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Abstract

The core from two boreholes (13.1 ahd 19.2 m depth) drllled 500 m:apart-in the fractured, welded tuff near the
summit of the Snowshoe Mountain, Colorado (47°30'N, 106°55’W) ha nique petrographic: and hydrodynamic
properties. Borehole SM-4 had highly variable annual water. levels; in" '
remained near the land surface. Core samples from both boreholcs ( d'11) were examined petrographically
in thin sections impregnated with epoxy-containing rhodamine to.mark the pore system features, and were analyzed
for matrix porosity and permeability. Core from the borehole samplmg the- vadose zone was characterized by open

fractures with enhanced porosity around phenocrysts due to chemlcal weathenna Fractures within the borehole . .

sampling the phreatic zone were mineralized with calcite and had por051ty ‘characteristics similar to. unweathered
and unfractured rock. At the top of the phreatic zone petrography 1nd1cates that calcite is dissolving, thereby
changing the hydrogeochemical character of the rock . (i.e. permeablhty, -porosity, reactive -surface area, and
mineralogy). Radiocarbon ages and C and O stable isotopes indicate that calmte mineralization occurred about 30
to 40 ka ago and that there was more than one mmerahzatlon event. ‘;Results of this study also provide some
relationships between primary porosity development from 3 types of fr cture in a welded -tuff. © 2000 Elsevier
Science Ltd. All rights reserved. : S v

1. Introduction ) . o : cart, cause ba1

et al, 1995) wheleas calcite dissolution may be im-

Causes of calcite mineralization, its distribution on a po1tant in enhancmg the internal porosity required for .
1979) Weathermg of calcite-filled

pore scale up to a reservoir scale and stability within
fractured bedrock are of great interest in many sub-
disciplines of geology. In the oil and gas industry the
origin and dissolution of calcite is important because it

site: 1ri ‘outh-central Nevada the study of internal por-
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itrast to SM-la, whose water level .

to fluid flows in-reservoirs (Winter-
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in the tuff bedrock, because of. the 1mphcat10ns regard-
ing hydrologic history and their effects on groundwater
pathways (Quade and Cerling, 1990).

Because reaction kinetics of calcite: growth and dis-.
solution may be relatlvely fast and strongly dependent

dissolving. Mineral dlssolutlon and pI‘CClpl at1on pro-
cesses in aqulfers are commonly 1nfer1ed from water

107° 02’ 107°.00:

amics or geostatlstlcs without direct petrographic evi-

dende’ (Drever;.1997). Caleulations of calcite saturation .
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solution of calcite in fractures and the resulting re-
opening of high-permeability pathways and enhance-
ment of intragranular porosity.

2. Materrals and methods

2. ] Fractm ed tuff aquifer on Snowshoe Mountain

Th_e--'focus of the study is :cor,e;from two boreholes

~with different hydrologic characteristics near the top of
Snowshoe  Mountain in the San Juan Mountains of
southwest Colorado (Fig. 1). The boreholés were com-
pleted with ungrouted .38 mm PVC pipe with no
screened intervals (open only.at. the bottom), so that
the waters sampled were composites- from the entire

borehole. The sites are in a subalpine environment at .. :

an elevation of approximately 3475 m, at the head of
the recharge area for Deep Creek, a tributary to the
upper Rio Grande. Soil depths range from 0.0-1.0 m
.and the mean. annual air temperature is 1.3°C. Mean

© late.in? the Sprlng (Hoch et al., 1999).

accumulation -usually begins in November, after soils
are-frozen -and .is -typically shallow. enough (0-2 m)
that- sorls and shallow colluvium remalnv frozen until: ... .

Show oe Mo ntam is the topographrc expression

~51928; Claa’s‘é ,
rmeabrhty of the

_tual‘.'», 1983). The -
:rix= of the 'welded .

1n colluvium eXposed by :mechanical
1999) The host- lOCk contains -

m1xed dloctahedral and trioctahedral. smect1te clays (as

annual precipitation is about 53 cm much of which is
in the form of snowfall (Bates and Henry, 1928). Snow

Fig. 2. Comparison of core from (A) borehole SM-4 and (B)
borehole SM-1a. The SM-4 borehole core is characterized by
open fractures, whereas the SM-la fractures are typically
filled with calcite (white veins). Core diameter is 38 mm.

