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Mesoproterozoic chronostratigraphy of the southeastern Llano uplift,
central Texas
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Robert Robacke
ABSTRACT either represent early synorogenic crustal melts Carlson and Schwarze, 1997; Carlson, 1998). Late
or be related to the volcanic rocks in the Pack- syntectonic to posttectonic granitic plutons were
The Llano uplift of central Texas exposes saddle Schist. emplaced at ca. 1.1 Ga synchronously with a

Mesoproterozoic crystalline rocks affected by  In addition, these new data show that, con- low-pressure metamorphic event that overprinted
a Grenvillian orogeny between 1.2 and 1.1 Ga. trary to previous reports, youngerPacksaddle the earlier, higher-pressure assemblages (Bebout
We report four new U-Pb zircon protolith ages  Schist lies in structural contact aboveolder and Carlson, 1986; Walker, 1992; Reed, 1995,
of 1247 +4, 1257 3, 12728/_5, and 1366 83Ma  components of the Valley Spring Gneiss. More- 1999; Carlson, 1998). In the southeastern part of
for four quartzofeldspathic rocks from the re-  over, one of the dated meta-igneous units is the uplift, the 13261275 Ma mafic plutonic
gionally defined Packsaddle Schist and Valley the oldest unit yet found in the uplift and rocks and a serpentinized harzburgite (the Coal
Spring Gneiss in the southeastern part of the records an early period of metamorphism Creek Serpentinite) form a distinct lithotectonic
uplift. The 1366 + 3 Ma gneiss also yields a prior to formation of most Llano uplift rocks.  terrane (Coal Creek domain; Roback, 1996a) that
metamorphic age of 1325 £ Ma. These new Its 1366+ 3 Ma protolith age is coeval with is interpreted to represent an ensimatic arc that
U-Pb ages, in conjunction with previous U-Pb rocks of the Western Granite-Rhyolite terrane.  evolved separately from the rest of the Llano up-
age data, demonstrate that several regionally Age and geochemical similarities link this unit  lift and accreted to the southern margin of North
defined map units contain constituents with  of unknown regional extent with the Western America during Grenville orogenesis (Roback,
widely disparate ages. Granite-Rhyolite terrane of known Laurentian ~ 1996a; Mosher, 1998). Timing of accretion is
We have identified four age suites for proto-  affinity. Thus, this component of the Llano up-  bracketed between the age of the youngest pro-
liths of metamorphic rocks in the southeastern lift may be the basement on which the younger tolith in the arc terrane and the age of the oldest
part of the Llano uplift that appear to repre-  components of the Valley Spring Gneiss and stitching pluton—i.e., between 127% ; Ma and
sent rock packages of distinct tectonic origins: Packsaddle Schist formed in a tectonic setting 111<3+6/_3 Ma (Reed et al., 1995; Roback, 1996a;
(1) the northern, 13661272 Ma felsic gneisses proximal to Laurentia and south of the West- Mosher, 1998). Protolith ages of mylonitic rocks

of volcanic, plutonic, and continentally derived  ern Granite-Rhyolite terrane. within the terrane-bounding shear zone suggest
sedimentary origin (Valley Spring Gneiss and that accretion occurred after 123"@_6 Ma

an older gneiss component), (2) the geographi- INTRODUCTION (Walker, 1992), and metamorphic ages support
cally intermediate, ca. 1257—-1247 Ma (and pos- accretion at ca. 1150-1120 Ma (Roback, 1996b;

