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·
such as the Gulf of Mexico, southern California, offshore West Africa, and the North Sea.

· These depositional systems, which are often prolific hydrocarbon reservoirs in the subsurface, are most 
commonly characterized with seismic, well log, and/or conventional core data.  Each of these datasets, 
however, has limitations in either detail or spatial extent.

· Detailed field studies in analogous (ancient) basins, such as the Ainsa basin, will yield critical 
quantitative data regarding styles of longitudinal, lateral, and temporal variations in stratigraphic 
architecture.

Structurally confined turbidite systems are common on continental margins around the world, in regions 

Above: Geologic map of Guaso system
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Above figure: Munoz et al. (1998)

2011 GSA Meeting, Minneapolis

·
deposits (MTDs, i.e. slumps, slides, debris-flow deposits) was conducted.

· We define cycles based on condensed sections, not speculative sequence boundaries.
· Measured 30 sections (1980 m total); 429 paleocurrent measurements in the Guaso I.
· We observed four principal architectural element types and 14 facies types.
· We correlated measured sections, and interpreted time-significant surfaces within the Guaso I cycle.  

We used these correlations to construct stratigraphic cross-sections.
· We used the thickness and net-sandstone values to create isopach maps (gross-thickness and net-

sandstone).
· Paleogeographic reconstruction using above correlations and paleocurrent data.

Field mapping of cycle-bounding condensed sections, sandstone bodies, and mass-transport 

Ainsa basin (see red box), 
southern Spanish Pyrenees.

Above: Geologic map of Ainsa basin (Hoffman, 2009).
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Facies 1 Facies 2 Facies 3

Facies 5 Facies 6 Facies 7

Facies 9 Facies 10

Structureless, gray, nodular-to-fissile 
mudstone

Structureless, gray, nodular mudstone w/
rounded, black extraformational clasts

1
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~
 1
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clasts

Contorted to folded sand & silt beds; 
boulders and cobbles in mudstone matrix

Thin-bedded, interbedded sandstone and
mudstone; <10% net sand content

Facies 11 Facies 12

Facies 13 Facies 14

Thin-bedded, interbedded sandstone and
mudstone; 10 - 50% net sand content

Thin-bedded, interbedded sandstone and
mudstone; > 50% net sand content

Thin-bedded, ripple-laminated to climbing-
ripple-laminated sandstone

~
 1
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Facies 8

Thin- to thick-bedded, structureless to
planar-laminated, well-sorted sandstone

~
 5

0
 cm

Thin- to thick-bedded sandstone with 
de-watering or load structures

Medium- to thick-bedded sandstone w/
cross-stratification (and/or “hummocky”)

Medium- to thick-bedded, amalgamated
sandstone w/ rare shale clasts

Structureless, poorly-sorted sandstone
w/ granule- and pebble-sized clasts

Medium- to thick-bedded, primarily matrix-
supported shale-clast conglomerate

Medium- to thick-bedded, clast-supported
pebble-cobble conglomerate; sandy matrix

Facies 4

1
 m

These facies are listed in order from
finest-grained (Facies 1) to coarsest-grained
(Facies 14). 

S
E

A
L

R
E

S
E

R
V

O
IR

= SEAL/
   NON-RESERVOIR

= BAFFLE/
   BARRIER

= RESERVOIR 
     FACIES

1 km

B’B

100%

50%

0%

Proportion of architectural elements 
(cross-section B-B’)
Left: Proportions and distribution of architectural 
elements, by area, relative to each vertical transsect.

1 km

Right: Proportion of architectural 
elements, by cross-sectional area,
for cross-section B-B’

Below: Relative proportion of 
channel types, by area, for 
cross-section B-B’.

mudstone sheets

lobes MTDs

Type 4

Type 5

Type 3Type 1

Rio Ena
Bruello Rd.

El Grado

mudstone
sheets

lobes MTDs

channels

channels

cu
m

u
la

tiv
e

 p
e

rc
e

n
ta

g
e

B

B’

Above: location 
of cross-section 
B-B’

covered slope

covered slope

covered slope

covered slope

covered

alluvium

covered

B B’
southeast northwest

northeast southwest

1000 m

1
0
0
 m

1º

2º

3º

4º

10º
20º

5º

V.E. = 10X

bend in section

east of system axis

1 km

Top Guaso 1 cycle
Base Guaso 1 cycle

Type 1 MTD

Type 2 MTD

Type 3 MTD

Type 1 MTD

mudstone sheets

covered (no data)

Type 1 channel
Type 2 channel
Type 3 channel
Type 4 channel
Type 5 channel

lobes

Sediment transport direction is generally to the right.Bru
ello

 R
d.

