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Abstract—Most analyses of kerogens rely on samples that have been isolated by dissolving the rock matrix.
The properties of the kerogen before and after such isolation may be different and all sample orientation
information is lost. We report a method of measuring kerogen mechanical properties in the rock matrix
without isolation. An atomic force microscope (AFM) based nanoindenter is used to measure the hardness and
reduced modulus of the kerogen within Woodford shale. The same instrument also provides useful images of
polished rock sections on a submicrometer scale. Measurements were carried out both parallel and perpen-
dicular to the bedding plane.Copyright © 2004 Elsevier Ltd

1. INTRODUCTION known that even amorphous polymers will exhibit strain-in-
duced orientation. For example, this orientation has been de-
termined for polystyrene by birefringence measurements (An-
drews, 1954) and hardness measurements (Fett et al., 1973). A

In spite of significant research activity surrounding kerogen,
fundamental questions remain regarding the forces shaping its

macromolecular structure. Does kerogen exist in an isotropic . . .
9 P geopolymeric example is coal, which has been analyzed for

eg\rlgg?rmgn:ecg?tt;z“sg Egetrhoilf rgfzg;es \Iivétrrz)met:i ﬂlg?j!,l::a anisotropy by a number of techniques including solvent swell-
P uctu u ' 9 Xper r‘\ng (Cody et al., 1988), static and dynamic physical tests

anisotropic environment dictated by the enormous pressure of (Morgans and Terry, 1958), optical birefringence (van Krev-

. o Thic i . .
the overbearing rock? This 'T“po”am questlon_ has bearing on elen, 1960) and nanoscale mechanical measurements (Yamada
the study of kerogen maturation and the modeling of hydrocar- et al., 2000)

bon primary migration as discussed by Khorasani and Mich- Evidence to answer the question of what forces are experi-

etlszp élggtsf) gr;dk references tthe;em. bLevr\]/ag et al. (19|79.) f'rtSt enced by kerogen may be found in its properties as determined
studied artificial kerogen maturation Dy nydrous pyroysis at g6 g the bedding plane. In relatively shallow sedimentary

\(’Etgeg)"gze;l/:p:é 2qg!gi'|:r; r%rsj;u roef. Beut:EETn iggmirt?(;]: basins, lithostatic pressure is exerted along a vector directed
- P ; P ' _toward the center of the earth and is therefore anisotropic (as
destruction and expulsion based upon results of a number of ; \ .

opposed to deeper sections of the earth’s crust, typically out of

tiggglques Irl]lc |Ud'|\r/]|9 hh);drotusl p{g)gl)fliéganig%g% C?]nnar:j the range of sedimentary basins, where lithostatic pressure may
( ) as well as Michels et al. ( ' a, ) showe be isotropic). Hydrostatic pressure is due to fluid that surrounds

Lha:: pr?]ssru;;a xvaign;mpioirting factg;";n (‘;he ftlfdyi of k;);d'r\ﬁicir- the kerogen evenly and is therefore isotropic. If the kerogen has
on generation and expulsion by confined pyrolysis, a " peen strained by lithostatic pressure, the resulting orientation of

els et al. (1995.&’ 1995b) showed pressure was important in macromolecular chains should manifest itself as anisotropy in
hydrous pyrolysis as well. However, models of kerogen matu- . .
the mechanical properties of the kerogen.

(r:?)t;\()sr;r?snuds hg:rgfear:s: gf”gigsl:?;gr;t:? dnkirz]e(’\jyiszngz thg\éz(i) However, to retain s_train-ino_lu_ced orientation, the keroge_n
employed constant hydrostatic preésures in experiménts onmUSt stay g_Igssy, that is, remaining at a temperature below its
immature type Il kerogen used to model migration behavior of glass transmqn temperature T In a glassy polymer, the
hydrocarbons. On the other hand, Hanebeck (1995) Showednon-covalent interactions bgtween molecular se_gments are so
- e ' . strong that they are not disrupted by the available thermal
that lithostatic pressure has an effect on kerogen maturation and h, 2001) and along with the covalent cross links
oil primary migration. Accurately determining the pressure energy (Donath, g . . '
environment experienced by kerogen is important because thelmpede movement. of the. polymer chalns.'The strong Interseg-
study of kerogen maturation and hydrocarbon primary migra- ment forces result in a brittle polymer that |s_not (_:apgble of the
rearrangement necessary to remove strain-orienting effects.

