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When long-term pumping
lowers ground water levels

and s

tresses on the aquitards

beyond the preconsalidation-
stress thresholds, the
aguitards compact and the
land surface subsides
permanently.
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er than CH,, sediments are
idated with compression, and land
is predominately elastic and re-

When h, is equal to CH,, sediments are
normally consolidated with additional head
decline causing inelastic and nonrecoverable
land subsidence

Compaction of the aquifer system
Is concentrated in the aquitards

Rearranged, compacted granular
aquitard skeletonwith reduced
porosity and groundwater
storage capacity

Time

Long-term decline in water level
modulated by the seasonal cycles
of groundwater pumping

lationship of water-level changes and critical heads to subsidence and inelastic compaction.



Subsidence:
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4 EXPLANATION
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Both cut across existing canals

Canals may be affected by land
subsidence and differential land
subsidence

Additional pumpage to
supplement reductions in surface-
water deliveries may additionally
affect land subsidence near Delta-
Mendota and California Aqueduct
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Subsidence Assessn@@

* Preconsolidation I*%Q(Stress)
 Vertical Hydr Conductivity
. Specific{ e (compressibility)
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" Preconsolidation Stress\,
-

e Estimate preconsolidatig\’n@% using

— Head/subsidence histor

— Consolidation test:{@
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estimated from ground-water level and eling data

Antelope Valley,

California . Q
e O

;

B ¢ * 0
Estimated range \
of predevelopment
preconsolidation stress
_.-'f";-" \
) Change in
Water level conS@lidation stress land-surface
(feet below 80 . ceeded some time N o altitude

land st rface) Od ring this period (feet below
Benc S original surveyed
' elevation)
ablishgd 1929
ished 1930 ® I

@ Established 1961

1 1 1 1 4
Q . 1920 1940 1960 1980 2000

ZUSGS



1-D vertical, drained consolidation tests of
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EFFECTIVE STRESS (s,),
IN EQUIVALENT FEET OF WATER
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Subsidence Assessn@@

* Preconsolidation P;Q\;Q(Stress)
* Vertical Hydr Conductivity
. Specific{ e (compressibility)
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ertical Hydraulic Conductivity

OQ
e Literature

— Neuzil, C.E., 1994, How pe@ le are clays and
shales?, WRR v. 30, no. 2\'\

e |Lab tests éb'
— Stand alone K
« ASTM DSOQ%( tandard Test Methods for

Measur Hydraulic Conductivity of Saturated
Porous lals Using a Flexible Wall Permeameter

— Part solidation tests



Vertical Hydraulic Conducti
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ertical Hydraulic Conduc

Consolidation Te@Q
e Consolidometer as a variab
permeameter at different |
W\

K, = cv(vwxag@ﬂeo)

e C,Is coefficient o @J dation
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e g,andeare v tios at the start and end of load
Increment, r ectively

e Ap Q@ increment

r“\.‘l
AINIE

K\K



Unconsolidated Hydrz@ E
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Subsidence Assessn@@

* Preconsolidation P;Q\;Q(Stress)
 Vertical Hydr Conductivity
. Specificsi e (compressibility)
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OQ
e Aguitard

— Skeletal inelastic (S'y,,) . OQ
— Skeletal elastic (S',) ’\\

* Aquifer (b

— Skeletal elastlc

» Aquifer syst%
— Skeletal e (S*ske)

Q elastlc (S*4)
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pecific Storage Data So

e Literature O

— Elastic (S*,.) and inelastic (S',, ). Values tend to fall in a
narrow range

o Aquifer tests ’\\

— Focus on coarse-grainedmits’(S,,)

o Stress/strain analyses'(Ritey, 1969)

— Extensometer/ series (S*g, & S*.,)
» Focus on coarse-grained & quickly equilibrating (thin) fine-grained

units \t
— Consolidation*tests (S,,)
. er@ cus on fine-grained units, but can be used for coarse-
g units
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» Average S for coarse-graineSstent

— Not just the skeletal componentrbut also includes
the storage attributed to t& pressibility of water
« Constrained to scree terval