. weather ng’ products of glass and auglte respectlvely)

* with “calcite; whereas these same types of fractures in
“the SM- 4 borehole contain no, calcite (Fig. 2). Zones

‘holes in thrs study are summanzed in Table 1. Bneﬁy,-

. an Hg vapor lamp (Soeder, 1990 allowmg one toseé .

- for poros1ty ‘and~permeability:: measurements ‘Modal
‘minefalogy, fractire occurrence, and‘areas of enhanced -

fractu s:in” thef_SM la borehole ‘are commonly filled

of hlgh permeabﬂrty occur in core from borehole SM-. .. L
la near the bottom (19.2 m depth) This zone may be. . '
related to the ‘primary bedding features of 'the tuff and. = *
is probably a: srgmﬁcant facrhtator of groundwater S
ﬁOW;'- :

Elevatibns a'nd hydrologic features ‘of the two bore-’

‘,@
i
i

in borehole SM-4 the water level varies from below the
bottom of:the borehole durmg the base-flow. season .
(fall,” ‘early wrnter) to the top of the “borehole” during
the. spring snow melt. In contrast, borehole SM-1a has.
a water Ievel that is quite constant' hroughout the_.

with, ¢ epoxy contammg 1hodamme that ﬂuoresces under

pore 's‘stem features optically 4 daprovrde pet1ologrci" :
contex‘ for measured ‘hydrologic’ parameters ‘Thin. sec- -
tions weré prepared from the'same core samples used-..:_--

porosity were.deternnned by counting a 300 point grid
on ‘an approximately 20 x 20 mm area on each slide
usmg a rnechamcal stage and petrographlc microscope.
The- presence “of ““intragranular porosity” was noted
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when the microscope crosshairs were located on areas
in' which the epoxy had penetrated.- Selected ‘thin sec-
tions were also viewed with a scanning electron micro-
scope, - equipped with an energy d1spers1ve X—ray
- spectrometer to identify fracture minerals and’to see

zonation' in ‘calcite. Attempts were made at analyzrng S

- fluid mclusrons in calcite 'with no success " due to .the

. hlghly frrable niture’ of the mineral. All thm sectlonsr,
- studied - were smnlar in pumary mmeral assemblage f

. and texture

2 3 Coze poz oszty and per meabzlzty N

Matnx total p01 osity and absolute permeablht fwere
1easured ‘for-core’ samples selected at:. roughly 5 m
intervals.- Samples -that- were - too friable’ or had large

(>several -mm) fractures were not analyzed a8 ‘they .

tend to break. when sleeve pressure is:- apphed durmg
core test measurements. Matrix porosity.is the volume
of interconnected pore space that can-be filled with

000) ’ 1495—1504

Reddy et al; (1994) for details of whole rock petrogra-.

chet al. (1999) for further . discussion of

l.glass
of fractures were deﬁned in. the core:

etures: ’

fer scale lenjth).

les (>cm scale length)

,the width of type L and 2 fractures.
ith-the optical mlcroscope because the

was;

wid: inner than the 30, m, thick thin sec-

tion:-An 0‘not penetrate: the surface” of the ..
_ samplésperféctly fiormal to the thm section surface.
- Basg ddy et al. (1,994)__deﬁned ‘3. popu-
latic re-diameters in -Snowshoe Mountdin tuff

‘ "'us1ng Hg intrusion porosimetry: 0.02-0.2, 0.2-10 and
Cum. -Type 1 and 2 fractures are probably the.t

wrthm phenocr‘ysts A(mm scale '
s between phenocrysts but wrthrn

: larger fracturés that -CrOss- -cut v

b

____He . Porosity._can_provide an indicationt_of chemical
weathermg in the tuff matrix. Permeablhtles were .

measured by forcing N> gas along the:core axis, i.e.,

vertical permeability, with' a confining : sleeve pressure

of 2.8 x 10° Pa. Absolute permeability is:a measure of
- flow of & single phase through interconnected pore ‘net-

" work. The permeability measurements - were used to . -

' infer the feasrbrhty of Water movement m the rock:
. samples

24. Isotopic charact'erz‘stics'of calcite frdctur‘e ﬁ;’lings

: Stable 1sotope values for C and O were obtamed for
“calcite’ from.-3 depths in the borehole SM-la’ (one
sample .in triplicate); radiocarbon (14C) ages were
deternuned for calcite from 3 depths (one in duplicate)

. (Table 2).

