
Table 2 (continued): Radiocarbon ages for the Greeley quadrangle
Accelerated mass spectrometry (AMS) radiocarbon ages (Beta Analytic, Inc., Miami, Florida, December 2019)

Field Sample 
Number and Map 

Location
Laboratory 

Number
Map 
Unit 

UTM 
Easting1

UTM 
Northing1

Depth Below 
Ground 

Surface (m)
Date 

Collected Material Dated delta13C 
(0/00)2

Radiocarbon Age 
(radiocarbon  ka 

B.P.)3

Calibrated Age 
(cal ka B.P.)4

GR 067C14                      
Fresh irrigation 
d itc h exposure

Beta-545256 Q e 527316 4479472 1.5 25-Oct-19
Disseminated  fine organic 
matter in well-sorted  very fine 
sand  (vfL ) to fine sand  (fL ) 

with some fines
-20.6 9,260+/- 30 10,554-10,296

GR 163BC14                         
Buc klen E quipment 
Co. pit fac e

Beta-545257 Q a2 524534 4476421 1.2 8-Oct-19
Disseminated  fine organic 

matter in clayey silt to very fine 
sand

-18.7 3,200+/-130 3,475-3,366

GR 218C14                 
L arge fresh 
exposure at 
housing 

d evelopment

Beta-545258 Q es 523094 4470414 0.5 8-N ov-19

Disseminated  fine organic 
matter in mod erately sorted  
very fine sand  (vfU) to med ium 
sand  (mL ) with minor larger 

sand  up to  vc U

-18.2 850+/- 30 798-690

1 U T M  zone 13, 1983 N orth Americ an Datum (N AD 83).
2 R elative d ifferenc e between 13C/12C ratio of c arbon extrac ted  from sample and  that of Vienna Pee Dee Belemnite (VPDB) international stand ard .
3 Conventional rad ioc arbon age, based  on 5,568-year half-life; 0 yr B.P. = 1950 A.D.
4 Calibrated  range at 95.5% probability, using method  of Bonk (2009) and  IntCAL 13 d ata set (R eimer and  others, 2013). 

Table 2: Optically stimulated luminescence (OSL) ages for the Greeley quadrangle (Baylor University, Waco, Texas, May 2020)

Field Sample Number and Map 
Location

Laboratory 
Number Map Unit UTM 

Easting1
UTM 

Northing1
Depth Below 

Ground Surface 
(bgs) (m)

Date 
Collected

Material 
Dated Aliquots2 Grain 

Size(µm)
Central Minimum 

Age Model (De) 
(Gy)3

Over-
dispersion 

(% )4
U (ppm)5 Th (ppm)5 K2O (% )5 Cosmic Dose Rate 

(mGray/yr)6
Dose Rate 
(mGray/yr)

Central/
Minimum Model 

SAR age (yr)7

GR 163BOS L  and  GR 163Bc alib  
Buc klen E quipment Co. pit,
Cac he la Poud re R iver valley

BG4870 Q a3 524534 4476421
2.1 m bgs, 0.3 m 
below Q a2-Q a3 
c ontac t

25-Oct-19
S and y 
gravel or 
gravelly 
sand

0.75 250-355 14.72 +/- 0.45 11 +/- 2 2.24 +/- 0.01 5.82 +/- 0.01 2.47 +/- 0.01 0.218 +/- 0.022 2.99 +/- 0.12 4,920 +/- 2808 

GR 163COS L  and  GR 163Cc alib  
Buc klen E quipment Co. pit,
Cac he la Poud re R iver valley

BG4869 Q a3 524652 4476578
4.3 m bgs, 1.7 m 
above Q a3/Kl 
c ontac t

25-Oct-19 Gravelly 
sand 0.63 355-500 190.93 +/- 10.57 23 +/- 4 2.09 +/- 0.01 6.35 +/- 0.01 3.62 +/- 0.01 0.173 +/- 0.018 3.92 +/- 0.13 48,730 +/- 3,135

GR 166AOS L   and   GR 166Ac alib                   
T ri-S tate Commod ities bluff,

E aton Draw
BG4868 Q a3 526374 4477295

4.0 m bgs, at base 
of exposure 
bed d ed  sand

25-Oct-19 Bed d ed  vfL  
to fL 0.97 63-100 259.38 +/- 10.75 20 +/- 3 5.54 +/- 0.01 10.55 +/- 0.01 1.98 +/- 0.01 0.179 +/- 0.018 3.68 +/- 0.13 70,430 +/- 4,460