sibly older) basinal sequence thatformed along  The Llano uplift of central Texas exposes th&oback and Carlson, 1996; Mosher, 1998).
a continental shelf and slope near an arc (Pack- largest tract (~9000 k# of Mesoproterozoic ~ The Mesoproterozoic tectonic history prior to
saddle Schist), (3) the southern, 13261275 Ma crystalline rocks in the south-central United Statesollisional orogenesis is less well constrained.
remnant of an exotic, ensimatic arc complex (Fig. 1). These rocks, as well as smaller exposur@$ie penetrative deformational and metamorphic
(Big Branch Gneiss and Coal Creek Serpenti- in west Texas and northern Mexico, comprise theverprint makes identification of protoliths and
nite and plutonic complex), and (4) the 1239— western continuation of the Grenville orogenidithotectonic relationships difficult, and previous
1232 Ma tectonized felsic rocks that intruded belt of eastern North America (Mosher, 1993attempts at defining the tectonic setting for proto-
the first two suites. The first three suites of 1998). Detailed structural, metamorphic, andith formation were hampered by the lack of abso-
rocks were structurally imbricated during  geochronologic studies within the Llano upliftlute age constraints and structural control. Most
Grenville orogenesis, and the fourth suite may have shown that supracrustal and plutonic rockesarly workers (e.g., Paige, 1912; McGehee, 1979)
were affected by a ca. 1.2—1.1 Ga orogenic eveobnsidered the contacts between metamorphic
*Present address: Department of Geology and Géhat involved polyphase, synmetamorphic ductilenits across the uplift to be conformable and strati-
ography, Northwest Missouri State University, Mary-deformation (Nelis et al., 1989; Carter, 1989graphic in nature. Thus, a stratigraphy for the ma-
ville, Missouri 64468. _ Mosher, 1993, 1998; Reese, 1995) and transitionjalr Precambrian metamorphic units in the Llano
TCorresponding author; e-mail: I . . : - : . p -
mosher@mail.utexas.edu. amphibolite-, granul_lte-, eclogite-facies d_ynamoupllft was establls_he_d onthe bas_,ls of their relative
SPresent address: Los Alamos National Labordn€rmal metamorphism (Carlson and Nelis, 198@tructural level within open, regional-scale folds
tory, Los Alamos, New Mexico 87545. Wilkerson et al., 1988; Carlson and Reese, 1994nd regional correlation of grossly similar litholo-
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Figure 1. Generalized geologic map of the Llano uplift, central Texas (after Mosher, 1993). Asterisk designates the location of Inks Lake gneiss
at Inks Lake State Park. Inset shows outlined locations of Grenville orogenic belts in North America.

gies (Fig. 2A) (see McGehee, 1979; Barnes, 19! fAT7 E] % 275 conLcrek T §pL@T9'1N'2.gzc'?2A7'ZL5§
and references therein). The first application | AJf 522 Y i
modern U-Pb geochronology (Walker, 199: [</3¢ H RIS
suggested that this simple stratigraphic succ f:fp ;g’ ..... fgfp
sion was in error and that regional map units we |3 »j <2 /§§<;
tectonically juxtaposed (Fig. 2B). Resolving th |78} g Lens
discrepancy is fundamental to determining tl | SgJC JC; 3 ;g
precollisional tectonic setting along the southe ?f—%i ; B ;%2
margin of Laurentia. 2 75 Lo
This paper presents U-Pb geochronology frc [£23% ?E ﬁé;
four quartzofeldspathic units in the southeaste [; QJQ.- X5 02
part of the Llano uplift (Fig. 3) from an areawhei [2/3¢ << A
the structure in the area has been mappedind i, = pjy OB —
(Reese, 1995). The samples were selected fi [ #EVALLEVSPR'”GGNE'SS: = smeaes—— [] i@%ﬁ?{%ﬁ?& g S
key locations where contact relationships we ij"'h, 3 jﬁ 2 = L

carefully documented. The results establish t

protolith ages for the major regional map units ir - Figure 2. (A) Original stratigraphy (after McGehee, 1979). (B) Tectonostratigraphy of Walker

the southeastern part of the uplift and—couple(1992). (C) Revised chronostratigraphic and structural relationships in the southeastern part of
with those of other geochronologic investigationthe Llano uplift.

(Walker, 1992; Reese, 1995; Roback, 1996a)-

their age variability. In this paper, we reevaluate

the previously defined stratigraphy, regional maprevious Stratigraphy is structurally overlain by mafic rocks including
units, and structural relationships and identify four the Coal Creek Serpentinite and Big Branch
age suites of metamorphic protoliths that appear to Previous workers (see McGehee, 1979; BarneGneiss (Barnes, 1978a, 1978b, 1978c; McGehee,
represent rock packages of distinct tectonic orit988; and references therein) inferred a basi979) (Figs. 1, 2, 3). The “stratigraphy” followed
gins. Furthermore, we present data indicating thatratigraphic order for the major Precambriathe original mapping of Paige (1912), who treated
at least one gneissic unit is the age equivalent mfetamorphic units in the Llano uplift, which was the Valley Spring Gneiss and Packsaddle Schist as
rocks of the Western Granite-Rhyolite terrane, anitlom structurally lowest to highest (or what theysedimentary units with a gradational contact.
we suggest a possible link between gneisses in thensidered oldest to youngest), Valley Springaige (1912) placed the contact between these
uplift and the North American craton immediatelyGneiss, Lost Creek Gneiss, and Packsaddle Schisb units at the base of a predominately gneissic
to the north. All of these relationships provide im{Fig. 2A) (McGehee, 1979; Barnes, 1981, 1988sequence. McGehee (1979) introduced the term
portant temporal and spatial constraints on teedso see Walker, 1992). In the southeastern part‘tiano Supergroup” for these units and also con-
tonic models for the Mesoproterozoic tectonithe Llano uplift, the stratigraphy differed; the Lostidered them to be primarily of sedimentary ori-
evolution of the southern margin of Laurentia.  Creek Gneiss is absent, and the Packsaddle Sclgist with minor igneous components. On the basis
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Figure 3. Geologic map of the southeastern part of the Llano uplift (modified from McGehee, 1979), showing U-Pb dates for the regional map