3 Results

» Phenocrysts (~50% of the rock) were dommantly
-plagloclase (~40% by volume), with lesser quartz sdni-
dine, augite and biotite: The matrix was . do:mnantly

quartz and sanldme w1t11 traces of 1nte1st1tlal glass See:

e

: 'Table l

1s hlcely relate _ to ‘the drssolutron of 1nterst1t1al glass or. -
volum : loss assocrated with recrystalhzatlon of glass to

Two ma_]or matrrx features were deﬁned petrographr-
cally:. weathered maltrix, i.e. exhibitinig enhanced poros-
ity, and unweathered matrix. Weathered matrix was
most often observed in the proximity of types 2 and 3

open fr' tu_res in the SM-4 borehole Weathermg fea-

trally d1ssolved»matr1x (F1g 3(B)), ‘and dissolution of

pyroxene (Fig. 3(C)) Unweathered matrix showed no
mineral. dissolution or alteration and no pen-.

amine dye (Fig: 3(D)). Differences
n the predommantly phreatlc (SM-12)

’ Borehole depths and hydrol gic charactemstrcs
: S_ite .name Ce Elevatronr (m) - 'Corm‘nents
Borehole SM;4 3487 » . 13 1 m depth water level varle Zmnually from top of borehole to completely empty.

' -Short water resrdence time m uppe1 borehole

Borehole SM-1a 3475 » 192m depth water level only s|

1gl_1t1y vana_ble, near-surface throughout the year

~4) zones observed on the microscopic .’
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Table 2
Isotopic analyses of calcite fracture ﬁllmgs from phreatic core

Sample ID Borehole depth (i_l‘ie}t‘ers‘ from top of casing) ' SISOVSQOW (%0) 83Cppp (%) - 'C age (ka)

wSsu /abozatmy

SMT-CC - "+ 161 -43+40.2
SMT-CC2 16.1 —42402°
SMT-CC3 : = -~ .6.7 —-8.140.2
SMT-CG4 .- - 120 163402 —4.740.2
SMT-CC6 - - = 161 j.;16 1 +0. 2 ~3.5+0.2
Arizona AMS )
SM-1a-21 . 64 —-8.7* S 390412
SM-1a-47 14.3 -5.6* 30.1+0.5
ETH-Zurich o
| SM-1247 - 143 C o S 46.4+1.6
SM-1a-529" - . 16.1 L ’ 39.1%.

# Errors were not reported. -

Fig. 3. Comparison between weathered (A:;. B, €) ‘and unweathered (D) .features in core from Snowshoe Mountain. (A) Borehole
SM-4, 3.8 m depth; type 3 fracture containing some clay and cross-cutting both matrix and phenocrysts (plane-polarized; trans-
mitted light); (B) same as A, only with Hg vapor lamp reflected light; areas of porosity fluoresce orange. Note penetration of por-
osity into the rock matrix; (C) vadose zone SM-4, 2.4 m depth; figure showing enhanced porosity along type 2 fractures, crystal’
boundaries and type 1 fractures in augite, note preferential dissolution at termination of augite C-axis; (D) borehole SM-1a, 10.4 m
depth; calcite-filled type 1 and 2 microfractures cross-cutting phenocrysts and matrix, with occluded permeability or p01051ty (i.e..
no fluorescence under Hg-vapor lamp) (plane-polarized, transmitted light).
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weathering. Isolated occurrences of Ca-zeolite and gyp-

- sum were-also observed in borehole SM-4 fractures,

algng with matrix weathering features. The zeolite is
prob b y'related to glass weathermg, whe1eas gypsum
may. be. related to infiltration of Ca?* and' SO4 -rich

.precx' tation during the dry summer or fall sedsons.