1 U T M  zone 13, 1983 N orth Americ an Datum (N AD 83).2 Aliquots measured , used  and  that d efine lowest most De.
3 E quivalent d ose c alc ulated  on a pure quartz frac tion with ultra-small aliquots with 20-80 grains/aliquot and  analyzed  und er blue-light excitation (470 ± 20 nm) by S ingle Aliquot.
R egeneration (S AR ) protoc ols ; M urray and  W intle, 2003; W intle and  M urray, 2006). E quivalent d ose (De) was c alc ulated  by the Finite M ixture M od el (Galbraith and  Green, 1990)
and  the four parameter M inimum Age M od el (Galbraith and  R oberts, 2012).
4 Overd ispersion values reflec ts precision beyond  instrumental errors; values of ≤ 20% (at 1 sigma limit) ind ic ate low d ispersion in equivalent d ose values and  d efines a unimod al
d istribution. Values > 20% are associated  with mixed  equivalent d ose signature reflec ting multiple grain populations or partial solar resetting.
5 U, T h, R b and  K c ontent analyzed  by ind uc tively-c oupled  plasma-mass spec trometry by AL S  L aboratories, R eno, N V; and  inc lud es d ose c ontribution from R b and  an assumed  moisture 
c ontent of 10 ± 3% for the burial period .
6 Inc lud es also a c osmic d ose rate c alc ulated  from parameters in Presc ott and  H utton (1994) and  inc lud es soft c omponents.
7 S ystematic and  rand om errors c alc ulated  in a quad rature at one stand ard  d eviation by the L uminesc enc e Dating and  Age Calc ulator (L DAC) at
8 T his age probably spurious bec ause too young for Q a3.
https://www.baylor.ed u/geoscienc es/ind ex.php?id =962356. Datum year is AD 2010.
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GEOLOGIC HISTORY AND STRUCTURE
T he Greeley quad rangle lies in the northern part of the Colorad o Pied mont. L ike muc h of the pied mont, the quad rangle’s topography has relatively
low relief (76 m differenc e between lowest and  highest points), and  natural exposures of bed roc k and surficial units are rare exc ept along stream
banks. Q uaternary d eposits c over almost all the quad rangle and  bed roc k is exposed  only at a few plac es, most being in the sumps of gravel pits.
T he present-d ay land sc ape of the Colorad o Pied mont results from the d own-cutting and  geomorphic evolution of the S outh Platte R iver and
Arkansas R iver d rainage basins mainly d uring late N eogene and  Q uaternary time, beginning with removal of Paleogene and  N eogene roc ks and
sed iments that onc e c overed  the U pper Cretac eous strata in the basins (M ad ole, 1991). T he pred ominant Q uaternary d eposits in the pied mont,
inc lud ing those in the Greeley quad rangle and  surround ing area, are fluvial sed iments of the S outh Platte R iver and  its tributaries, and eolian
sed iments d eflated  from alluvium in these stream valleys and  from upwind  bed roc k exposures in the pied mont (M ad ole, 1991; 2016). M ost of the
Greeley quad rangle is d rained  by the Cac he la Poud re R iver and  its south-flowing tributaries (Graham S eep, E aton Draw, and  S and  Creek); a
smaller portion is d rained  by the S outh Platte R iver and  its tributary L one Creek. T he Cac he la Poud re R iver is a tributary of the S outh Platte
R iver. T he alluvial valleys of both of the major streams c oalesc e in the eastern part of the City of Greeley. T he Cac he la Poud re R iver valley is
~2.5 km wid e at Greeley and trend s northwest to southeast ac ross the quad rangle. T he S outh Platte R iver valley is ~3 km wid e at Greeley and
trend s southwest to northeast near the southeast c orner of the quad rangle.
T he Greeley quad rangle is in the c entral part of the Greeley Arc h, a structural sad d le separating the Denver Basin to the south from the Cheyenne
Basin to the north (Dec hesne and  others, 2011). Cross section A-A’  indic ates that bed roc k strata in the quad rangle are essentially flat lying. T he
L aramie Formation is the uppermost and  youngest bed roc k unit in the quad rangle. It is a c oal-bearing formation c omposed  of sed iments d eposited
in a low c oastal-plain environment along the western margin of the W estern Interior S eaway d uring the L ate Cretac eous (100-66 M a). T he
formation immediately und erlies Q uaternary surficial d eposits, as ind ic ated  by c oal seams rec ord ed  in the bed roc k portions of water-well logs
(Colorad o Division of W ater R esourc es, 2020). T he c oal seams are in the lowest 60 to 90 m of the formation. In the north part of the Denver
Basin, the Fox Hills S and stone lies beneath the L aramie Formation and  overlies the Pierre S hale. It is presumed  to d o so in the Greeley
quad rangle, but the L aramie Formation-Fox Hills S and stone c ontact and  the Fox Hills S and stone-Pierre S hale c ontact are not rec ord ed  in the
water-well d riller’s logs or oil and  gas well geologic logs examined  for the present stud y. T hus, the d epth and  thickness of the Fox Hills S and stone
are not shown in c ross section A-A’. S ed iments of the Fox Hills Formation were d eposited  in near-shore and beac h environments as the W estern
Interior S eaway retreated  to the east (Dec hesne and  others, 2011). T he U pper T ransition M ember of the Pierre S hale und erlies the Fox Hills
S and stone. S ed iments of this member were d eposited  in d eeper marine environments of the seaway. Oil and  gas wells in the Greeley quad rangle
have penetrated  und erlying Cretac eous formations d own into those of the Colorad o Group (c ross section A-A').
T he Johnstown wrenc h fault zone trend s southwest to northeast ac ross the northern part of the Greeley quad rangle, as shown in a structure map of
c entral Denver Basin faults zones in W eimer (1996). R ight-lateral movement along this oblique-slip fault zone, with the d ownthrown sid e on the
southeast, oc c urred  d uring Cretac eous time and  was intermittent from 110 to 65 M a (W eimer, 1996), an interval that includ es the beginning of the
L aramid e orogeny. T his fault zone may be the c ause of slight c hanges in the dip of d eeper Cretac eous units on the west sid e of c ross section A-A’,
but this is unc ertain. W eimer's structure map also shows an anticline and a high-angle fault in the north part of the Greeley quad rangle. T he fault is
inc lud ed  on the Greeley quad rangle map, even though it is not supported  by any apparent displac ement on c ross section A-A’ where the mapped
fault c rosses the line of section (west of well Bickling #E  21-25). T he 1:100,000-sc ale geologic map of the Bould er-Fort Collins-Greeley area
(Colton, 1976) shows no structural features in the Greeley quad rangle.
During Plioc ene time, major streams incised  roc ks and  sed iments of N eogene and  Paleogene age as well as U pper Cretac eous sed imentary roc ks in
the Colorad o Pied mont; no roc ks or sed iments of Paleogene or N eogene age remain in the Greeley quad rangle. T his incision presumably resulted
in the d evelopment of the S outh Platte R iver and  its tributaries; the stream network in and near the Greeley quad rangle also includ es the Cac he la