Rio E
na

El G
ra

do R
d.

T1

T2

T3

T4

T5

T0

F

F

S

S

S

S

S

S

S

S

S

S

S

S

F

B

B

S

S

S

S

S
F

S

S

S

S

S

S

S
F

S

F

F

S

S

S
S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

F

S

S

S

S

S

S

S

S

S

S

S

S
S
S

S

S

S

S

flutes 299, 300, 304

S

S

S

S

S

S

S

S

S

S

S

W.C.

S

S

S

S

B

S

S

S

S

S

F F F

B

B

FF

S

S

S

S

S

S

B

S

S

S

FF

F F

S

S

S

Sand

C
la

y

S
ilt

V
. F

.

Fi
ne

M
ed

.

C
oa

rs
.

G
ra

nu
l.

P
eb

bl
e

C
ob

bl
e

V
.C

.

S

Section F
(149 m gross thickness)

B

covered

co
ve

re
d

(M
ed

ian
o 

re
se

rv
oir

)

covered

co
ve

re
d

(fi
eld

 so
ut

h 
of

 C
os

co
jue

la)

covered

co
ve

re
d

(fa
rm

 fie
ld)

no
 e

xp
os

ur
e

Top Guaso 1 cycle
Base Guaso 1 cycle

Type 1 MTD

Type 2 MTD

Type 3 MTD

Type 1 MTD
Mudstone sheets

No data

Type 1 channel
Type 2 channel
Type 3 channel
Type 4 channel
Type 5 channel

Section B
Camporrotuno East
(210 m gross thickness)

S

S

S

S

S

S

137

138

139

140

141

142

143

144

145

146

147

148

149

151

152

153

154

155

156

157

158

159

161

162

163

164

165

166

167

168

169

171

172

173

174

175

176

177

178

179

181

182

183

184

185

186

187

188

189

191

192

193

194

195

196

197

198

199

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

150

160

170

180

190

200

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

Sand

Cla
y

Sil
t

V. 
F.

Fin
e

Me
d.

Co
ars

.

Gr
an

ul.

Pe
bb

le

Co
bb

le

V.C
.

210

137

138

139

140

141

142

143

144

145

146

147

148

149

151

152

153

154

155

156

157

158

159

161

162

163

164

165

166

167

168

169

171

172

173

174

175

176

177

178

179

181

182

183

184

185

186

187

188

189

191

192

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

150

160

170

180

190

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

Sand

Cla
y

Sil
t

V. 
F.

Fin
e

Me
d.

Co
ars

.

Gr
an

ul.

Pe
bb

le

Co
bb

le

V.C
.

Pseudo-1

F
F

F

Sand

Cla
y

Sil
t

V. 
F.

Fin
e

Me
d.

Co
ars

.

Gr
an

ul.

Pe
bb

le

Co
bb

le

V.C
.

Section A
Caboplano/Camarajuan peninsula
(131.5 m gross thickness)
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**Paleocurrent measurements indicate 

  principal flow direction (~ westward; 

  mean: 277º) is oblique to plane of section.**
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Facies

Reservoir 

facies? Description

Modal grain 

size(s)

Net-sand 

content (%)

Interpreted sediment 

support mechanism

Interpreted 

depositional process

Interpreted flow 

type

Relative 

sediment 

concentration 

during 

transport

1 Structureless, gray, nodular-to-fissile mudstone clay 0

hindered settling; 

possibly fluid 

turbulence

suspension

hypo-pycnal plume; 

fine-grained 

turbidity current

low

2

Structureless, gray, nodular mudstone w/ black and dark gray clasts 

(granule- or pebble-sized) of chert, mudstone, and carbonate; mudstone 

matrix comprises > 95% of this facies

clay [clasts: 

granules-pebbles]
0 matrix strength

frictional freezing, 

cohesive freezing
debris-flow high

3

Contorted to folded sandstone, si ltstone, and claystone beds; turbidite 

sandstone and siltstone cobbles and boulders randomly distributed in 

the mudstone matrix

BI-MODAL:  clay; 

fine-sand
0* matrix strength

frictional freezing, 

cohesive freezing

slumps , slides 

(sensu Martinsen 

and Bakken, 1990)

high

4
Thin-bedded, interbedded sandstone and mudstone; < 10% net-sand 

content

fine silt [sand 

fraction: very fine 

sand]