units that have been dated. Areas of predominately Big Branch Gneiss or Coal Creek plutonic complex rocks are separated, although both units
commonly occur together.

of gross lithologic similarities, McGehee (1979)present geometric configuration. It is notablestrictly sedimentary in origin, in part to distin-
subdivided the Packsaddle Schist in the southeatttat for the two regionally extensive map units irguish it from younger, foliated intrusive rocks. In
ern part of the Llano uplift into, from structurally the uplift, Walker (1992) interpreted that oldercontrast, Stenzel (1935) considered most of the
lowest to highest, the Honey, Sandy, Rough Ridg@acksaddle Schist structurally overlj@singer Valley Spring Gneiss, as mapped by Paige (1912),
and Click Formations (see McGehee, 1979, fovalley Spring Gneiss (Figs. 1, 2B) and suggeste be igneous in origin and redefined the gneiss to
detailed descriptions). Individual units within thethat the entire stratigraphy was inverted or te@xclude all demonstrably sedimentary rocks. Sub-
Valley Spring Gneiss were also identified andonically imbricated. sequent workers(g., McGehee, 1979; Barnes,
mapped separately (Lidiak et al., 1961; Barnes, 1981), however, used Paige’s (1912) map unit,
1978c; McGehee, 1979). Early U-Pb, Rb-Sr, an&egional Map Unit Descriptions but did not require a sedimentary origin. Barnes
K-Ar geochronologic studies (Tilton et al., 1957, (1988) hypothesized that the gneiss represents a
Silver, 1963; Zartman, 1964, 1965; DeLong and The Valley Spring Gneiss is a regionally exsuccession of felsic volcanic, pyroclastic, and
Long, 1976; Garrison et al., 1979) established #&nsive map unit (Fig. 1) consisting primarily ofvolcaniclastic rocks intercalated with sedimen-
Grenville age for both the metamorphism and latejuartzofeldspathic gneiss. The gneiss in the eagtry units of varied rock type, whereas McGehee
crosscutting granitic plutons, providing a mini-ern part of the uplift has a bulk composition of §1979) considered them sedimentary in origin.
mum age for the stratigraphic sequence. granite or arkose (Billings, 1962). Farther west, iAlthough previous workers have speculated on
Walker's (1992) study, which obtained proto-has variable compositions more consistent wittihe nature of the gneiss protolith, hypotheses on

lith ages of 1303—-1232 Ma for a suite of metasedimentary (Mutis-Duplat, 1972; Droddy, 1978the tectonic setting in which the Valley Spring
morphic units, demonstrated that regional mapReed et al., 1996) or volcaniclastic protoliths anneiss formed are scant (cf. Mosher, 1998).

