
Selected Examples of our Work to Date
Because the Horse Spring Formation was deposited in a series of basins that were dismembered during several episodes of faulting, outcrops are found throughout the Lake 
Mead region.  During several �eld seasons and over 20 undergraduate and M.S. student projects, we carefully documented the facies and faulting in each region in order to 
reconstruct the basins and timing of each stage of deformation.  Below are four examples of this work.
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Waypoint 88 GPS #2; Sample 14-WB-11;  Photo 1293 and 1294 Katrina’s camera; white ashy tuff, fine 
grain, small amount of biotite and glass weathers blue/gray, conchoidal fracturing

Lcrm, small amount of small biotite, slightly ashy, slightly tuffaceous; S/D 235, 32

Tuffaceous limestone, reminds us of crumbly, small-med of small biotite, glass, 
quartz fine-grained, pitty weathering, weathers slightly pink in places

Tuffaceous limestone, Lcrm, almost no biotite

Waypoint 89 GSP#2, offset north by following bed to waypoint 90; 
sample 14-WB-12 and 14-WB-13; photos 1295-1297 on Katrina’s camera; 
S/D 207, 45; top of hill.  Limy tuff, small amounts of small biotite, glass, 
pitty weathering, crumbly weathering

Waypoint 91; sample 14-WB-14; Photo 1298 and 1299 Katrina’s camera; S/D. Graded section: bottom- 
gray biotite rich, crumbly tuff, medium grain, glass; top-tuffaceous limestone Lcrm

Small patch of gray-white glass ashy tuff, fine grained, no biotite.

Three equal in thickness layers. Lowest: Lcr. Middle: Recessive sandy bed. 
Top: white, pores, ashy, some small biotite, very little glass

Tuff layer, white to orange, very crumbly, not very distinct

Chert path, mostly float, orange/brown

Teepee Tufa/Travertine (20cm)

Lcr, eggshell with some larger stromatalites (3-30 cm size). Followed bed to waypoint 94 GPS #2; S/D 209, 31 

90m tuff.  Waypoint 95

Grayer, sandy tuff,  much more resistant
White, similar to below less biotite, little to no glass. 

Sandy tuff, big biotite a few shards of glass, white

Red sandstone, biotite rich, fine-grained

Salt and Pepper, huge biotite and sand grains
Tuffy sandstone, some glass shards (little to no)
Pure sand
Crumbly more resistant, less sand, small grains, more pumice, biotite and glass rich

More sandy reworked volcanic large grained. Pumice path. Gradual change in beds 94-96 m

75m S/D 212, 34
Large grained sandy tuff

astronaut ice cream 
layer, RIDGE

LMLL244 = white, bio, glass, fine-grain  likely = to 14-WB-11

Fred is here, not in measured section but projected over 
using ArcMap and previous mapping

Area D, upper part of section
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Area M (Upper Main)

-WP 64 (0 m)  S/D: 150, 19

-75 m tuff
-Biotite rich tuff with sand grains, fine ash

-Tuffy limestone, bottom is Lcrm top is 
  harder w/ pitted weathering

-Soft, crumbly, ashy, sandy tuff w/ biotite flecks, no glass
-10 cm fine grained sandy tuff
-20 cm very sandy tuff, small biotites, somewhat platey weathering
-Pumice path capping the cover

-90 m tuff on “steroids”

-Continuation of 90 m tuff on “steroids”,  has been reworked.
 

-10 cm sandy limestone 

-10 cm red sandstone 

-Red gypsum 

-WP 66 (58.5 m)
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Layered tuffaceous lmst
White tuffaceous cover
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Teepeed lmst with white calcite pore fill

Gray lmst

Gray gypsum

Flaggy weathering lmst

Whitish-gray cover,
lots of cyrptogamic soil so 
likely gypsum

crinkly Laminated lmst

White tuffaceous cover
some lmst

Light gray tuffaceous, 
cross-stratified sst

Pale green fine-grained 
tuffaceous sst

 tuffaceous sst , laterally becomes very thin 
tuffaceous laminated, fine sst and siltstone