< 10 fluid turbulence
suspension and 

tractive sedimentation
turbidity current low

5
Thin-bedded, interbedded sandstone and mudstone; 10 - 50% net-sand 

content

fine silt [sand 

fraction: very fine 

sand]

10 - 50 fluid turbulence
suspension and 

tractive sedimentation
turbidity current low

6 R
Thin-bedded, interbedded sandstone and mudstone; > 50% net-sand 

content

fine sand 

[mudstone 

fraction: fine silt]

> 50 fluid turbulence
suspension and 

tractive sedimentation
turbidity current low

7 R Thin-bedded, ripple-laminated to climbing-ripple-laminated sandstone very fine sand ~  90 fluid turbulence
tractive sedimentation 

(lower-flow-regime)
turbidity current low

8 R
Thin- to thick-bedded, structureless to planar-laminated, well-sorted 

sandstone; amalgamation surfaces can be present
fine sand 100 fluid turbulence

suspension 

[structureless]; tractive 

[planar-laminated]

turbidity current low

9 R
Thin- to thick-bedded sandstone with dewatering or load structures 

(flame structures, contorted bedding, etc.)
fine sand > 90 fluid turbulence

initial suspension or 

tractive sedimentation, 

followed by de-

watering, or loading 

from above

turbidity current low

10 R
Medium- to thick-bedded sandstone with large-scale cross-

stratification (hummocky bedforms common)
fine sand > 95 fluid turbulence

tractive sedimentation, 

w/ some deposition 

due to suspension 

fallout

turbidity current  low

11 R

Medium- to thick-bedded, amalgamated structureless sandstone w/ 

rare horizontally-aligned shale clasts (elongate pebbles); normal 

grading common, as well as common fluted bases of beds

medium sand 95 fluid turbulence suspension turbidity current  low-medium

12

Structureless, poorly-sorted sandstone w/ rare granule- and pebble-

sized clasts (~ 5%); clasts are rounded carbonates and sub-angular 

sandstone

medium sand 

[clasts: pebbles]
0% matrix strength

frictional freezing, 

cohesive freezing

debris-flow, or 

possibly a "hybrid 

flow"

high

13 R

Medium- to thick-bedded, primarily matrix-supported shale clast 

conglomerate (shale clasts are elongate pebbles and compose < 40%); 

matrix is medium sand

medium sand 

[clasts: pebbles]
~ 70 fluid turbulence suspension turbidity current  medium

14 R

Medium- to thick-bedded, pebble-cobble conglomerate in sandy matrix 

(~ 60%); clasts are rounded carbonate and sandstone; this facies 

scours into underlying contorted mudstone facies

fine-upper sand 

[clasts: pebbles]
60

dispersive pressure and 

fluid turbulence
tractive/bedload

turbidity current 

("high-

concentration")

high

 - In the early Eocene, the Ainsa 
basin developed as a foredeep in 
the South Pyrenean foreland basin 
system (Fernandez et al., 2004).
- As thrusting propagated toward 
the foreland in the middle Eocene, 
the Ainsa basin evolved into a 
piggyback basin (Fernandez et al., 
2004; Hoffman, 2009).

Above: facies chart for Guaso I strata. Above: four principal architectural elements encountered in the Guaso I.

~
 4

 m

~
 2

 m

Above photo: proximal lobe elements at base of Rio Ena outcrop locality.

Above photo: roadside channel complex, northwest of Coscojuela de Sobrarbe.  
Note erosional bases of channels (red). 

Left: view looking northwest, 
along strike of Guaso I.  Blue 
line is the base Guaso I 
condensed section; green line 
is Top Guaso I mudstone unit.  
Note the Guaso I package 
forms a prominent ridge.

Above: Guaso I stratigraphic relationships at the Rio 
Ena locality.  View looking northwest toward villages of 
El Grado and Guaso.

Left: mudstone sheets, tens of meters 
thick, near pinchout of Guaso I 
sandstone.

Right: tabular and semi-tabular sandstone 
beds, near interpreted channel-lobe 
transition at “Osqueta da Calura” locality.  

- This area was the entry point for 
Guaso I sediments into the basin, 
which were transported from east to 
west.
- This area contains abundant MTDs 
and Type 1 channels.
- MTDs are thickest in the axis of 
this feeder system.