Poud re R iver and  its three south-flowing tributaries in the north part of the quad rangle.  T he Q uaternary d epositional history of the pied mont near
Greeley begins with d eposition of E arly and  M id d le Pleistoc ene stream and  alluvial fan gravels, termed  “old alluvium” by L ind sey and  others
(2005). T hese d eposits includ e the N ussbaum Alluvium (spanning the Plioc ene and  E arly Pleistoc ene(?), and  the R oc ky Flats, Verd os, and S loc um
alluviums. Verd os Alluvium mapped  in the Greeley quad rangle by Colton (1976) is termed  unit Q g2in the present stud y. It is the only “old
alluvium” exposed  in the quad rangle, and its estimated age ranges from between 410 and  475 ky to ~631 ky in this area (see unit Q g2section in
Desc ription of M ap U nits).  L ind sey and  others (2005) rec ognize oc c urrenc es of dissected  alluvial fans and  terrac e gravel of M id d le Pleistoc ene
age extending as muc h as 5 km east of Fort L upton (~25 km south of the Greeley quad rangle). T hese d eposits includ e the R oc ky Flats and Verd os
alluviums. T he former is not mapped  in the Greeley quad rangle, but ranges in estimated age from ~400 ka to 2 M a (M id d le to E arly Pleistoc ene;
R iihimaki and others, 2006). From E arly to M id d le Pleistoc ene time there were period s of incision as well as period s of alluvial d eposition, and ,
probably, eolian d eposition. T he incision and  lateral cutting of surround ing, fine-grained , less resistant alluvial d eposits and  bed roc k resulted in
inversion of the topography. T he inversion left isolated remnants of the old er, more resistant alluviums at higher elevations, suc h as the unit Q g2
d eposits preserved in the upland  areas within the City of Greeley.  T he ages of alluvial d eposits in the Colorad o Pied mont that are c onsid ered  to be
of E arly and  M id d le Pleistoc ene age are based  c hiefly upon: height above present stream level near the east sid e of the Front R ange hogbac k belt;
tentative correlation with marine oxygen isotope stages; and  assumption of a nonlinear rate of stream incision sinc e the d eposition of the ~631 ka
L ava Creek B tephra. T he above ages of the Verd os Alluvium are based  c hiefly on its stratigraphic relationship with L ava Creek B tephra and also
on soil-c arbonate morphology in the greater Denver area (Kellogg and others, 2008). T here are also younger age estimates for the Verd os
Alluvium. N ear Fountain, Colorad o, alluvial gravel mapped  as Verd os Alluvium by S c ott and  W obus (1973) and  T rimble and  M ac hette (1979)
yield ed  optic ally stimulated  luminesc enc e (OS L ) ages of ~35 ky and  ~142 ky (W hite and  others, 2017), and ped iment gravel mapped  as Verd os
Alluvium by S c ott and  W obus (1973) and  T rimble and  M ac hette (1979) yield ed  OS L  ages of >210 ky and  >250 ky (W hite and others, 2017).
Four Q uaternary alluvial map units were d eposited by the Cac he la Poud re R iver, S outh Platte R iver, or their tributaries, or were d eposited  as
alluvial fan sed iments. From old est to youngest (highest to lowest elevation) they are units Q g2(gravel two, also mapped by Colton (1976) as
Verd os Alluvium), Q a4(alluvium four, previously id entified  in the Greeley quad rangle and  ad jac ent area as L ouviers Alluvium in c ross section F-
F’ of L ind say and  others, 2005), Q a3(alluvium three, also known as Broad way Alluvium), and  Q a2(alluvium two, also known as Piney Creek
Alluvium). T he positions of units Q a3and  Q a2in the land sc ape are shown in c ross sections B-B’, C-C’, and  D-D’. U nits Q a4, Q a3, and Q a2are
aggrad ational fill d eposits und erlying terrac e surfac es that are rec ognizable in the field , on lid ar imagery, and  on the 7.5-minute topographic map.
T he three terrac e-fill d eposits resulted from period s of inc reased  stream disc harge and d eposition of bed  load  d eposits. E ac h aggrad ational terrac e
surfac e subsequently was incised  by stream erosion, and  the younger stream-cut valley was filled  later by younger alluvium. S tream incision
followed by alluvial aggrad ation formed  c ut-in-fill terrac es of units Q a4(highest and  old est), Q a3(mid d le) and  Q a2(lowest and  youngest). T he
terrac es are rec ognizable by a flat to gently sloping upper surfac e (tread ) and  a steeply sloping bank (riser).
U nit Q a4(L ouviers Alluvium of L ind say and others, 2005) is believed  to be outwash from glaciers d uring the Bull L ake glaciation (M arine Isotope
S tage 6) in the Front R ange. T he unit was d eposited by very large and sustained  stream disc harges (M ad ole, 1991). U nit Q a4in the Greeley
quad rangle c ould  not be sampled  for d ating by optic ally stimulated  luminesc enc e (OS L ), but in a summary table of ages for alluviums in the
portion of the pied mont from Bould er south to Chatfield  L ake, Kellogg and  others (2008, and  referenc es therein) give a range of 120 to 170 ka for
L ouviers Alluvium. R iihimaki and  others (2006) provid e Be10 exposure ages for a “S loc um” surfac e, whic h may or may not overlie L ouviers
Alluvium near R alston Creek. T he age for the S loc um surfac e ranged  between 200 and  300 ka, whic h may or may not c onstrain the maximum age
of unit Q a4.  S ubsequent stream incision, probably d uring the L ate Pleistoc ene, removed  most of the valley-fill alluvium of unit Q a4, and in the
Greeley quad rangle there is only one remnant terrac e (near the western quad rangle bound ary) und erlain by this unit. S ubsequent aggrad ation, later
in the L ate Pleistoc ene, partly filled  the incised  valleys of the rivers and  tributaries with alluvium of unit Q a3.
In the present stud y, the OS L  age estimate of unit Q a3(likely equivalent to previously mapped  Broad way Alluvium) in the Cac he la Poud re valley
is ~48.7 ka, and the OS L  age estimate for unit Q a3in the E aton Draw paleovalley is ~70.4 ka. Both of these ages are old er than published  ages for
Broad way Alluvium (12 to 30 ky) and  younger than published  ages for L ouviers Alluvium (120 to 170 ky; Kellogg and  others, 2008). Consid ering
1 sigma values, both samples are E arly W isc onsin in age, a period of time for whic h there are no known alluvial d eposits mapped  in the Colorad o
Pied mont at and near Denver (Kellogg and  others, 2008) or farther north on the western margin of the pied mont (Cole and  Brad d oc k, 2009;
W orkman and  others, 2018). T here are no c orrespond ing glacial d eposits of E arly W isc onsin age id entified  in the Front R ange with whic h
alluvium of this age c an be c orrelated . H owever, d eposition by glacial meltwater is not the only possible explanation for alluvium of this age. In
T able 2 these two age values are assigned  to unit Q a3but might be from a putative und erlying d eposit that pred ates unit Q a3. OS L  age estimates
for unit Q a3in the Gowand a quad rangle (~22 km southwest of Greeley) are ~42.3 ky, ~54.5 ky, and  >56 ky (Keller and  M organ, 2020). T he age
estimate
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CROSS SECTION A-A'