lt;ounn:se;e;zﬁzzig;?l;trscg\?:franon of models to guide petro- Only two kerogens (Green River and Rundle) have had their
P . Y- . . physical state determined by solid-state NMR methods. Both
An approach to studying the possible anisotropy of kerogen | K | d .
can be found in the analysis of oriented polymers. It is well are giassy at room temperature (Par. S .et al., 1988) anc remain
: predominantly glassy through the oil window. Thus, it is ex-
pected that similar kerogens would retain structural anisotropy
as the signature of exposure to significant lithostatic pressure.
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(Wlo@lehigh.edu). Due to the fact that it exists as a minor component in the
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(Goklen et a., 1984; Saxby, 1970) involve significant time
investment with risks to sample purity and damage to the
sample. ldentifying the bedding plane in isolated kerogens
would be difficult, if not impossible. Therefore, any analysis
examining anisotropy requires that the kerogen be analyzed
without removal of the matrix. The nature of its occurrence
necessitates the use of analytical methods capable of probing a
small sample size and the ahility to distinguish the kerogen
from its surrounding environment.

Nanoindentation is a method capable of achieving the dual
goas of small sample size and contrast for the analysis of
embedded kerogen. It is a refinement of indentation testing
where the depth of penetration is on the order of nanometers
rather than the microns or millimetersinvolved in conventional
hardness testing. This shallow penetration is achieved through
the use of a sensitive capacitance transducer system (Bhushan
et a., 1996), allowing careful load control and sensitive deter-
mination of displacement. A distinguishing feature of nanoin-
dentation testing is the indirect measurement of the contact area
between the indenter tip and the specimen. Rather than direct
measurement of an indentation’s residual imprint, knowledge
of thetip’s geometry together with measurement of the depth of
penetration allows the calculation of the contact area as a
function of depth. For this reason, nanoindentation is sometime
known as depth sensing indentation (Fischer-Cripps, 2002).
This distinguishing feature of nanoindentation is especially
important for the study of elastic materials, such as cross-linked
polymers, since it avoids the errors associated with elastic
recovery inherent in the traditional hardness testing methods.
Nanoindentation can measure both the hardness and the elastic
properties of a sample regardless of its elastic or plastic nature.

We use an atomic force microscope (AFM) modified to
make mechanical property measurements by nanoindentation.
Standard AFM has been used successfully to image Precam-
brian kerogen (Kempe et a., 2002). Instead of the traditional
cantilever based AFM, we employ a diamond-tipped nanoin-
denter shaft. The nanoindenter tip is brought into contact with
the surface of the shale and rastered across the surface to
provide AFM imaging of somewhat lower quality than standard
AFM. To perform nanoindentation, the force on the tip is
increased and its movement distance into the sample is re-
corded as a function of the applied force. From the force vs.
distance curve, hardness and elastic modulus of the solid can be
derived. The image quality is sufficient to identify individual
phases and to analyze the residua indentation. By examining
samples cut paralel and perpendicular to the bedding plane,
anisotropy of the hardness and elastic modulus of kerogen
within the rock matrix was explored.

We chose to study kerogen within Woodford shale. Wood-
ford shaleis one of the major sourcerocksin the U. S. Midwest
(Comer and Hinch, 1987; Burruss and Hatch, 1989; Johnson
and Cardott, 1992; Kirkland et a., 1992). It extends from
Kansas to Texas with its main occurrence in the state of
Oklahoma (Anadarko Basin). Woodford shale is a clastic sed-
imentary formation deposited in an anaerobic marine environ-
ment during the Upper Devonian period. Its thickness reaches
300m in the deepest parts of the Anadarko basin (Oklahoma).
It is rich in organic matter: the mean total organic content
(TOC) ranges from 5.4 to 6.9 wt.% (Comer and Hinch, 1987),
but can locally reach much higher values (up to 26 wt.%).