Gold-colored, tuffaceous, laminated,  
interbedded fine-grained sst and lmst

Light gray gypsum

Massive resistant gypsum

Yellow weathering, resistant,  
laminated fine sst

Fine grained laminated sst

Gypsum

Gypsiferous cover

lowest Cliff forming, calcareous, laminated, fine sst, 
topm may be microbial lmst

Thinly bedded, mostly crinkly laminated 
and granular (intervals (5 cm each) of finely 
pitted weathering. possible tufa

Lisa’s WP8 = WP 178  717879, 4024995

FRU area, White Basin

at break in slope, east of 
limestone ridge,  equivalent to 
FRU unit

wypt 177  717954, 4024999

wypt 176 717991, 4025004

(wypt 175  718105, 4025039)

green crystals within, white 
knobbly weathering, 
tuffaceous mudstone

wypt 174  718212, 4025051

(grayish very thick tuff to the North)

offset from wp 172 718376, 4024988 to wyp 173 718384, 4025066

(Possibly Mavern)

WYPT 171   718526, 4025003 base of section  S/D 165/30

Yellow gypsum w/ 5cm tuff

White gypsum w/ green & yellow crumbly tuffs

Flaggy lmst

Sandy lmst
Sandy tuffacious lmst

Chameleon, Sandy tuffaceous lmst

Crumbly lmst

Crumbly lmst

Flaggy lmst

Flaggy lmst

Crumbly lmst

Dark gray med-grained tuff

Thinly bedded flaggy slightly tuffacious lmst

Thinly bedded flaggy lmst

Tuffacious lmst

White, very fine-grained conchoidally fracturing tuff
Gray tuff

Slightly tuffacious flaggy lmst
Light green conchoidally fracturing tuff

Gap Middle section
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Limey tuff
Gypsum w/ some small gray tuff

White lmst, 30cm teepees

Tuffacious lmst

Alternating 10cm beds of pink tuffacious sst and 
fine-grained conchoidally fracturing white tuff

White lmst, teepees
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Upper Lovell Wash 
Section on south-
west side of fault

Composite section on 
northeast side of fault

330

370

Growth faults produce wedges 
of strata that thicken within the 
hanging wall and are thinner 
on the footwall side.  Vertical 
red bars on the diagram above 
document this type of thicken-
ing in the White Basin, Upper 
HSF.

Laminated sandstone 
and siltstone

Mudstone

Teepeed 
Limestone

Crinkly-laminated 
Limestone

Example 1: Using detailed measured sections, map-
ping, tephrochronology and geochronology to find 
and determine the timing of growth faulting and sedi-
mentation rates

Using High-Resolution Basin Analysis to Unravel Complex Fault Kinematics, Under-
stand Tectonic Events and Address Climate Change in the Central Basin and Range

Melissa (Lisa) Lamb, University of St. Thomas, Sue Beard, USGS, Hickson Thomas, University of St. Thomas, Paul Umhoefer, Northern Arizona University

145

135

125

115

105

95

85

75

65

55

45

35

25

15

5

165

155

175

185

195

40

30

20

10

0

90

80

70

60

50

140

130

120

110

100

150

160

170

180

190

200

235

225

215

205

230

220

210

240

275

265

255

245

270

260

250

280

covered
least
resistant

most
resistant

Horse Spring 

N S

wypt 83, 84

wypt 85, 87

wypt 94

wypt 91

wypt 95

wypt 99

wypt 96

wypt 97

145

135

125

115

105

95

85

75

65

55

45

35

25

15

5

165

155

40

30

20

10

0

90

80

70

60

50

140

130

120

110

100

150

160

170

covered
least
resistant

most
resistant

Garden Wash

Stage 2: deposition and uplift

Palustrine 
and 
lacustrine 
facies:
limestone, 
pedogenic 
sandstones, 
shale, silt-
stone

Horse Spring Ridge 
Middle Section 

North

Horse Spring Ridge
Middle Section 

South

DZ 
K14RGBN-3:
19.2-23.3 Ma
 (7 grains)

DZsample 
K14RBGN-1: 
23.4-27.9 (3 
grains)

top not exposed, is covered

Tassi Wash
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(4 grains)

DZ  Tassi    RGBN-5 
youngest age is 22.5 
Ma (15 grains of 22.5 

DZ  Tassi RGBN-7:
  youngest 22.9 
(only 3 grains)

Disconformity(?): 
location in section 
not known?