The Fox Hills Sandstone is not depicted on the cross section because the oil and gas wells, water wells, and geotechnical soil borings in the Greeley quadrangle present insufficient data to identify this unit. Water wells do penetrate
into the lowermost ~30 m (the coal-bearing interval) of the Laramie Formation, because coal seams are noted in some of the water well logs near the line of section. The Laramie-Fox Hills contact, however, is not identified in the logs
and cannot be inferred from data in the logs. Therefore the Fox Hills Sandstone is presumed to be in the interval of insufficient subsurface data, below the part of the Laramie Formation penetrated by water wells, and above the Pierre
Shale (combined upper transition member and upper shale member).

NO VERTICAL EXAGGERATION

VERTICAL EXAGGERATION = 15X"Geotech" signifies data from a geotechnical boring. Beneath is posted the CGS unique identifying number for the project (e.g. WE-05-
0043) followed by the boring number (e.g. -1). "DWR permit", with the permit number posted beneath it, signifies data from a water well
included in the Colorado Division of Water Resources (DWR) interactive well permit map.

CROSS SECTION C-C'

"Geotech" signifies data from a geotechnical boring. Beneath is posted the CGS unique identifying number for the project (e.g. WE-05-
0043) followed by the boring number (e.g. -1). "DWR permit", with the permit number posted beneath, signifies data from a water well
included in the Colorado Division of Water Resources (DWR) interactive well permit map.

VERTICAL EXAGGERATION = 15X

VERTICAL EXAGGERATION = 15X"DWR permit", with the permit number posted beneath it, signifies data from a water well included in the Colorado Division of Water
Resources (DWR) interactive well permit map.

CROSS SECTION B-B'

CROSS SECTION D-D'

