By , |  AuFor-Scattered Ex | | _ AuFor-Scattered By Bak-Scattered Amplitude ‘ For-Scattered Amplitude _ Bak-Scattered Amplitude For-Scattered Amplitude
Amp“tUde vs. Offset (EMAVO) anaIySiS. fixed conductance o = 10" to 10* S/m: front to back ? fixed inductance ? fixed inductance 00— e e - e e — - 0.0 ’c0ot-------------=---""-""—"—-———\""—"———" """ —(—(—(—(—(—(———————————— ] - 0.0
(oh)peq =100 S . bed = P (thYpeq = 10° H (ith)peq = 104 H —
- 05 lped = Mo £ os Pipeq =107 ta 10" m: front to back L - os Cpeq = 0.02 S/m = Gpag = 0.02 S/m = W = = Gpak = 0.001 Sim =
£ < £ E @ 0.01 %) 7] — m—— 0
= s 2 ] W 0.5 "\ F-05 W W 05 0.01 — (05 W
% 0.0 g co %" : v g .04 % N x % %
§ 0.5 7§ 05 fixed conductance 5 § __E_ -1.04 F-1.0 E E -1.01 F-1.0 __E_
Ghgq = 10" to-10° Sim: front to back T (oh)peq = 100 S 5 Cane - & 3 lped = 102 t0 10% 1, front to back — — ! —
hyeq = 107 to 102 m: front to back lped = o Upeq = 1010 10° : front 1o back hyeq = 10210 10°" m: front to back N i i N
R . . R 1ol o hyeq = 10210 10° m: front to back ped 1Ty | | [on L ) 0.1 i L
N O r m al I n C I d e n C e Refl eCt I O n an d Tr an S m I S S I O n ' 1000 1500 tz(c'oo' 2500 3000 3500 4000 0 500 1000 1500 lz(ooo) 2500 3000 3500 4000 S 500 1000 1500 2000 2500 3000 3500 4000 % 500 1000 1500 2000 2500 3000 3500 4000 = 1.8 15 pat 3 1.5 15 ]
ms ms, 1{ms) t(ms) E E = E
= Gpax = 1.0 S/m = = =
. . o -2.01 F-20 75 5 -2.01 F-20 75
The Geophysical Basis . - '\h 4 _ - '\h 7 % s o = 108m | 5
phy Fixed conductivity x thickness product yields fixed responses Fixed permeability x thickness product yields fixed responses T s Solid = Ac Dashed = Ac+Ap s sl Solid = Ac ~~ Dashed = Ac+Ap s
o . ] o 2000  -1500  -1000  -500 0 500 1000 1500 2000 2000 1500 1000 500 0 500 1000 1500 2000
Reflected Response (primaries plus bed multiples) Va“ab I e B ed Perm eab | I |ty Va“ab I e B ed Perm eab | I |ty X (m) X (m)
Bak-Scattered By For-Scattered By Bak-Scattered By For-Scattered By
Incident Plane Wave o ‘ _ Au Bak-Scattered Ex " , . AuBak-Scattered By | _ AuFor-Scattered Ex . Au For-Scattered By 0 ; : ' : ‘ ‘ ‘ ; 0 0 ' ' ' : ' ' ' ' 0
\ r\*‘ Ipeq = 104 10 101 j1,: top to bot _ variabl?'\:::iﬁ%rmeab"w U vanablibw Iﬁmr:‘eablmy ] ) variablibeiﬁr::eabmw
Medium 1 (overburden) rays displaced 5 051 0 £ o2 Opeq = 0.02S/m /\ - Gong = 0.02.5/m £ os Ghos = 0.02 /m /\
(€1, P, O1) sifght!y_from vertical z L s / s Lﬁ z 7 3007 [ S0e 5001 500
for visual clarity g ' S/ 5 ° r— g 00
8.0 ) g : n T @ n
varlabl:‘hed_a%rnnleablllty e , ) © . 110" e X 2 05 é 1000 1000 E E 1000 1000 E
Zmp %e:ui 6.02 S'm \.__________..__ B Hpeg = 107 to 107 py: top to bot Hped = to Lot top to bot Hpeq = 10910 10" 1,2 top to bot — . ] / g ] — — . - - ’ et
Medium 2 (thin bed) = - o soo 1000 1500 lma 2500 3000 3500 4000 e 500 tooo 1500 f?:) 200 S000 35000 4000 0 500 1900 1500 2000 2500 3000 3500 4000 oy 500 1000 1500 2000 2500 3000 8500 4000 ¢ ¥
(g2, W2, 03) P " ( tms) tms) 15001 [ 71 f - 1500 15001 1171 far - 1500
Zpot \ f
Permeability responses opposite sign as conductivity responses Permeability responses same sign as conductivity responses 2000 1 : : : : ‘ ‘ ‘ L 2000 2000 4 : : : : . . . L 2000
-2000 -1500 -1000 -500 0 500 1000 1500 2000 -2000 -1500 -1000 -500 0 500 1000 1500 2000
Medium 3 (substratum) . . . . x (m) X (m)