Fig. 1. A 500X magnification optical micrograph of a thin section
sample of Woodford shale using transmitted light. Quartz and pyrite
appear as large white and black regions, respectively. Kerogen is
present in the grey matrix, with individual kerogen regions too small to
be discernible at this magnification.

During the Pennsylvanian period, orogenic pulses induced
strong subsidence of the Anadarko and neighbouring basins
located in Oklahoma (Johnson and Cardott, 1992 and refer-
ences therein). The Woodford shale thus displays maturity
stages from immature to metamorphic (Comer and Hinch,
1987; Cardott and Lambert, 1985; Cardott, 1989). Maturity
studies in the Anadarko basin suggest that source rock units
have been in the il and gas generation window almost con-
tinuously since late Paleozoic (Rice et al., 1989; Schmoker and
Hester, 1989; Smith, 1989; Wang, 1989; Philp et ., 1992) and
many oil occurrences are related to the maturation of the
kerogen within Woodford shale (Jones, 1986; Philp et al ., 1989;
Reber, 1989; Jones and Philp, 1990).

2. EXPERIMENTAL MATERIALS AND METHODS
2.1. Materials

The Woodford shale used in this study was collected from an outcrop
of the Woodford Formation located along 135, south of the Arbuckle
Mountains (Carter County, Oklahoma; Kirkland et a., 1992). In the
section sampled, the Woodford Formation presents strata of dark very
fine-grained siltstone alternating with dark strongly silicified layers.
The samples used in this study belong to the non-silicified strata and
were collected from afreshly dug trench. Under the optical microscope,
the samples appear as very finely laminated quartz-rich layers alternat-
ing with dark brown amorphous kerogen. Quartz and amorphous silica
are the strongly dominant minerals. Pyrite grains are disseminated
throughout the samples. Clay minerals are scarce and are mainly illite.
An optical micrograph at maximum magnification is shown in Figure 1.

To ensure these samples are truly representative, geochemical char-
acterization of the kerogen was performed. Kerogen, isolated by acid
attack as required, was analysed by elemental analysis, Rock-Eval and
FTIR spectroscopy. The characteristics of the organic matter in our
Woodford shale sample are: TOC=22%, H/C=1.13, O/C=0.063
(%H=6.64; %0=6; %C=70.7; %N=2.56). Rock-Eval Hydrogen In-
dex is 529 mg of hydrocarbons per gram of organic carbon, Oxygen
Index is 5.32 mg of CO, per gram of organic carbon, T, = 421°C.
The chloroform soluble extract obtained by Soxhlet reflux for 48 his 1
wt.% of the whole rock. Isolated kerogen was unable to be imaged due
to its poor polishing characteristics. All geochemical data including
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biomarker analysis indicate that the kerogen is of type Il and is
immature (Michels et al., 1994, 19953, 1995b).

Cut and polished shale samples were used for nanoindentation mea-
surements and imaging. Because the source of the samplesis the flank
of an anticline, the stress experienced by the samples is not uniformly
vertical. However, according to estimations by Cardott et al. (1990), the
location from which our Woodford shale sample was collected was
buried to a maximum of 1.23 to 1.79 km (maximum of 0.47 kbar
lithostatic pressure). By measuring the mechanica properties in three
orthogonal directions (vide supra), anisotropy may still be detected.
Two of the samples were cut perpendicular to the bedding plane and
one was cut parallel. The samples, approximately 1 mm thick, were
mounted on stainless steel discs and wet polished by hand with 0.3 um
alumina and 0.05 um silica suspensions. After rinsing and sonicating
briefly in deionized water (>16 M() resistivity), samples were allowed
to air dry.

2.2. Methods

AFM images and nanoindentation experiments were performed us-
ing a Hysitron Triboscope two-dimensional transducer mounted on a
Digita Instruments Multimode atomic force microscope equipped with
a100 pm X 100 pum scanner. The diamond indenter tip, a three-sided
pyramid (Berkovich geometry) with a tip radius of approximately 150
nm, served as the AFM tip for imaging. The projected tip area as a
function of contact depth in the range of interest and the load frame
compliance were calibrated using a fused quartz standard following the
procedure of Oliver and Pharr (1992).