MINERAL RESOURCES, GROUNDWATER RESOURCES, AND GEOLOGIC HAZARDS
In the Greeley quad rangle there are many aggregate (sand  and  gravel) pits in the Cac he la Poud re R iver valley. T hese pits, both active and
inactive, are loc ated  from the quad rangle’s western bound ary eastward  to where the Cac he la Poud re R iver valley c onverges with that of the
S outh Platte R iver. W ithin the quad rangle, the S outh Platte R iver valley c ontains several water-filled  inactive pits, but no active aggregate
operations were observed . R ec ord s of the Colorad o Division of R ec lamation, M ining, and  S afety (DR M S ) indic ated  13 active mining permits
in the Cac he la Poud re R iver valley and  none in the S outh Platte R iver valley. As of early 2020 there were no active mining permits elsewhere
in the quad rangle. All of the aggregate pits are in alluvium three (unit Q a3), whic h und erlies alluvium two (unit Q a2) in the floor of the Cac he la
Poud re R iver valley. Aggregate operations were observed  at five loc ations and the authors were allowed  ac c ess to three active pits (see
geologic map for loc ations and  names).  All three pits were exc avated  to the base of unit Q a3at its c ontact with the und erlying L aramie
Formation. S c hwoc how mapped  terrac e gravel (unit Q a3of this report) along the Cac he la Poud re R iver at Greeley, and  reported  6 to 10 m of
clean pebbly to c obbly gravel and high-quality c oarse sand  as well as a signific ant amount of fines in the terrac e d eposits (S c hwoc how and
others, 1974). For the years 2016, 2017, and 2018 the annual aggregate prod uc tion in W eld  County was ~14.4 million, ~15.0 million, and
~12.7 million metric tons, respectively (W eld  County Assessor's Offic e, oral c ommun., 2018, 2020).
T he Greeley quad rangle lies in the northern part of the W attenberg gas field , an active and  prolific oil and  gas prod ucing area loc ated  mostly in
W eld  and  Ad ams c ounties. Oil and  gas infrastructure is present throughout the quad rangle. As of 2013, the W attenberg field  was the fourth
most prod uc tive oil field and  ninth most prod uc tive natural gas field in the U.S . (U.S . E nergy Information Ad ministration, 2015). As of
summer 2019 the Greeley quad rangle was still a very active area for oil and  gas prod uc tion.  Prod uc tion is d ominantly from the N iobrara
Formation, but also from the M id d le M ember of the Pierre S hale, the Colorad o Group, and  the Dakota Group (Colorad o Oil and  Gas
Conservation Commission), 2020).
T he greater part of the historic E aton c oal mining area oc c upies several km2in the northwest c orner of the Greeley quad rangle, and  extend s
westward  into the Brac ewell quad rangle and northward  into the E aton quad rangle. T he E aton c oal area was mined from 1935 to 1942, with
prod uc tion c oming from bed s between 1 and 1.5 m thick in the lower c oal zone of the L aramie Formation, whic h is the lower 60 to 90 m of the
formation (R oberts, 2005). It is one of only three historic c oal mining areas in the southern part of the Cheyenne Basin, whic h lies north of the
Greeley Arc h. Bec ause the c oal seams north of the arc h are thin and d isc ontinuous, there were only 11 mines in these three c oal mining areas.
T he Bould er-W eld c oal field , ad jac ent to and  south of the arc h, had  more than 160 historic mines whic h operated  in seams that are thicker and
more c ontinuous than those north of the arc h (R oberts, 2005). T his latter field was active from 1859 to 1979 and d oes not extend  into the
Greeley quad rangle. S urfac e subsid enc e c aused  by und erground  c oal mining in the L aramie Formation is a well-d oc umented  geologic hazard
in the north part of the Denver Basin (M yers and  others, 1975). T he three mines of the historic E aton c oal area, however, are loc ated  within ~2
km of east and  north of the c ommunity of E aton, whic h is ~3 km north of the Greeley quad rangle northern bound ary (T urney and  M urray-
W illiams, 1983). T herefore, surfac e subsid enc e d ue to c oal mining is not a potential hazard  within the Greeley quad rangle.
Alluvium three (unit Q a3) is an important aquifer in the Greeley quad rangle. T his is evid enc ed  by the water-well logs used  to assemble c ross
sec tions B-B’, C-C’, and  D-D’. T hese wells mostly penetrate the gravelly sand s and  sand y gravels of unit Q a3and  extend  only for short d epths
into the und erlying and  less permeable L aramie Formation. Along the three tributaries to the Cac he la Poud re R iver, unit Q a3in paleovalleys is
overlain by the less permeable eolian sed iments of unit Q e. T he water wells in the above c ross sections prod uc e water from d epths ranging
roughly between 6 and  33 m, with the S and  Creek valley having several of the d eepest wells (c ross section D-D’). W ithin the Greeley
quad rangle, the Colorad o Division of W ater R esourc es (DW R ) W ell Permit R esearc h Viewer (Colorad o DW R , 2020, interac tive web-based
map) shows that the valleys of the Cac he la Poud re R iver and  S outh Platte R iver have the greatest c onc entration of water wells. Graham S eep
and  S and  Creek, with their d eep bed roc k valleys filled  with permeable sed iments of unit Q a3, have greater c onc entrations of water wells than
the ad jac ent upland s. T he basal portion of the L aramie Formation c ontains two relatively thick sand stone units; these sand stone units and  the
und erlying Fox Hills S and stone c onstitute the L aramie-Fox Hills aquifer. T his aquifer und erlies muc h of the Denver Basin and  presumably
extend s north on to the Greeley Arc h, including the area of the Greeley quad rangle. T he aquifer is as muc h as 107 m thick although its water-
yielding thickness is seld om greater than 61 m. It is generally und er artesian c ond itions (T opper and  others, 2003) and und erlies the surficial
d eposits in the Greeley quad rangle, but appears to be of less loc al importanc e than the shallow aquifer of unit Q a3.
During the c atastrophic S eptember 2013 flood  events along the Colorad o Front R ange, flood  waters of the Cac he la Poud re R iver and  S outh
Platte R iver c overed  muc h of the area mapped  as alluvium one (unit Q a1), alluvium two (unit Q a2), and  alluvium three (unit Q a3) in the Greeley
quad rangle. T his area inc lud ed  parts of the City of Greeley. In the flood -affected  areas of the Colorad o Pied mont there was some loss of life,
large-sc ale d amage to property and  infrastructure, and some ad verse environmental effects. In 2016 the Fed eral E mergenc y M anagement
Agenc y d esignated nearly all of the flood plains of the Cac he la Poud re R iver and S outh Platte R iver lying within the Greeley quad rangle, as
well as parts of the valleys of Graham S eep and S and  Creek, as various c ategories of high-risk flood  areas. T hese areas are c harac terized  by a