(€3, M3, 03) Var I ab l € B ed Th IC kn €SS Var I ab I e B ed Th IC kn €SS Bak-Scattered Amplitude For-Scattered Amplitude Bak-Scattered Amplitude For-Scattered Amplitude
. ‘ . Ac+Ay Bak-Scattered Ex ‘ . ‘ . Ac+An Bak-Scattered By . . _ AceAy For-Scattered Ex . . ‘ _ Ao+Au For-Scattered By . -
Vari;::jli I:eﬁ):)h;lr(nness hyeq = 10" to 102 m: top to bot 7 variable bed thickness ( variable bed thickness -4.5- -4.5 -4.5 F-4.5
Transmltted Response (direct plus bed multiples) = 0s Hpeq =100 g g os| . 0 ' SO ol /\ > = 3
é:; 3 E 0.5 bed 0 ; 0.5 bed 0 mL m‘_ m,_ 0.01 \ m,_
g o = — - 5 o 5 [ — | <, 7 = : =~ = =
- - 3 ’ [ 3 AN g ‘ = g o ) Oba = 0.001 S/m g & v = 0.001 S/m oy
Th e I\/l a.t h e m at I C aI B a.S I S § 05 E 05 variablelz(ic:):)h;kness \//‘ 5 os 'g os (>é -5.01 F-5.0 é ‘>é -5.01 : 041 5.0 é
. o . . o . . . hyeq = 10" to 102 m: top to bot Gﬁ:.;:mw:" ) hyq = 10" to 102 m: top to bot = heeq = 10" to 102 m: bot to top E E E, . E,
Sum the infinite series of individual arrivals (with appropriate phase delays | | e 5 s % s
and amplitude attenuations) to obtain ) o s tims . cs s e NN oo
5.5 -0, e N ~ T
. . . . . . L. - . N Solid = Ac 1 Dashed = Ac+Ap Solid = Ac “Dashed = AG+An
Electric Vector Reflection and Transmission Response Filters Joint conductivity + permeability contrast suppresses back-scattering Joint conductivity + permeability contrast enhances fore-scattering 2000 1800 1600 500 (o | 500 1000 1500 2000 2000 1800 1000 500 (o | 500 1000 1500 2000
X {m X {m
iK, (w)2h [
Riop (@) + Ryy(@)e™ [L+ Rp(@)][1+ Ry ()] " Conclusions
REF(w) = : . TRN(w) = _
1+ Ry (@)Ry o ()€™ 2" 1+ Ry, (@)Ry o (@)e ™" - e
op bot op bot Acknowledgements 1) Backward / forward-scattered signal levels decay with distance from embedded layer.
where the normal incidence reflection coefficient and Complex wavenumber are: Sandia National Laboratories is a multi-mission laboratory managed and operated by Sandia Corporation, a wholly-owned 2) Slgnal levels for distant source lower than for near source.
subsidiary of Lockheed Martin Corporation, for the US Department of Energy’s National Nuclear Security Administration under .. . . . . .
K (a))/ _K (a))/ contract DE-AC04-94AL85000. This work was performed under the auspices of Cooperative Research and Development 3) Layer COﬂdUCthlty contrast generates little difference in back- and fore-scattered Slgnal amplltUdes.
RI (C()) — 1 lul 2 :uz K (C()) _ \/l O)/J(U _ |0)€) Agreement (CRADA) SC11/01780.00 between Carbo Ceramics Inc. and Sandia National Laboratories . d o / b| h f . d b k .
op ! _ . - -
Kl(a))/,ul + K2 (co)/,uz References 4) Joint conductivity / permeability contrast enhances fore-scattering and suppresses back-scattering.
LaBrecque, D., and 13 others, 2016, Remote imaging of proppants in hydraulic fracture networks using electromagnetic 5) All E and B Signal levels appear potentia”y measurable in a field experiment context.
Magnetic (B) vector responses obtained by mu|t|p|y|ng by K(a))/a) methods: results of small-scale field experiments: paper SPE-179170-MS, Hydraulic Fracturing Technology Conference,
Woodlands, TX, 9-11 Feb. 2016, Society of Petroleum Engineers.
Widess, M.B., 1973, How thin is a thin bed?: Geophysics, 38, 1176-1180.