N\
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K\Q
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Analyses (Field I\/Ieasures@ﬂ

o S5* .. (aquifer system)
o S\, (thin aquitards) OQ

e Concurrent measurem

— Stress: water level @urements
— Strain: boreh meter measurements



In-situ determination of skeletal storage \@g rom
stress-strain observatimO

Pixley, California
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1-D vertical, drained consolidation tests of
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C, = coefficient
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Summary of Core Properti&
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Use of Well and Consolidation tests




Ranges of relevant mechanical and fl@

properties O
Unconsolidated | o o o draulic Time
Aquifer Storag e?m-l . (:;ldc_tllwty, Constant,
Systems yrs
Aquifer-system S % " " ;
component ske skv
Aquitards 5 x 10~ - | 106 - | 107°-
\% 5 |34 10%| 108 | 108 | 0710
Aquifers o _|wft-jwot-]
Q\ 1072 10° | 10°

Specific storage of water ~ 1.38 x 106 m (n = 0.32)




dllameters neeaea 1or simu

Subsidence OQ
Q

dation Head

e Critical Head =»Prec .
(Stress) (Specified adhe SUB Pkg)

 Vertical Hydra onductivity (Specified
In the LPF H@nstantaneous Compaction &
or delay paction)

o Elast] Inelastic Storage =»
ssibility (Specified in the SUB Pkg)

s
Joduo
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ernatives 1or simuiatl

Subsidence OQ
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e e e =~ Aquifer with
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Figure 5. Compressible beds in an aquifer systéfyand two approaches to representing the confining unit in the MODFLOW simulation of
aquifer-system compaction using thé&8UB Package. A, Vertical section of an aquifer system with compressible sediments within and adjacent
to aquifers. B, Use of one mode imulate flow and storage changes in the confining unit. G, Use of five model layers to simulate flow

and storage changes inth®e co @ nit.

B Pkg = MODFLOW-2000 Ground-Water Model—User Guide to the Subsidence
Aquifer-System Compaction (SUB) Package
ég 05 G§ By Jorn Hoffmann, S.A. Leake, D.L. Galloway, and Alica M. Wilson USGS OFR03-233
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(Williamson et al., 1988)

» Values extrapolated between additional layers b
starting head and top of layer and previous 1961

(minimum =>» whichever were lower)

» Generally Critical Heads represent condit

overconsolidation

» Range of Critical heads (meters a

Layer Number

1

O OO NO OB WwiN

10

QSB.Z
&\

Minimum
-6.4
-6.8

&

4

S

» Initial Values Derived from 2-layer RASA-1 Model

R

sea level):
Mean

36.9
39.6
44.8
41.5
36.7
36.1
35.6
35.1
35.3
37.2




> Initial Values of Specific Storage derived from earlier Subsidence wo
table C8, p157 in USGS Prof. Paper 1766) Generally typical elasti(@

alluvial material
» Sske — elastic Coarse-grained = 1.4 - per ft;
i i 6 {OwA5x 1075 per ft;

Fine-grained = 2.0x10-

ssibility of

Fine-grained = 4.5 per ft
Values extrapolated to each model cell based on produ e and texture data aggregate
thickness within each cell for each layer.

» Range of Ske values (dimensionless): x
Layer Number Minimum Maximum %

1 3.8e-5 6.54e-4 {8e-4
2.9¢-5 4.5e-4®3.2e-4
2.9e-5 2.8@% 6.10-4
1.0e-5 @ 3.2e-4
1.0e-5 x &) 3.2e-4
3.04e- Q 37e-4 6.7e-4
4.13e& 1.1e-3 8.4e-4
5.09e-4 1.3e-3 9.9e-4
& 1.4e-3 1.19e-3

0 Q@4 1.7e-3 1.27¢-3

P O 00 NO Ok Wi

R
e

(7p’
-p)
(7p



» Texture Model of CVHM (Faunt et al., 2009)
» Values extrapolated between additional layers

textural model data for each layer.

» Range of aggregate thickness of fine-graihe
(meters above mean sea level):
Minimum

Layer Number

1 1.57
2 1.35
3 O 73
4

5

6

7

8 Qt

9 \ 20.1
10 21.7

X

o)

5

15 3
38.1
55.6
69.7
85.1
93.9

110.9

Mean

19.4
36.8
2.5
2.6
40.7
51.0
59.9
69.
76.1

2

a@eposﬂs
‘@
’& 17.