Bot m nerals were associated with zones of enhanced
weath ng -and: permeablhty, as shown’ by the rhoda-
mine dye penetmuon

Fra‘tur“'smfaces in the lower two thlI‘dS of the SM-
1a borehole, were mostly unweathered ‘because calcite
s’ ﬁ ”t1vely ﬁlled the fractules and nnmrmzed reac-

Flg 4. Borehole SM- 1a, 6.4 m depth, calcite partially dissolved out of a type 1 fracture (A) Fracture cross- cuts both amphibole
phenocryst (dark mineral on left) and matrix. Calcite in the center of the fracture is surrounded by opén- space- represeited by the
violet-colored epoxy (plane-polarized, transmitted light); (B) same field ‘as A, orange ﬂuo1escence under Hg-vapm lamp shows

extent of minor enhanced porosity near the open fracture.

the larger (0.5 mm gap) calcite-filled fractures studied

in detail.(SM-la, 16.1 m depth), it.was observed that

the walls of the fracture were lined with several layers -

of calcite separated by zones rich-in: ofganic material,
which miay ‘inhibit calcite dlssolutxon, )ust as it inhibits

- crystal growth. Chémical zonat1o (vanable Mg abun»,’i»
ay: 1magmg In con- -

dance)lwas also observed using:.

trast; -fhe deepest sample stud1e. i, thé. SM-la

borehole (l92 m. depth) contained typ'.3 ﬁactures'
merals ‘Qr con-

that: were: enthel unﬁlled by secondary
tamed clays w1th'no calcite.
Between - the endmembers of « ‘opert

eathered frac—

unwea hered;fractures in borehole SM la petrographxc S

textures were observed 1nd1catmg that_ calc1te is ;cur-




“The sample from 8.4 m .dept
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fracture are surrounded by Epoxy from the impreg-
nation/thin section process. Weathering of matrix ma-
terial around -partially-dissolved calcité .is absent, in

~ contrast to open fractures of borehole: SM 4, , indicating-
'Very late-stage calcite drssolu'uon Thrs :1is “consistent
with the observation that all waters analyzed by Hoch -

(1997) on Sriowshoe Mounta1 :~(precrp1tat10n bore-
holes, springs and creeks). were-‘ undersaturated with
respect to CaCO3 phases.

: weathenng, and have porosrtles that range from 3.5 to

% Porosrty measurements Jins the boreho]e SM-4

19.2% - ‘was - extensively weathered - Higher . measured

'.por031ty could also be seen petrographrcally, Botehole ™ -

SM-1a .core with calcite-filled fractures (lower 2/3 of

. borehole) had porosities ranging from 1:0"to 3.3%. -

(Fig.; 5)::Core- near the top of the- borehole that con-

with 4 "p'orosity of =

.1nd1cat1ng weathermg of the matrix was not as exten-

: sive. as-in ‘the SM-4 borehole (Fig. 5). .
) ’meablhty varied in both boreholes from less than

mrlhdarcy (md) to O 195.md wrth the exceptron

ofractures wrthm phenocrysts are:not a

resul
S such as high pressure at grain boundartes
ctonlsm cooling - or unrooﬁng by erosion.

Magrofr; tures are also natural and, their frequency is

. -.an, 1nd1cat10n of the severity.of. local tectonism. . Some _ -
. macrofractures _had slickensides from local rock fault-

.open,and unaltered,” mxcroscoprc fractures
,'100—fold -variations in ' measired per- .

" VADOSEWELL SM-4,
Depth from T.O.C. (m). '

g .4 /

D el Ny
T &V
cm.|de
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E- 812
. § T .
RN
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. tamed open fractures had. porosrtles from 1 7. to 2. 8%,-
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Fig. 5 Comparison of measured hydlologlc parameters and petr, ographrc featutes for the boreholes studred Note that permeability,
porosity and high porosity matrix (a surrogate for chemical weathermg) are correlative for the vadose borehole, but not for the

phreatic borehole because calcite fills large- fractures and impedes. alteratlon by groundwater (T.O.C. is the top of the casing.)