1% annual c hanc e of flood ing (terminology is equivalent to the 100-year flood ) and  a 26% c hanc e of flood ing over the life of a 30-year
mortgage (W eld  County, 2020). S ome higher-elevation areas of unit Q a3terrac es were classified as low-risk (500-year flood ).
E olian sed iment (unit Q e) and  eolian sand  (unit Q es) loc ally may be susc eptible to minor c ollapse when und er load , owing to
hyd roc ompaction. S oil engineers refer to these d eposits as c ollapsible soils. T he fine-grained  particles (silt and  especially clay) in the eolian
sand  and silt-ric h loess give these d eposits relatively high c ompressive strength and  shear strength und er d ry c ond itions. H owever, when wet or
saturated  and  und er load , the fine-grained particles in these d eposits c an be displac ed  into a d enser c onfiguration suc h that the void spac e
between particles is red uc ed . Compaction and associated  d ec rease in volume c an c ause settlement at and  near the ground  surfac e, potentially
resulting in d amage to any overlying structures and  (or) infrastruc ture (W hite and Greenman, 2008). W ithin the City of Greeley, the L aramie
Formation bed roc k (overlain by Q uaternary d eposits) is mapped as having high swell potential in the area from Greeley L ake R eservoir east to
Gard en City and  from the Cac he la Poud re R iver valley south to E vans. T he area of unit Q e in the northeast c orner of the quad rangle is mapped
as having mod erate swell potential (H art, 1974). T en geotec hnic al reports for unit Q e and three reports for either unit Q a2or unit Q a3, mostly in
and  close to the City of Greeley, d esc ribe the subsoils as having no swell potential or very slight to low swell potential (Colorad o Geologic al
S urvey, 2019; N orthern Colorad o Geotec h, 2018; T errac on Consultants, Inc., 2018).
During June 2014 in the Greeley quad rangle, there was an apparent wastewater-injection ind uc ed  earthquake of moment-magnitud e intensity
(M w) 3.2 and  mod ified  M erc alli intensity IV, great enough to be felt throughout the Front R ange (Yeck and  others, 2016). T he epicenter for the
earthquake was in a historic ally aseismic part of Colorad o, ~4 km northeast of the east end  of the City of Greeley and  W eld County M unicipal
airport, and  ~2.5 km northeast of a high-rate oilfield injection well. T he well was being used  for wastewater disposal into the Pennsylvanian-
Permian Fountain Formation overlying the Prec ambrian c rystalline basement roc ks. T he monthly rate of oilfield wastewater injection in W eld
County had  inc reased  signific antly over the period  of 2010 to 2014. S uspecting that the nearby injection well had  c aused  the earthquake, the
Colorad o Oil and  Gas Conservation Commission temporarily halted  injection ac tivity, and  the U niversity of Colorad o, with support from other
agencies, rapid ly installed  a loc al seismic monitoring network. T he bottom of the well was c emented  to prevent hyd raulic c ommunic ation
between the injection zone and the basement roc ks, and injection then was resumed  at a lower rate. S eismicity associated  with the well
d ec reased  signific antly.
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estimate for unit Q g1in the M illiken quad rangle (~24 km southwest of Greeley) is ~56 ky d etermined  by OS L . U ranium-series d ating yield s an
age range for M illiken quad rangle unit Q g1of ~44 to ~76 ky, with a muc h old er than expected  outlier at 256 ky (Palkovic and  others, 2018).
T he above ages of d eposits mapped as unit Q a3(Greeley and Gowand a quad rangles) and  the unit mapped as Q g1(M illiken quad rangle) are
c omparable.  All of these ages (exc ept for the M illiken quad rangle unit Q g1uranium-series outlier) are L ate Pleistoc ene and fall between ages
for L ouviers Alluvium (120 to 170 ka, associated  with Bull L ake glaciation in the Front R ange) and  Broad way Alluvium (12 to 30 ka,
associated  with Pined ale glaciation; Kellogg and  others, 2008). T he age of ~54.5 ky is E arly W isc onsin, a period of time for whic h there are no
known alluvial d eposits id entified  and (or) mapped in the Colorad o Pied mont from Bould er south to Chatfield  L ake, and  also north to the
W yoming state line (Kellogg and  others, 2008; Cole and  Brad d oc k, 2009; and W orkman and  others, 2018). In Kellogg and others (2008) table
1 of ages for alluviums younger than R oc ky Flats Alluvium, there are no known E arly W isc onsin d eposits. In the summary of U.S . Geologic al
S urvey Q uaternary mapping of four c ontiguous quad rangles along the S outh Platte R iver, from Fort M organ westward  (Berry and  others,
2019), there is no mention of alluvial d eposits of this age (i.e., between L ouviers Alluvium and  Broad way Alluvium ages). Consid ered  together,
however, the above alluvial d eposit ages suggest the following possibilities: 1) unit Q a3is old er than Broad way Alluvium; 2) unit Q a4is
younger than L ouviers Alluvium; 3) there were one or more episod es of L ate Pleistoc ene stream aggrad ation that oc c urred  d uring the interval
between the Bull L ake and  Pined ale glaciations; and  4) these ages c ould  be spuriously old , possibly d ue to inheritanc e or issues related  to
assumptions c onc erning water c ontent over time in the d ated  sed iments. U ntil more age d ata bec ome available for alluviums in the region,
however, unit Q a3in the Greeley quad rangle should be c onsid ered  equivalent to Broad way Alluvium, and  unit Q a4in the Greeley quad rangle
should  be c onsid ered  equivalent to L ouviers Alluvium of L ind say and  others (2005) and Colton (1976).
As d epicted  in c ross section D-D’, unit Q a3und erlies terrac e surfac es in the S outh Platte R iver and  Cac he la Poud re R iver valleys and  is
overlain by unit Q a2d eposited  by both rivers. T hus, unit Q a2(equivalent to the Piney Creek Alluvium of S c ott) is d epicted  as inset into unit Q a
3(likely equivalent to the Broad way Alluvium). M ad ole (1991, Fig. 14 caption) states that in valleys head ed  in the glaciated  part of the Front
R ange (suc h as is the Cac he la Poud re R iver valley), Broad way Alluvium (unit Q a3) und erlies the valley floor and  L ouviers Alluvium (unit Q a4
) und erlies terrac es above the valley floor. T his is in ac c ord  with the relative positions of these alluviums as presented  in c ross sections F-F'
(spanning the Cac he la Poud re R iver valley on the west sid e of Greeley) and G-G' (spanning the Cac he la Poud re R iver valley on the east sid e
of Greeley) of L ind sey and  others (2005). As d epicted  in c ross section D-D’ of the present stud y, unit Q a3d eposits in the S and  Creek
paleovalley appear to be c ontinuous with those in the Cac he la Poud re R iver valley. T he Cac he la Poud re valley Q a3d eposits appear to be
c ontinuous with those of the S outh Platte R iver valley.