Parameters needed to identify or estimate for{basin-

scale subsidence models Q\

(1) SUB Package for MODFLOW— “no-delay” bedO
Critical head

sInelastic storage factor-:Sskv.

Elastic storage factor- Sskeﬂa@
L 2

(2) SUB Package for MODFLOW— *
Critical head

*Representative thick& f interbeds- b,,,
*Vertical hydraulic ctivity of interbeds, K’,

beds

sElastic skelet Ific storage- Sske

sInelastic skepetalPspecific storage- Sskv

<<O

o



Aquifer-system storage coefficie \$
elastic and inelastic coeffi

(subscript ‘e’ denotes elastic property, subscript Q
‘v’ denotes ‘virgin’ or inelastic property) \\'O

S @ G, = Ge(max)
c*
s\é 0.5

e Ge(max
NQer systems, because S,,~0,and S' , >>S"  the

For compactin
Inelastic stora% coefficient of the aquifer system is approximately
bed inelastic skeletal storage coefficient, S,

equal to
S\ @ usas

( ce for a changing world




CONSTRUCTION OF LAYER FLOW PROP

TIES

(Horizontal Hydraulic Conductivity (HK), Vertical Hydraulic Cond WA (VK),

Specific Storage (SS))

Cell-by-Cell Fraction of Coarse-
Grained Sediment

Arrays for each Layer from
Hydrogeologic Framework
Model (HFM)

Cell-by-Cell Layer Elevation
Arrays for each Layer from
HFM

o)

Multiplier Package

Construction of Basic Model-Layer
Hydraulic Properties

\ 4

Definition of Global Scalar
Values for HK, VK, & SS

Ex. Kc, Kf for HK for eachdlayer
or subregions within layeks

Cell-by-Cell Caleulation,of HK,
VK, & SS fogCoarse & Fine-
grained Ffactigns for each Layer

\ 4

Cell-by-Cell Calculation of
Arithmetic sum for HK & SS,
Power Mean for VK for each
Layer

@finition Files =» Defines

at tepresent cell-by-cell

paramgfer definition of each zone in
' ayer (Indicator arrays)

Parameter Definition File =»
Defines Parameter Value
Multiplier

‘, l

Layer Property Flow
Package = Construction of
Cell-by-Cell Hydraulic
Properties Used by MF2K5

= USGS

science for a changing world



CUNO I RUC ITUN U AAYURAULIU FRUFERITIES 1O LFPFFE Adl'ld oUD

package for Regional Hydrologic Models
(1) LPF Package=>Horizontal Hydraulic Conductivity (HK), Vertical HydrauLLg\
Conductivity (VK), Aquifer Specific Storage (SS))
(2) SUB Package=>» Elastic and Inelastic Storage
(3) Hydraulic properties computed internally in MODFLOW usi t It|p||er
Package (Not currently available for SUB Package=> ptited externally a priori)
(4) Also Define LAYER ZONE ARRAYS In Zone Package & Param efé in PVAL

)

ates of Alluvial Aquifer Systems)
etlc Mean

TRANSMISSION HYDRAULIC PROPERTIES (Based on Text
Aquifer/Aquitard Horizontal Conductivity (HK).=» Weigh

HK 9 Kh = (Kcoarsg B |:coar_se) + (Kfine * I:fine) : _ : _
Feoarse 1S fraction of coarse-grained sedi emodel cell relative to thickness
Fine IS fraction of fine-grained sedime del cell (1-F,..<e) relative to thickness

K) = Power Mean

Agquifer /Aquitard Vertical Hydraulic Condu
VK 2 Kv = [(K IOcoarse : I:coarse) g (K pfine 4 I:fin
Feoarse IS fraction of coarge- ediment per model cell,
Fiine IS fraction of fine-grai iment per model cell (1-F,, <c)
Pis power O=geometri n (decreased anisotropy)
(increased anisotropy) (ex -.8)
OR for Compressible Fine-Gr ayers = Stress-Dependent Vertical Hydraulic Conductivity