ALLUVIAL FAN: conglomerate with minor sandstone

FLUVIAL:  Sandstone and siltstone with minor 
conglomerate and limestone

VOLCANIC FLUVIAL:  tuff and tuffaceous
sandstones

LACUSTRINE:  limestone

PALUSTRINE TO MARSHY:  pedogenically-altered 
sandstone and limestone

VOLCANIC LACUSTRINE: tuff, tuffaceous 
limestone and limestone  

VOLCANIC PALUSTRINE TO MARSHY: tuff, tuffaceous 
limestone, limestone, sandstone and siltstone 

LACUSTRINE TO PALUSTRINE:  limestone 
with some pedogenic or dessication features

PALUSTRINE:  limestone with minor 
sandstone and pedogenic features 

Lithofacies Associations 

Detrital Zircon Samples

Distinctive Coarse Layer 
with Proterozoic pebbles
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possible fault 
repetition in here

South St. 
Thomas Gap

13-ST-4

13-ST-2, 3

13-ST-1

Lithic metamorphic gneiss

Lithic plutonic

Plagioclase and feldspar 
undifferentiated

Lithic sedimentary

Lithic volcanic

Quartz

Potassium feldspar

Polycrystalline quartz

Matrix/cement

Provenance Legend

Lithic undifferentiated

GWRGss3

RGGWss1

GWRGss2

GWRGss4

13-HR-1

13-HR-4

13-HR-3

13-HR-2

13-HR-5

Example 3 : Using detailed 
measured sections, walking 
out beds, sandstone prove-
nance, detrital zircons, teph-
rochronology and geochro-
nology to reconstruct com-
plex basins in detail

Horse Spring Ridge

Changes in prove-
nance and the devel-
opment of a unconfor-
mity imply previously 
unrecognized uplift or 
early extension to the 
south. 
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Introduction

 Because the HSF stratigraphy is so variable in terms of lateral and vertical facies, it 
can be hard to map across faults, but this complexity is actually advantageous: sepa-
rate basins and subbasins have their own unique characteristics that can be used to 
unravel deformation. Numerous tu�s allowed us to create a detailed chronostratigra-
phy: we probed 216 tu� samples for geochemical �ngerprinting and dated 22 sam-
ples using 40Ar/39Ar geochronology. We measured over 60 detailed sections and, in the 
highly variable areas, walked out beds to document lateral changes. We mapped at 
1:5,000 and 1:10,000 scales and conducted paleocurrent and provenance analyses. Fi-
nally, we ran 715 lacustrine carbonate samples for stable O and C isotope analyses.  
 With this huge integrated dataset, we de�ned a number of sedimentary 
basins and determined many of the faults that created them, as well as the 
timing of faulting. We identi�ed growth faults at two di�erent times within the 
HSF and began to distinguish tectonic and climatic signals in the stratigraphic 
record. We are creating a step-by-step tectonic reconstruction of the entire area 
from 18 Ma to present. Our structural analyses have bene�tted greatly from the 
multidisciplinary, detailed approach. It has also been a very successful tool for 
engaging students (undergraduates and M.S.) in research at all scales.

 The Lake Mead Area is a key area to study extensional processes (e.g., Anderson 
(1971; Wernicke and Axen, 1988) as well as the evolution of the Colorado River and 
Grand Canyon (e.g., Karlstrom et al., 2014). Much work in this area focused on struc-
tural analysis and thermochronolgy (e.g., Reiners et al., 2000; Dubendorfer, 1988) but 
Beard (1996) recognized the need to study the complex stratigraphy as well. The 
Horse Spring Formation (HSF) records hanging wall deposition prior to and during 
the main phase of extension from ~17 to ~8 Ma. Ranging from >25 to ~12 Ma, the 
HSF consists of a variable mix of carbonates, siliciclastics, tu�s, and evaporites that 
formed in small basins of varying size. The deposits have been subsequently beauti-
fully exposed by down-cutting of Colorado River tributaries, possibly due to estab-
lishment of the Colorado River in the area at 5-6 Ma. We set out to de�ne and charac-
terize these basins in detail to reconstruct the complex faulting and tectonic evolu-
tion of the area and to address the following questions:

