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e Introduction

* Methods used to define overpressure
* DST, Mudlogs, Resistivity Logs
* Delaware Basin overpressure cell as currently defined
* where did we have to ‘mud up’ to drill thru overpressure?
* Overpressure seen on resistivity logs does not match that

 Compare DST data to Resistivity data to Mud Weight data
* DST derived PG psi/ft, MW derived PG psi/ft, Resistivity N/Resistivity OP
derived PG psi/ft

* Conclusions -- OverPressure has been depleted in Western
Delaware Basin due to Laramide uplift and erosion



Overpressured
section



eSeismic velocity increase in overpressure

DS T/ RFT prii stem Test/Repeat Formation Test
*Mud Weights increase in mud weight
*Casing Seat i previously dritted area
*Resistivi ty LOGS orop in Resistivity
*SoNic LOGS increase in sonic velocity

*|SIP initiat shut in pressure

*DFIT Diagnostic Fracture Injection Test

¢ B H P Bottom Hole Pressure Test (producing well)

Methods to
Determine
Overpressure



Methods to
Determine Overpressure

Used in This Study
*Drill stem tests

‘Mud weights

*Resistivity logs



“Normal Formation Pressure”
is slightly higher in the
Permian Basin — NOT .45 psi/ft

From Cra'il et al /

From Engle et al

/ From AAPG Wiki
“Normal Formation
Pressure”

is .48 to .49 psi/ft
in the Permian Basin




Mudweights obtained from 356 Delaware Basin Mudlogs
Converted to Pressure Gradient (PG) using the formula

(Depth X Mudwt X .052)/Depth =PG

High Mudweights
define overpressure cell
in Delaware Basin
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High Mudweights
define present day
overpressure cell area

RT DT RhoB PG/MW

Delaware Mt Group
4 Sands

Third Bone Spring Sand
/ Wolfcamp Shale

N

TOP OF OVERPRESSURE
CELL NEAR TOP
WOLFCAMP

BASE OVERPRESSURE
CELL AT TOP LOWER
PALEOZOICS/

MISSISSIPPIAN

Mississippian Limestone

\ Woodford Shale

Rittenhouse
2017 (Shell)
similar result



Average
Overpressure
Delaware Basin

Top of Overpressure from Mudweight, defined as when Pressure Gradient >.5psi/ft, occurs at variable
depths in closely spaced wells. Recent horizontal wells are drilled with heavier mud because they are
encountering overpressure at] La shallower depth than defined by these mudweights.
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Note the consistent

rop in resistivity
through the
Wolfcamp section,
near Third Bone
Spring Sand

\Overpressure Cell
defined by
mudweight



From: The Role of Shale Pore Structure on the Sensitivity of Wire Line Logs to Over
Pressure, by Bowers, G.L., and Katsube T. J., IN Pressure Regimes in Sedimentary

Basins and their Prediction, AAPG Memoir 76
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Example from Norway

Resistivity and Sonic
Logs both have a distinct
response to overpressure
--they are responding to

changes in the fluid

transport properties of
the rock, altered by
overpressure.

Overpressured rocks are
more conductive (a
microfracture network
has been introduced or
enhanced) and porosity
can be preserved.



Delaware Basin
(Northwest Shelf L
Gamma Ray Resistivity
example)
Normal pressure
gradient

Bulk Density
Anadarko Basin Example
Normal Pressure vs Overpressure

GR Resistivity
In normally
pressured area of
Anadarko Basin—
Northwest Shelf,
Resistivity (green

line) increases with\
depthin shales.

However, in
Overpressured area
of Anadarko Basin,

Resistivity (green
line) decreases,

Bulk Density GR Resistivity

overpressureM
section (highlighted

Resistivity (blue line) increases with
in red)

depthin shales.

| ! Nearby wells were drilled with 9.0 to
1 | 9.5 Ib mud, no overpressure.

|
|
| |
. |



Is there a way to Calculate
Pressure Gradient using
Observed Log Resistivity
Trend in Overpressure
compared to

Normally Pressured

Log Resistivity Trend?