Homogenous kerogen regions of 2 um? or larger were selected for
indentation. A minimum of 29 indentations were recorded for each
sample. Indentation experiments consisted of loading at 0.25 mN/sto a
maximum load of 1 mN. This maximum load was held for 3 sfollowed
by unloading at 0.25 mN/s. The maximum depth of the indenter for this
load was less than 400 nm. Concerns for edge effects from the elastic/
plastic strain field beneath the indenter (Tsui et a., 1999; Chen and
Vlassak, 2001) prevented use of larger loads or smaller regions of
kerogen.

Determination of physical properties from nanoindentation experi-
ments involves analysis of the generated |oad-displacement curves. The
Oliver-Pharr method is used in this study to calculate hardness and
reduced modulus values (Oliver and Pharr, 1992). The upper portion of
the unloading data (in our case, data from 40 to 95% of the maximum
load) is fit to a power law. The slope of the initia portion of this fit
determines the stiffness, S(i.e., S = dP/dh, where P is the load and h
the displacement). The experimentally measured stiffness, S, and the
projected area of elastic contact, A (based on the indentation depth and
determined from the tip area function), are used to determine the
reduced modulus, E,, according to the equation

o7
Er_Sﬂ (1)

The effect of the non-rigidity of the indenter on the |oad-displacement
behavior is accounted for by the use of areduced modulus, E,, through
the equation

(1-v?

1 1-v’
= E, )]

E E

where E and v are Young's modulus and Poisson’s ratio for the
specimen and Ei and vi are the same parameters for the indenter. The
properties of the diamond indenter are known (Ei = 1140 GPa and vi
= 0.07) and can be used to calculate a value of indentation modulus,
ENI, from a nanoindentation measurement and Eqgn. 1 and 2:

E
Bv=1—v ©)]
Since no data or estimates could be found in the literature for the
Poisson’s ratio of kerogen, all elastic moduli reported here are inden-
tation moduli. These results can be used to calculate a Y oung's mod-
ulus for kerogen in Woodford shale if knowledge of the Poisson’sratio
becomes available.

Fig. 2. An AFM image of kerogen within Woodford shale. Rippled
region in center is indicative of kerogen. Smooth features in the top
right and bottom right corners are typical of mineral phases.

The hardness, H, is defined as the mean pressure the material will
support under load, and is computed from

H=—— 4
where P, .., is the maximum load.

3. RESULTS

An image of the rock surface generated by scanning the
nanoindenter tip over the surfaceis shown in Figure 2. Contrast
between the rock and the kerogen is due to the inherent differ-
ence in polishing traits between the softer macromolecular
kerogen and the harder mineral phases. While the harder min-
eral phases polished well and achieved extremely smooth sur-
faces, the polished kerogen displayed a characteristicaly rip-
pled surface. These ripples were randomly oriented and did not
correspond to the scan direction and are thus unlikely to be the
result of systematic errors associated with tip-surface interac-
tions. Combining the observable contrast with the submicron
resolution of atomic force microscopy, small regions of kero-
gen within the rock matrix were imaged and identified. After an
indentation measurement, AFM imaging was also used to ex-
amine the residual indentation. Due to the low loads used, the
residual impressions were either quite small or absent with only
some additional surface roughness at the location of the inden-
tation. An image of the residual impression left after nanoin-
dentation into kerogen is shown in Figure 3. This observation
indicates primarily elastic deformation for the loads used. De-
spite the absence of a large residual indentation, images of the
kerogen and surrounding region before and after the test were
found to be sufficient to verify the location of the indentation.

Hardness and indentation modulus results are given in Table
1 for orthogonal indentations of kerogen. Measurements were
made on samples that correspond to three orthogonal faces of a
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Fig. 3. An AFM image of kerogen after nanoindentation.

cube. Within a 95% confidence interval, no differences are
found in the results for these three samples. Because the dataiis
consistent regardless of the direction of the indentation relative
to the bedding plane, the physical properties of this Woodford
shale kerogen were found to be isotropic.

4. DISCUSSION
4.1. Validation of Nanoindentation M easurements

The experimental system proved capable of determining the
physical properties of the kerogen without requiring extraction
from the matrix. Plotting the |oad-displacement curves shows
how the indentations fell into three groups (Fig. 4). Combining
image information with the calculated hardness alowed us to
confidently define the three groups as hard mineral phases
(hardness > 6 GPa and a smooth surface), softer mineral

Table 1. Hardness and Indentation Modulus of Kerogen within
Woodford Shale (=95% confidence limits).