T he S and  Creek paleovalley formerly was a major tributary to the Cac he la Poud re R iver, as ind ic ated  by the paleovalley wid th and  the
thickness of valley-fill d eposits; the paleovalleys of Graham S eep and  E aton W ash were smaller tributary valleys. T racing the S and  Creek
paleovalley from the Cac he la Poud re valley north to S tage, Colorad o (15 km north of the Greeley quad rangle northern bound ary), the valley
wid th inc reases from 1.3 km to 4 km and  bed roc k d epth (and  c orrespond ing thickness of unit Q a3) d ec reases from ~30 m to ~9 m. Cross
sec tions B-B’ and  C-C’ indic ate that unit Q a3extend s east and  west (beneath a c over of unit Q e) for c onsid erable distanc es outsid e the present
topographic valleys of Graham S eep and  S and  Creek. W ater-well logs ind ic ate that most of unit Q a3sed iments in the north half of the
quad rangle are sand y gravels and  gravelly sand s (c hannel d eposits), but that there is a signific ant c omponent of clay and  sand y clay layers
(overbank d eposits). It is possible that the c ourses of Graham S eep and  S and  Creek migrated  laterally d uring L ate Pleistoc ene time, d epositing
interbed d ed  c hannel and  overbank d eposits over a wid e area in the north part of the quad rangle.
In L ate Pleistoc ene time, following the d eposition of unit Q a4(equivalent to L ouviers Alluvium) d uring the period  approximately 170 to 120
ka, an episod e of stream incision removed  most of unit Q a4from the river valleys of the Cac he la Poud re and S outh Platte R ivers. T he incision
was followed  by an aggrad ational period  d uring whic h unit Q a3ac c umulated. In both valleys there was a later, sec ond  inferred  episod e of L ate
Pleistoc ene stream incision, possibly extend ing into E arly H oloc ene time. T his episod e removed  some of the uppermost part of the unit Q a3
valley fill but left some d eposits of unit Q a3beneath the surfac es of cut-in-fill terrac es. T he sec ond  episod e of incision apparently did not oc c ur
in the three tributary paleovalleys of the Cac he la Poud re R iver. During this episod e the south end s of the paleovalleys were trunc ated  by the
Cac he la Poud re R iver. T his relationship was observed  in the field  and  on lid ar imagery. In the upstream portions of the tributary valleys, unit
Q a3d eposits were not erod ed  by the sec ond  episod e of incision and  thus no unit Q a3terrac e surfac es were formed  in these valleys.
E olian sed iment of unit Q e was d eposited  over most of the quad rangle d uring E arly to M id d le H oloc ene time, the age being based  upon the
rad ioc arbon age of ~9,260 yr for unit Q e in the Greeley quad rangle (T able 2), and rad ioc arbon ages for unit Q el in the Fred erick quad rangle
(~4,420 yr and ~4,950 yr) (Keller and  others, 2018) and  Gowand a quad rangle (~4,770 yr; Keller and  others, 2020). T his sed iment overlies unit
Q a3in the tributary valleys north of the Cac he la Poud re R iver, but d oes not overlie unit Q a3terrac es in the valleys of either the Cac he la
Poud re R iver or S outh Platte R iver. Ages in T able 2 also ind ic ate that unit Q e postd ates unit Q a3. T he aggrad ational d eposits of unit Q a3in
both river valleys c ould  have been one of the sourc es for unit Q e. T he age of ~9,260 yr for unit Q e in the Greeley quad rangle is close to the
d ate of ~9,100 ka for unit Q e in the Johnstown quad rangle ~20 km to the southwest (Palkovic and M organ, 2017). Both d ates fall within an
early H oloc ene episod e of loess d eposition that spans c a. 11 to 9 ka (M uhs and  others 1999). U nit Q e in the Greeley quad rangle lac ks sufficient
silt content to be termed  loess, but its fines c ontent (silt and  clay) ranges between 21 and  50 perc ent, signific antly greater than the 4 to 9% fines
c ontent reported  for the eolian sand  of unit Q es (M ad ole and  others, 2005). U nit Q e may have been d eposited  d uring an early episod e of
H oloc ene loess d eposition, with proximity to alluvial valley sourc es lend ing it a greater sand  c ontent than that of c oeval loess d eposits in the
region.
From L ate Pleistoc ene to L ate H oloc ene time, eolian sand  of unit Q es was d eposited over muc h of the northeastern plains of Colorad o and
nearly as far west as Bould er. T he L ate Pleistoc ene eolian sand  d eposits were more extensive than those of the M id d le H oloc ene and  L ate
H oloc ene (M ad ole and others, 2005). It is not known how muc h of the Greeley quad rangle was c overed  by eolian sand , but c overage was
probably more extensive than the present upland  areas of unit Q es in the City of Greeley and  in the area between S and  Creek and L one Creek.
U nit Q es in these areas presumably overlies old er eolian sed iments of unit Q e. E olian sand  of unit Q es originated  mainly from sed iment in
stream c hannels and flood  plains. In northeastern and  east-c entral Colorad o the sed iment was transported  by northwest prevailing wind s
(M ad ole and  others, 2005). In the Greeley quad rangle, the Cac he la Poud re R iver valley and  the valleys of its tributaries may have c ontributed
some sed iment to eolian sand  d eposits. Aleinikoff and  M uhs (2010) d emonstrated  that the L aramie Formation north of the City of Greeley was
the major sourc e for eolian sand  in the Greeley d une field  to the east of the city. It is possible that the L aramie Formation also c ontributed
sed iment to unit Q es sed iment in the Greeley quad rangle. T he rad ioc arbon age of unit Q es in the City of Greeley is 850 yr ky (T able 2) and is
in ac c ord  with M ad ole's L ate H oloc ene age for eolian sand  (0 to 4 ky). Other rec ently reported  d ates for unit Q es in the nearby Colorad o
Pied mont quad rangles are ~2.7 ky and ~7.5 ky in the Fred erick quad rangle (Keller and  others, 2017) and  ~2.8 ky in the Gowand a quad rangle
(Keller and M organ, 2020). T he loc ations for these d ated  samples are ~30 km southwest of Greeley.
T he sec ond  inferred  L ate Pleistoc ene and E arly H oloc ene (?) incision of the Cac he la Poud re R iver and  S outh Platte R iver valleys, d uring
whic h unit Q a3was incised , probably oc c urred  before L ate H oloc ene time. T his is ind ic ated  by the rad ioc arbon age of the base of unit Q a2
(~3.2 ky) in the Greeley quad rangle (T able 2). After this episod e of incision, unit Q a2was d eposited  d uring the L ate H oloc ene as aggrad ational
terrac e-fill d eposits in both the main river valleys. T he tributary paleovalleys to the Cac he la Poud re R iver were not affected  by the sec ond
period  of incision and  apparently d o not c ontain d eposits of unit Q a2. T he latest (third ) inferred  episod e of incision in the river valleys, d uring
latest H oloc ene time, erod ed  unit Q a2sed iments in both river valleys and c reated  c ut-in-fill terrac e d eposits of unit Q a2in the S outh Platte
R iver valley. T his latest episod e of incision by the rivers was followed  by the d eposition of unit Q a1.