Top Overpressure
10550 in Wolfcamp A

21,900 feet

42-389-31168 Gulf #1 Hamon Unit, TD 21,900
Sec 13, Blk 51 T8S, T&P Survey Reeves Co., TX

GR  (shalesin Black) Resistivity Sonic Bulk Density
|
\ |
Increase of Resistivity V\{ith Depth \
Along a Normal Trend Line |
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Available database: 55 wells have both Mud logs and Resistivity logs



Top Overpressure —
decrease in resistivity

This is a Gulf
Coast example
shallow
resistivjty trend

Calculating Pressure Gradient Using

Resistivity Logs
w0,
T
. T
Thisis a Cass, ¢
Gulf Coast
example



Wells in Blue are AIFE DST
Database wells with a
Calculated Pressure Gradient
from Extrapolated DST Bottom
Hole Pressure. NOTE: Many
are Lower Quality DST due to
low permeability formations
(First, Second and Third Bone
Spring Sands and Wolfcamp)

Calculating

Pressure Gradient Perm|an BaS|n We”S

Using Resistivity

Logs in AIFE database
which have Pressure
Gradient

extrapolated
from DST data

48 wells contain Wolfcamp or Bone Spring
DST data and have AIFE calculated Bottom
Hole Pressure Projection (on low quality
DST results due to low permeability rocks)
and a resulting Pressure Gradient
calculated; of these wells,
only 18 are located in the overpressured
area of highest interest in the Delaware
Basin

These Pressure Gradients
can be compared to
Permian Basin Log
Resistivity Data



Data Sources for
Chart:

Pressure Gradient
vs Resistivity
Normal/Resistivity
Observed

Green Circles =
Paired Resistivity
Log and DST
Pressure Gradient
Data

CreatesXandY
axes for chart, but
specific to
Permian Basin

Calculating Pressure
Gradient Using
Resistivity Logs



Why are there so
few data points --so
few DST’s in
Delaware Basin
Wolfcamp? ltis
overpressured and
difficult to test with
the high likelihood
of blowout.
“There’s gas, sure,
but there is nothing
in the Wolfcamp,
the reservoirs are
only as big as this
room, it’s so
impermeable there
is no point in
running a DST”
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DELAWARE BASIN SPECIFIC Relationship of Pressure Gradient to Ratio of
Normal Resistivity Trend to Observed Resistivity Trend in Overpressure

Pressure Gradient vs Ratio of Normal Resistivity to
Observed Resistivity correcten 9192017

Resistivity Normal/Resistivity Observed
1 10




Method

Using Resistivity Logs to

Select LAS file based on depth, location in basin, complete suite (GR, Resistivity, Sonic, Bulk Density) Ca |Cu |ate Pressu re G ra d |ent
Convert LAS file from Text to Excel on 55 Wel |S
Delete unneeded curves, merge various GR and Resis Curves to get complete curve over entire well |n Pe rm | an bas | 1]

Decimate depth from .5 feet to one value every 2 ft because Excel graphs cannot use more than 32,000 pts,

Histogram on GR to determine what shale breakover is (anything >median API units = Shaley) Median API units per well vary from 40 units to almost 70 units)
Graph GR for entire well depth in light gray

Decimate GR values to only shale values per depth

Graph GR Shale values in Black to highlight shale values

Use Consistent Depth and GR API Unit scales per graph 0-200 API Units

Decimate Resistivity curve to use only shale values (GR > median)

Graph Resistivity shale values

Use Consistent Depth and Resistivity Ohmm scales per graph .2 to 2000 Ohmm

Note Resistivity drop at top overpressure — map that value = Structure Top Overpressure by Resistivity log.

Note Resistivity trend at shallow depths on plotted resistivity log — pick two or more points manually to define shallow resistivity trend, post trendline equation
Take trendline equation of shallow resistivity trend to define what deeper resistivities would be if no overpressure — this gives Normal Resistivity Trend
Resistivity curve in overpressure = Observed Resistivity

Use Pressure Gradient defined by AIFE DST database vs Ratio (Normal/Observed ) Resistivity graph and trendline equation Data points to define this graph are 18 wells with both DST and Resistivity LAS data, or well pairs of
DST well and nearby Resistivity LAS data.

Using those two equations compute Pressure Gradient from Observed Resistivity in Excel

Load Pressure Gradient Curve as an LAS file to Petra Project.

Resulting database of 55 wells with Pressure Gradient derived from Resistivity Log and Pressure Gradient derived from Mudweight




Top Overpressure from
Resistivity

Top Overpressure from
Mudweight



West East Cross Section 1

Datum Top Bone Spring Lime












Anadarko Basin

Delaware Basin



e Compared DST Pressure data to Resistivity data to
Mud Weight data

* DST derived PG psi/ft, MW derived PG psi/ft,
Resistivity Normal/Resistivity Overpressured
derived PG psi/ft

* Conclusions -- Overpressure has been depleted in
Western Delaware Basin due to Laramide uplift and
erosion, similar to the Anadarko Basin



Thank You!
Any Questions?

Thanks to Brian Ayers,
VP Geology/ VP Business Development
Rosehill Operating, Houston TX