Indentation
No. of Hardness Modulus
Indents (GPa) (GPal(1—v?)
Sample 1 40 0.57 = 0.03 105+ 0.7
Indentation
Perpendicular to
Bedding Plane
Sample 2 29 0.55 + 0.02 105+ 1.0
Indentation
Parallel to
Bedding Plane
Sample 3 49 0.56 + 0.03 111+ 0.6
Indentation
Parallel to
Bedding Plane

Measurements were made on samples that correspond to three or-
thogonal faces of a cube.
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Fig. 4. Force versus displacement data for 7 indentations showing
spread of data depending on the phase indented. The curve on the left
is considered hard mineral phase, the 3 curvesin the center soft mineral
phase, and the 3 curves on the right are considered kerogen.

phases (hardness between 1 and 6 GPa and a smooth surface),
or kerogen (hardness < 1 GPa and a rippled surface). The
distinct groupings shown in these curves is consistent with the
heterogeneous nature of Woodford shale. One would expect
properties for hard mineral phases, such as quartz, amorphous
silica, and pyrite, would differ from softer minera phases, like
clays, and vary considerably from the even softer kerogen.

The measurement of indentation data for the kerogen regions
dispersed within the shale required careful selection of inden-
tation sites and validation of the load-displacement curves
produced. Large area AFM scans were performed to find ho-
mogenous zones with the rippled surface indicative of kerogen.
The tip was then centered over these regions and indentations
performed. These efforts ensured that the test areawas kerogen,
at least at the surface, and that the neighboring matrix mini-
mally affected the results. For example, indentation into a
rippled kerogen area approximately 1 micron from its border
with a hard minera phase provided hardness and modulus
values consistent with the overall results.

In indentations of a softer materia that lies over a harder
substrate, there is concern that the values determined for the
softer material are affected by the substrate. To minimize this
effect, agenera rule is to keep indent depths at less than 10%
of layer thickness to minimize substrate effects. In a natura
sample such as Woodford shale, depths of kerogen domains are
unknown and highly variable and it is impossible to follow the
10% rule. Therefore, there is no way to be sure what contribu-
tion, if any, substrate effects have on the data. Variability in the
data (cf. Fig. 4) could be due to the natural variability of the
kerogen in the sample or it could be due a varying influence of
the substrate on the nanoindentation measurements. Thus, to
minimize any potential for substrate effects, indentations were
kept relatively shallow, at generally less than 400 nm.

A number of methods were used to elucidate any substrate
effects on our indentation data. Since nanoindentation in a soft
material on a hard substrate can induce pileup that greatly
affects the calculated area and may render the results calcul ated
by the Oliver and Pharr method erroneous, the residual imprint
after indentation was visualy examined and no evidence of



Measurements of kerogen via nanoindentation 4117

Load (mN)
e o @
£ [=2] [--]
T T T

(=]
N
T

| I I I |

80 100 120 140 160 180
Depth (nm)

0.0 L
0 20 40 60

Fig. 5. Force versus displacement data for an indentation showing a
distinct change in slope consistent with indentation of a hard material
through a softer over-layer.

pileup was observed. As a further check for substrate effects,
the load-displacement curves were examined for anomalous
behavior. Indentation of a hard material through a thin softer
over-layer will yield a load-displacement curve with a distinct
slope discontinuity (Finke et al., 2001). Curves that exhibited
this behavior in our case (Fig. 5) were presumed to be inden-
tations made into an area where the kerogen was a thin layer
over some mineral phase and these data were discarded. The
load-displacement curves for kerogen in Figure 4 display no
evidence of dlope discontinuity and are indicative of those seen
throughout the study. Finally, indentations made with lesser
loads and shallower depths were also consistent with the re-
ported results, further indicating a lack of substrate effects (cf.
Table 1).