Table 1. Particle size and Munsell color data for Greeley quadrangle map units
Map Unit Grain Size Distribution and Other Characteristics Colors (per Munsell Color, 

1991)
Q a1 Coarse-grained  sed iment - Point bar sand  ranges from fU to vc U in size, angular to subangular, ~80% quartz and  

~20% feld spar and  other minerals, the latter portion inc lud ing ~3% opaque minerals and  no mic a. Point bar gravel 
ranges from granules to pebbles with a few c obbles; subround ed  to round ed , mainly granitic roc ks with subord inate 
gneiss, white and  bluish-gray quartzite, and  red  and  brownish-yellow sand stone. 

Pinkish-gray of hue 5YR . 

Fine-grained  sed iment - M ixture of c lay, silt, and  very fine to fine sand ; loc ally, very fine to fine sand , very mic ac eous. Dark grayish-brown of hue 
2.5Y; bluish-blac k loc ally.

Q a2 Fine-grained  bed s - 1) silty c lay to silt and  very fine sand , mod erately to strongly c ohesive, loc al bloc ky struc ture, no 
visible c arbonate but loc al slight effervesc enc e, loc ally mic ac eous; and  2) mod erately to well-sorted  very fine to 
med ium sand , some fines, subangular to subround ed , rare granitic granules and  small pebbles, mod erately to strongly 
c ohesive, ~80% quartz and  20% feld spar and  other minerals, inc lud ing ~3% opaque minerals, loc ally  mic ac aeous.

Dark grayish-brown of hues 
10YR  and  2.5Y, light yellowish-
brown of hue 2.5Y, and  
yellowish-brown of hue 10YR .

Coarse-grained  bed s - M od erately to poorly sorted  sand  (with no gravel) and  gravelly sand ; sand   is subangular to 
angular, 80% quartz and  20% lithic s, with no mic a. Gravel c ontent of gravelly sand  is 5 to 30%, granules plus pebbles 
from <1 cm up to 4 cm, subround ed  to round ed ,  mainly  white and  pink granitic roc ks with subord inate vein quartz 
and  quartzite; weakly to mod erately c ohesive and  mostly not effervesc ent. 

Dark-brown, grayish-brown, 
and  very d ark grayish-brown 
of hue 10YR ; light olive-brown 
of hue 2.5Y; and  pale-red  of 
hue 2.5YR .

Q a3 Gravelly sand  and  sand y gravel - Proportions of sand  and  granule matrix and  larger gravel c ontent vary wid ely: from 
30% matrix and  70% clasts, to 65% matrix and  35% clasts. Both matrix and  c lasts are poorly sorted ; matrix size ranges 
are fine (fU) to c oarse (c U) sand , fine (fU) to med ium (mU) sand , fine (fU) to very c oarse (cvU) sand , and  med ium (mL ) 
sand  to granules. S and  is angular to subangular, or subangular to subround ed ; sand  c omposition is 70 to 80% quartz 
and  20 to 30% feld spar and  other minerals, the latter inc lud ing 2 to 3% opaque minerals.  Gravel c lasts range in size 
from small pebbles to 8-cm c obbles, and  are subround ed  to round ed , or round ed  to well round ed . Pink and  white 
granitic c lasts are d ominant, with subord inate vein quartz, quartzite, and  gneiss, and  rare sand stone and  and esite. 
E ffervesc enc e is rare in matrix. Cohesion is weak to mod erate and  the material c an retain steep fac es in gravel pits. 

Pinkish-white and  pinkish-gray 
of hue 5YR , and  subord inate 
very pale-brown and  brownish-
yellow of hue 10YR ; orange-
brown iron-oxid e staining is 
loc ally prominent.

Very fine to very c oarse sand  with little or no gravel - Very fine to very c oarse sand , ranges from poorly to well 
sorted . S ize ranges are very fine to med ium sand , fine sand , fine (fU) sand  to granules, med ium to c oarse sand , and  
med ium sand  to granules; fines are absent. S and  c omposition is 75 to 80% quartz and  20 to 25% feld spar and  other 
minerals, the latter inc lud ing up to 3% opaque minerals. T he sand  is angular to subangular, or subangular to 
subround ed . N o effervesc enc e, c ohesion is weak. 

Pale-yellow of hue 2.5; yellow, 
brownish-yellow, and  brown of 
hue 10YR ; and  pinkish-white 
and  pinkish-gray of hue 5YR . 

Clayey silt or silty c lay with minor gravel - Contains small (usually up to 5%) c oarse frac tion ranging from c oarse (c L ) 
sand  to granitic pebbles, the latter up to 3 cm and  subround ed  to round ed . Cohesion is strong, effervesc enc e is 
absent to strong.  

Dark-gray and  very d ark-
brown of hue 10YR , d ark-
brown of hue 7.5YR , and  blac k 
of hue 2.5Y. 

Q a4 S and  to granule matrix - Poorly sorted , subangular to subround ed , weakly c ohesive to loose; 75% quartz and  25% 
feld spar, and  < 1 % other minerals, and  lithic s.

Dark grayish-brown of hue 
10YR .

Gravel c lasts - Up to 10 cm, subround ed ; granitic roc ks, d ark-c olored  gneiss, vein quartz, and  quartzite. S ome have 
c arbonate c oatings on 20 to 50% of the surfac es of c lasts. 

Q g2 M atrix sand  has high c arbonate c ontent with S tage III to IV c arbonate morphology (M ac hette, 1985), and  violent 
effervesc enc e. Gravel c lasts are subround ed  to round ed  granitic roc ks, vein quartz, and  quartzite, with thic k 
c arbonate c oatings c overing many of the c lasts. 

Pinkish-white of hue 7.5YR .

Q es Very fine to med ium sand  with few fines, loc ally with a very small c ontent up to very c oarse (vc U) size, and  with trac e 
granules and  pebbles; and  fine (fL ) to very fine to med ium sand  with few fines, loc ally with a very small c ontent up to 
very c oarse (vc U) size. M od erately to well sorted ; subangular to subround ed , or subround ed  to round ed ; mod erately 
c ohesive to nearly loose, and  massive. S trongly effervesc ent but without visible c arbonate. Composition is 75 to 85% 
quartz and  15 to 25% feld spar and  other minerals, inc lud ing 3% opaque minerals. 

L ight to d ark yellowish-brown 
and  d ark grayish-brown of hue 
10YR , and  olive-brown of hue 
2.5Y.

Q e Very fine (vfL ) sand  to fine sand  with some larger sand  and  some fines; very fine (vfU) to fine (fU) sand  with some 
fines; and  (in a few plac es) fine (fL ) to med ium (mU) sand  with some fines. W ell sorted  with rare c oarse sand  and  
granules; mainly subangular to subround ed , mod erately c ohesive.

L ight to d ark yellowish-brown, 
brownish-yellow, and  very 
pale-brown to d ark-brown of 
hue 10YR . 

Clayey silt to very fine sand , and  c layey silty very fine (vfL ) to fine (fU) sand  with trac e larger sand  up to very c oarse 
(vc U); mod erately to strongly c ohesive, with bloc ky struc ture. 

L ight to d ark yellowish-brown, 
brown, d ark to very d ark 
grayish-brown, and  very d ark-
gray of hue 10YR . 