- MTDs are abundant in the southeast part of 
cross-section B-B’; they decrease in 
abundance to the northwest (downslope).
- Lobe elements generally increase in 
abundance to the northwest; they are most 
abundant near the depocenter.  Beyond the 
depocenter, the abundance of lobes 
decreases.
- The Type 4 channel overlying the MTD 
immediately above surface T2 is present in 
continuous outcrop for ~ 3 km.  
(Paleocurrents are generally parallel to 
strike.)  This channel feeds the basal lobes at 
Rio Ena.

Guaso I system at T0: At this time, 
deposition in the basin is primarily hemi-
pelagic.  This basal Guaso condensed 
section is the boundary between the 
Guaso and Morillo systems.  (The darker 
the shading is on the map, the greater the 
paleo-depth.  The blue line represents the 
base of Guaso I, a condensed section.  
The green line represents the top of the 
Guaso I.)

Guaso I system, T0-T1: Initiation of 
submarine fan, with basal lobe elements 
deposited in a confined area on the basin 
floor.  Minor slumping and debris-flows 
from updip and carbonate shelf-edge.

Guaso I system, T1-T2: Slope channels 
continue to feed basin floor lobe elements.  
Deposition from one lobe to the next is 
primarily aggradational.  Basin floor is still 
relatively confined.  Note: basin floor lobes 
have not yet intersected the position of the 
future outcrop belt (at Rio Ena); pervasive 
MTDs create a “thick” in the updip “feeder” 
area.

Guaso I system, T2-T3: System begins to 
fill the confined basin floor; lobes (e.g., 
base of Rio Ena section) during this time 
are deposited farther north relative to 
previously deposited lobes.  A:S ratio 
decreases (due to decrease in effective 
subsidence?).  Note slope channel 
(exposed continuously in outcrop along 
Guaso ridge) feeding lobes at base of Rio 
Ena outcrop.

Guaso I system, T3-T4: A:S ratio continues 
to decrease.  Depositional area increases 
markedly.  Compensational stacking 
increases.  The sand-rich turbidite system 
has “advanced” beyond the original 
depocenter of T0-T2.

LEFT: Measured sections and correlation 
panels yielded stratigraphic values which 
were used to create gross-thickness, as 
well as net-sand, isopach maps.  The 
Guaso I is interpreted to be thickest in the 
subsurface, ~ 2 km southwest of the Rio 
Ena locality.  This is defined as the 
depocenter.  Guaso I is also very thick on 
the slope (at outcrops immediately east of 
Camporrotuno) in the updip “feeder area” 
of the system.

Rio Ena locality

Rio Ena 
locality

RIGHT: The Guaso I system has the 
highest net-sandstone values near the 
depocenter, located southwest of the Rio 
Ena locality.  This trend is indicative of out-
of-grade systems (sensu Pyles et al., 
2010), e.g., Ross sandstone and Annot 
sands.  High net-sand content is present 
in areas dominated by deposition of lobes 
and distributary channels.

Above: Gross-thickness isopach maps of the Ainsa system, Morillo system, and the 
Guaso system (originally from Hoffman, 2009).
! In “out-of-grade” systems, it is very likely that any gross isopach thicks will also be the 
locus of highest sandstone content.
! The Ainsa system and the Morillo system are both dominated by weakly confined 
channels feeding lobes distally in the Jaca basin, to the west-northwest.  Even in these 
non-ponded, out-of-grade systems, the gross isopach thick is the locus of highest 
sandstone content. 

· The Guaso I turbidite system is a structurally confined 4th-order submarine fan.
· The Guaso I system offers near-continuous exposures from the slope down to near the depocenter and beyond.
· The Guaso I is an out-of-grade system.  There are erosional channels and pervasive mass-transport-deposits on the 

slope, and the depocenter (location of highest gross-thickness value) is on the basin floor.  Maximum sandstone content 
is near the depocenter.

· Maximum sandstone content exposed at outcrops of the Guaso I is located at the Rio Ena locality.  However, maximum 
sandstone content for the system is located in the subsurface 2 km southwest of Rio Ena. 

· Effective subsidence was highest in the early stages (T0-T2) of Guaso I deposition.  Later stages exhibit decreased 
accommodation relative to sediment supply.  

· Depositional area and degree of compensational stacking increased through time.  The system evolved from primarily 
aggradational stacking (element- and complex-scale) near the depocenter to a more distributive depositional pattern (at 
T4) as the area increased.

· This study demonstrates that in out-of-grade, confined deepwater systems, isopach thicks on the slope are largely due to 
thick complexes of MTDs (”MTCs”) and channels, while isopach thicks on the basin floor are attributed to distributary 
channels and lobes (not MTDs).
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Above: folded sandstone 
and siltstone beds in an MTD. 
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