facti\_}.it'y" .:o',r'.is,a-line lalce depositioﬁf’m
- Stiowshoe Mountain (over: 20. Ma
tope signatures of present .groun waters fall' within
-the. rather harrow: range of — —-13
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Calcite from borehole SM-1a §'80 normalized to
VSMOW ranged from 15.8 .t0.-25.3%0. .The 25.3%o
value was from a sample analyzed in: trlphcate with the
other two values of 15.8-and 16.1% _1nd1cat1ng isotopic

* variability from multiple mineralization: eprsodes within
.. -a single fracture location. §2C .m
- from —3.5, to: ~8.1%0 (norma_hge to- 'PDB standard)

ureménts ranged

%o,- normal-

ized to, VSMOW whereas 813 : 1n present—day

‘surface waters. and ground waters ‘have a’ much more
broad . range-. (—25 to —S%opDB, D Halm, USGS ¥
. unpubhshed 1sotpprc data).

.»durmg therlate i
- groundwater

go :-IStable Oiso- - -

4 3. Origin and stabzlzty of calczte fractwe ﬁllmgs

present day groundwater 1sotop1c

ings: (Frre man: an 1 O’ Neil, 1977) formatlon tempera—-
- ture¥’ ate- obtained -which are. slightly .warmeit (6-14°C) --
- than’ present day (l :3°C); but not hydrothermal Given
that 'we are’ curréntly leaving an ice age -and the mean-
- . ;annual" femperature on Snowshoe Mountain is now
“near freezmg, ‘the temperature- durrng the ‘last 40 ka- -

Although the calcrte filling type 3 fractures resulted -
g ultrple nnnerahzatron events; 1ad10carbon ages '5

3 5%0 6180) are . used to calculate

. 4.-.jDisv'vc'ussiox_'1 S

of opeti, type ' f

'4 ] Calczle fracture ﬁllzngs ds bamersra' ﬂuzd ﬂow .

' Porosrty in" core samples from borehole SM-la was
consistently low, even though the abundance of calcite-
filled fractures was variable (Fig: 5y Petrographrcally,

. ,calc1te~ﬁlled fractures were not.. 1rnpregnated with
. €POXy; 1ndrcatmc that the calcite. mmerahzatron inhib- .

ited water movemert and weatherlng Ini locations with

‘such tightly mineralized fractures, recharge to the dee-
'per aquifer by. meteoric watér may be’ strongly impeded. ..
or completely 1nh1b1ted by fracture-ﬁlhng calcite.

Enhanced porosrty due to Weathenng assoc1ated L

with type 1 and 2 fractures was ‘only observed n

samples exhrbrtrng enhanced permeabrhty in the form. " -
. fractures or type 3 actures ﬁlled with-
'."expandable clay, gypsum or- zeglite F1g 3(A) (C))
" The petrographxc relat1onsh1p betw 9! secondary min- .
, ,erals other than-calcite-and weathering: features indi-
-cate, that these “minerals formed. {
B ,weathenng wrthm the fracture surfaces and. that clays
‘and zeolite.are poor - inhibitors of “water- movement in

this system Bedrock . with large type 3. fractures as.
sampled by borehole SM-4, may 'serve as recharge
zones to the deeper aquifer. Calcite- dlssolutlon features
observéd in -the upper part.of Borehole: SM-1a illus-
trate that the impermeable calmte barrrers are transi-
ent.

furing “or after

' ‘_;probably was .not much h colder.” The fact that slightly
-warmer temperatures of - formatron Were - calculated

may’ “be due td: the composrte nature- of the: samples or

-the 1sotope fractlonatlon model itself:- Regardless of 7. ..
the reagon for the discrepancy.the calcite pi obably pre-
- cipitated | from - lower-temperature. - “méteotic’ waters,

rather than hydrothermal waters assocxated w1th the
Creede. caldera

Chem1cal ‘mechanisms for calcrte precrprtatron may
have inchided processes that increased pH of solution °

(by €Oy outgassing, for example), -or that directly

_ increased concentrations of Ca”* by weatherrng of pri- -~
- mary; ‘silicate matérials, and/or evaporation associated

with- séasonal variations in ternperature and precipi-

tation. Outgassing of CO, from'infiltrating waters may - .

have 1ncreased pH and also caused the large variation

in 82C- values observed. Organic C present in  some
: .calcrte cements in.fractures supports an 1nﬁltrat1ng s01l

water source for’ the calcite- formmg waters.