VK = Kv = CV(VW)(eo- Ap( eo) %USGS

science for a changing world
c, is gPeff @ of consolidation
Yol ific™Weight of water

e, and® are void ratios at the start and end of load increment, respectively
Ap is the’load increment




CUNOS I RUCU I'MUN U AYURAULIOC PFRUFERTIES 1016 LFPF
and SUB package for Regional Hydrologic Models
n

(Continued)
LPF Package=2Aquifer Specific Storage (SS) = Als X
LAYER ZONE ARRAYS In Zone Package & Par Ih PVAL

SUB Package =» Elastic and Inelastic Storage
LPF Aquifer Specific Storage (SS) = Weighted Arithmetic Mean for LPF o

Compressibility of Water or Specific Yield (Computed ultiplier Package)
SS 2 S, =5, +S/(Total Thickness for each.uppermost cell in el layer)
S,= Specific Yield % Q
S.,,= Specific Storage from Compressibility o e e Pt Phic . * Frine)* By

Phi.,..<e = Porosity of coarse-grained sedim
Phi;. . = Porosity of fine-grained sediment %
B,,= Compressibility of water
SUB Fine-Grained Elastic Storage (S’ . )= Wej thArithmetic Mean for SUB Package
S ke = (S,skeCoarse i S,skeFine) * Vertical Thickneg
S’ kecoarse= T€Xture & Porosity weigh
= (1' Phicoarse) o

S'ckerine= TeXture & Porosity wei Keletal Elastic Specific Storage of Fine-grained sediment
= (1- Phigpe)

p I:f' % , kef)
S'.ec = Skeletal SpecCific'Storage of Coarse-grained sediment
(estimated Aquifer Tests)
Sopef = Skeletal%cific Storage of Fine-grained sediment

( d from extensometer or consolidation tests)
S = (Sskvrine) * ' kness of each model cell
POros

S’ ckvEine= 1€ ity weighted Skeletal Inelastic Specific:.Storage of Fine-grained sediment

. IDhifine) * I:fine * (S,skvf)

S’ = Sk€letal Inelastic Specific Storage of Fine-grained sediment QUSGS
(estimated from extensometer or consolidation tests) s

science for a changing world




Model Simulations:
Parameter Estimation (

Subsidence Observations needed for

subsidence models to constrait »
¢

parameter estimation s\'\

Accuracy pngy &

MEEHODS AND GUIDELINES FOR
EFFEGITVE MODEL CALIBRATION

Impotrtance

< LOGICAL SURVEY
R-RESOURCES INVESTIGATIONS T 98-40035
- With application to
] UCODE, a computer code for universal inverse modeling, and
‘ O 5; O Og ‘ MODFLOWP, a computer code for inverse modeling with MODFLOW
Initial model
=0
23w
R
rameEework a ok
e o = %

Parameter EStimation "
R LT

me
imized
£f |
_II E___EIDE_H_
24432223 BEZELGEEEE3E
Z E ¥ 28 388 8 8
Parameter labels

ZUSGS

Prepared in cooperatidiawith the
U.S. Department of En

MODFLOW-2000, THEILL.S. GEOLOGICAL SURVEY MODULAR
GROUND-WATER MODEL—USER GUIDE TO THE OBSERVATION,
SENSITIVITH, AND)PARANETER-ESTIMATION PROCESSES

AND THREE POST-PROCESSING PROGRAMS

Opan:File Report 00-134

h, Wb, Gl
i E o Hydraulic head = Flow
57 41
g < 3

ERNE
z L]
8 0 FEE A Y
N
1 £ -2

=2 3
T -
H

-4

-10

Weighted simulated value

= USGS

science for a changing world



Subsidence Model Construction

h %

MODFLOW pgovides Multiple Approaches to Simulation %USGS
Of Land SUbSldence science for a changing world




Recent MODFLOW Developments =» More Complete
Hydrologic Models = More Realistic Simulation etter
Analysis of Resources within the entire Hydrolo@

Regional Aquifer Systems O

of

-. ....bl--:_‘ L :
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