4.2. Anisotropy

Nanoindentation has been employed effectively for the study
of anisotropic systems in materials science (Meng and Eesley,
1995; Turner et a., 1999). Data analysis procedures for hard-
ness cal culations do not need to change for anisotropic systems.
Since data analysis procedures for determining elastic moduli
strictly apply only to isotropic media (Oliver and Pharr, 1992),
their use for anisotropic systems creates a slight bias toward
underestimation of the anisotropy of Young’'s modulus (Hay et
a., 1998). Thus, any anisotropy detected in the indentation
modulus may be indicative of a dlightly larger anisotropy in
Young's modulus. Nanoindentation has detected hardness an-
isotropy as low as 20% and Young's modulus anisotropy as
low as 6% in a study of nanolaminated films (Farhat et al.,
1997).

Detection of anisotropy is of particular interest in this study.
Since kerogen is an amorphous polymer, if the kerogen in
Woodford shale were weight bearing, it would be expected that
the pressure from the rock overburden would be acting upon
the kerogen. This pressure, directional toward the center of the
earth, should induce order in the macromolecular solid. This
order should be exhibited as anisotropy in the physical prop-
erties and should be detectable by hardness and indentation

modulus measurements. On the other hand, the rock may be
load bearing and the kerogen subject to the isotropic pressure of
pore fluids. Fluid pressure by its nature is the same in all
directions and would lead to isotropic physical properties. The
data contained in Table 1 show that within a 95% confidence
limit, the indentation modulus and hardness of Woodford kero-
gen isthe same parallel and perpendicular to the bedding plane.
This result indicates that there is no detectable anisotropy in
kerogen mechanical properties and there is no evidence for
overburden pressure on this immature kerogen.

The conclusion that there is no evidence that this kerogen in
Woodford shale has experienced overburden pressure also as-
sumes that mechanical anisotropy induced by this pressure
would be preserved in the kerogen during sample preparation
and storage. If the sample was warmed for long enough under
isotropic pressure conditions, its structure could relax and the
anisotropy could be lost. This restructuring would happen
quickly if the kerogen was heated aboveits T, so samples were
stored at ambient temperature and no thermal studies were
performed on these samples. Another possibility for loss of
anisotropy is surface annealing during cutting and polishing.
These processes generate heat, perhaps enough to allow the
kerogen to relax. These processes are not expected to provide
sufficient thermal energy to anneal the kerogen of anisotropic
properties, since more extensive handling (ultrasonic dispersion
and ball-mill homogenization) showed no disturbance of the
chemical structure of organic matter in a geochemical sample
reported in the literature (Schmidt et al., 1997). Relaxation
might also occur if the sample is at a temperature below its T,
but warm enough to allow reorganization on a slow but signif-
icant time scale. We plan to test the effect of temperature on the
determination of mechanical properties in our next series of
measurements.

4.3. Mechanical Properties

The mechanical properties of this kerogen are unique for a
polymer. Woodford shale kerogen is hard (550 MPa hardness),
much harder than common hard polymers (polymethylmethac-
rylate, polycarbonate, phenolics) that typically have hardness
of below 200 MPa. The hardness of this kerogen is closer to
that of a soft mineral such as gypsum or a soft metal such astin
or gold. This kerogen also exhibits both elasticity and plastic-
ity. It issomewhat elastic, having recovered a significant part of
the deformation, but it also was irreversibly deformed. Al-
though it was not rigorously studied, the samples displayed
evidence of viscoelastic recovery, as there was a time depen-
dent loss of some of the residual imprint. It will be interesting
to seeif kerogen from other sources show similar behavior and
whether mature kerogen shows signs of overburden pressure.

5. CONCLUSIONS

This study shows the application of combined nanoindenta-
tion and AFM imaging to the analysis of a mechanically
heterogeneous geological sample. Kerogen was successfully
imaged within the matrix of Woodford shale with contrast due
to inherent polishing differences of the phases. Thisallowed the
analysis of specific kerogen domains. Nanoindentation mea-
surements showed kerogen within Woodford shale to be a very
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hard material (relative to other polymers) that behaves both
dastically and plastically. The results show no evidence of
anisotropy in the physical properties of kerogen within Wood-
ford shale at this level of thermal maturity. Future studies will
examine whether there is evidence of anisotropy at higher
levels of thermal maturity.
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