* Dilute, low-pH infiltrating ground waters are. more_--g :
effective in weathermg the most reactlve rock phases )
than.the more equilibrated, older ground Waters; Inter-; = oo
‘stitial-glass ‘and .augite are orders of rnagmtude more "
susceptlble to d1ssolut10n ‘than- quattz and feldspar es- -

pec1ally on freshly created ﬁacture sulfaces (Hoch et

" al; 1999) Weathermg the. glass reledses cations (malnly_ R
K"" and Ca *), produces . alkalinity: and increases pH.. -
‘Augite ‘is:weathered, initially,- by a’ 1ap1d exchange of . ‘
' -Ca2+ “for protons which also” produces alkahmty, e

raises pH ‘and miost significantly, increases: 'Ca%t con-
centrations. . Mixing of dilute. mﬁltratmg waters that
have- garned Ca“ by . weathering fresh- surfaces of.

‘augite” with deeper, more alkaline- groundwater may

have led to high calcite supersaturation condrtrons and
subsequent precipitation. .
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4.4. Present-day calcite dissolution ..

v 'Petrographic observations. and water chemistry indi-
“Cate that calcite fracture fillings,"at: least. in the upper

1ons render the mineral unst'lble

-4, 5 ]mplzcaz‘zons of calczza cerment. ta long-te; 7
ydl odynamlcs cmd geochemzstl y

few feet, of the' SM-la borehole ‘are presently dissol- ..
ing.Such fracture- fillings : "may- or’ may not have '
_existéd in the borehole: SM-4. Near surface calcite dis- .
olution in borehole SM-14, is- related to-the proximity.. .. -
.énd accessrbrhty of dilute 1nﬁ1trat1ng -waters and active. -
méchanical -denudation-of-the land: surface ‘The calcite ' .
'.'the fracture fillings probably formed -earlier from. . -.
aters subjected to -subsurface processes discussed: ;- -
_above ‘but present-day geologrc and geochemrcal con-

: The groundwater system nea1 the summit -of Snow- L
_ shoe Mountain is dynamic.and, affected by-the presence.... . -
or absence of calcite m1nerahzat1on in rock fractures. -, . .

1503

. processes of CaC03 p1ec1p1tat10u dissolution, -and
1esult1ng modlﬁcatlons to the. hyd1olog1c chalaetel of

»v~Student volunteer program for supportmg o
168 rch as a graduate student at the, Umver- L

- from composites of layers in the calcite cemented. type
and drssolutron processes have been operating intermit-
‘vrng in the borehole SM-1a and are completely absent.
in- SM-4. Once calcite-cemented ™ fractures reopen,
-~ .. osity and reactive character of ‘the rock. In terms of

~ present hydrologlc state of the system should be con-
. .srde1ed in one-of many possrble stages of change.

A '5.:.C,or1clusions

m"-.,'post emplacement hydrologic and geochemical pro-

face area: In boreholé- SM-1a, calcite fracture, fillings

- tjons-in most of the sampled rock. Observations.in the
- near-surface of borehole SM-1a suggest however, that
.. these calcite fracture fillings are currently being dis-
* solved by waters infiltrating from the land surface. The

~. - Chemical conditions that once produced calcite frac- .
. ture fillings are not detected in borehole and spring ... .
waters. Carbon ages obtained from' calcite deposited'in . . U
_.." fractires in borehole SM- la.do not support recent.cals
cite precipitation. Though ages are probably derived

3 fractures, they illustrate the fact that precipitation”
tently for’ tens of thousands of years. At present, it can -

be:seen petrographically that calcite cements are dissol-

' weathermg within the rock ensues, enhancing the:por- . - Bethke PM,,

'f..geologlc time, these changes may be very rapid and the -

.. The boreholes considered ‘in this report sample-a " .
' vhthologwally uniform bedrock subjected toa vauety of g

" cesses.. In borehole SM-4 .where calcite' fracture ﬁlllngs o
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