How does extension in a wide rift proceed? �
How does the hanging wall break-up?
      Progression spatially, from east to west?
      Different styles of faulting through time?
      Continuous through time or punctuated?
How do climate change and evolving topography affect sedimentation in 
a major extensional orogen? 
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Age Data
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18.52+/0.04

22.88+/0.02
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thickness
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250m

800-
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250-
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200 m

General 
lithologies

Tuffaceous 
sandstones, 
sandstone, marls, and 
mudstones,  mainly 
light gray to buff-col-
ored.  Some laminat-
ed limestone with 
stromatolites and 
many microbialites.

Massive to microbial-
ly-laminated limestone 
with very minor tuff 
and mudstone.  

Dominantly thin to 
medium bedded, 
fine-grained 
sandstones interbed-
ded with mud- and 
siltstones.  Minor 
granule conglomerate 
and 2-50 meter-thick 
gypsum units also 
present south of the 
White Basin area.  
Conglomerates and 
megabreccias present 
in Rainbow Gardens 
(RG) and South Virgin 
Mountains localities.  
Characterized by rapid 
lateral and vertical 
facies changes over 
much of its outcrop 
area.

HORSE SPRING FORMATION

Thumb 
Member

Rainbow 
Gardens 
Member

Bitter Ridge 
Limestone 

Member

Lovell Wash
 Member

Red Sandstone unit

Pre-Tertiary Rocks

Basal conglomerate; 
middle mixed 
submember of 
sandstone, limestone 
and minor gypsum; 
upper limestone

4 members

>25 Ma

LVVSZ

Gold Butte

Lake Mead

Lovell Wash Member

Bitter Ridge LimestoneRainbow Gardens Member

Thumb Member
Outcrops

LVVSZ = Las Vegas Valley 
Shear Zone
LMFS = Lake Mead Fault 
System
SVM = South Virgin 
Mountains

Lake Mead Area: 
complex mix of normal 
and strike-slip faults Example 2: Climate and tectonics

We are trying to unravel the interplay of climatic and tectonic factors on sedimen-
tation by comparing the laterally and vertically highly-variable HSF facies and our 
stable isotope data to global climate data sets.  Isotopic variation within thick, uni-
form lacustrine de-
posits are likely the 
result of Milankov-
itch-scale solar inso-
lation cycles. Other 
stratigraphic chang-
es may be linked to a 
major middle Mio-
cene global cooling 
event, including the 
mid-latitude aridi�-
cation of continents.  
At the same time, 
tectonics and exten-
sional faulting con-
trol the location and 
geometry of basins.  

BRL time Lovell Wash time 

Gavin Foster: http://descentintotheicehouse.org
.uk/tag/carbon-dioxide/

 HSF oxygen variations vs solar insolation variations 
for this latittude

HSF oxygen variations vs global marine oxygen 
variations (Zachos, 2001).

The middle Miocene encompasses the Mio-
cene Climatic Optimum (MCO) and the 
Middle Miocene Climate Transition (MMCT), 
a major rapid global cooling event.  Cycles 
within this cooling may have contributed to 
the stratigraphic cycles we see.
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Example 4:  simplified reconstructions, based on detailed ArcGIS reconstructions

Paleozoic strata

Colorado Plateau

Uplifts

Carbonate Lake

Playa

Alluvial fan

Depositional 
Environments

Gypsum Lake

River Mountain 
Volcanism

 We are organizing all of our student and faculty mapping into one ArcMap project so that we can create 
detailed palinspastic reconstructions, moving tens of individual polygons at each time step from 18 Ma to 
present.  Our initial work suggests that deformation is continuous from 17 to 12 Ma but comes in pulses, 
with changing rates through time.  We see two cycles of the formation of a long-lived lake created by a 
single major fault followed by the breakup into subbasins on many faults.

One Lake Breakup One Lake