units contain rocks of greatly disparate age. Heontains minor calc-silicate, marble, metagabbro, The Packsaddle Schist (Fig. 1) is a regionally
challenged the long-accepted stratigraphic ordserpentinite, amphibolite, mafic and pelitic schistextensive, lithologically heterogeneous map unit
and suggested that these packages may hare quartzite (Barnes, 1981, 1988). Paige (1912pnsisting of hornblende, graphite, biotite, mus-
been tectonically juxtaposed to produce theioriginally defined the Valley Spring Gneiss agovite, actinolite, and calcareous schists, quartz-
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ites and quartzofeldspathic rocks, amphibolitegated structural relationships across this contactias not reanalyzed because the age determined by
and marbles. Rocks of the Packsaddle Schist hawe also collected two samples of Valley SprindReese (1995) is consistent with the redated Pack-
been interpreted as predominantly metasedineiss adjacent to the contact. Sample localitissddle Schist samples.
mentary (Paige, 1912; McGehee, 1979; GarrisofFig. 3; crosses) and analytical methods are given
1981a, 1981b). McGehee (1979), however, sudga Appendix 1. Isotopic data and calculated agdd-PB ZIRCON RESULTS
gested the possibility that it may represent a meté2s) are presented in Table 1 and plotted in Fig-
morphosed volcanogenic pile, with sedimentaryre 7. It should be noted that zircons dated in thRacksaddle Schist—White Creek
and igneous precursors. Several workers (Billingstudy are from the same samples as those Reese
1962; Patchett and Ruiz, 1989; Walker, 199211995) dated by using bulk zircon fractions. One Two felsic units from the middle part of the
Reese, 1995; Roback, 1996a) have identifiedf the units previously yielded an age inconsisPacksaddle Schist (Rough Ridge Formation) ex-
units with igneous protoliths within the schist, intent with the field relationships, and another indiposed in White Creek were selected for dating
cluding rare basaltic pillow lavas (Farmer, 1977yated complex zircon systematics. Considerin@Reese, 1995; Fig. 3). The local preservation of
and sills (Roback, 1996a). The depositional envthe potential complexity of these rocks, four oprimary features within the Packsaddle Schist al-
ronment for the Packsaddle Schist is interpretetie five dated by Reese (1995) have been reahaws identification of protoliths for some meta-
to have been a continental-shelf-and-slope settigred by using significantly smaller size fractionssedimentary and metavolcanic rocks in spite of
along the flank of an arc (Garrison, 1981a, 1981lof carefully hand-picked, high-quality zirconsthe generally strong penetrative strain. The units
1985; Mosher, 1998). that were optically characterized by petrographisampled are not intensely deformed and were
Much less extensive map units include the Bignicroscope and cathodoluminescence. A fiftikhosen because field and petrographic charac-
Branch and Red Mountain Gneisses in the souteample from the middle of the Packsaddle Schitgristics (discussed below) indicate that they are
eastern part of the uplift (Fig. 3) and the Lost
Creek Gneiss in the western part of the uplift
(Fig. 1) (Barnes, 1981). The Big Branch Gneiss
consists of 1326—1301 Ma (U-Pb zircon protolith
ages) tonalitic gneisses adjacent to the Coal Creek
Serpentinite (Fig. 3; see Roback, 1996a), whereas
the Red Mountain Gneiss consists of a series of
southwest-dipping granitic sills (0.1-1.5 km by
0.3-8 km) that intrude the structurally uppermost
(and presumed “youngest”) part of the Packsad-
dle Schist (Nelis et al., 1989) near the tectonic
contact with the Coal Creek domain of Roback
(1996a). One of these sills yielded a U-Pb zircon
protolith age of 1239%_, Ma (Walker, 1992).
The Lost Creek Gneiss is a migmatitic granitic
augen gneiss that yielded a zircon protolith age of
1252+ 3 Ma in the northwestern part of the uplift
(Walker, 1992).

U-PB ZIRCON GEOCHRONOMETRY B

Data Collection and Analysis

Figure 4. Packsaddle Schist metavolcanic

Five samples of meta-igneous quartzofeldsunit; dated by Reese (1995) at 12483 Ma.

pathic units from the Packsaddle Schist and Va

- S (A) Moderately foliated rhyolite or felsic tuff.
ley Spring Gneiss in the southeastern part of tt o . i
Llano uplift were collected for U-Pb analyses. AIIThe fine-grained quartzofeldspathic rock con

. ) tains thin interlayers of micaceous quartzo-
samples are from localities where field and petrc . . .
. - . feldspathic schist. (Arrow points to hammer
logic characteristics (Figs. 4, 5, and 6) and struc
for scale, center of photograph.) (B) Close-up

tural relationships of the units are well knowrofquartzofel dspathic rock in A showing color
(Reese, 1995). We dated these units to test th . . " .
stratigraphic and structural order and to check f(bandlng suggestlvg of.composmona.l layering.
temporal variability of regional mamits. To re- N ote that the banding is not' due to @ffer ences
: in the degree of deformation, grain size, or

solve the geochronometric variability of the Pack ; . .
: A ‘mesoscopic composition. (Pencil for scale,
saddle Schist, three units were sampled from di
bottom of photograph.)

ferent structural levels within the schist, two fron.
the middle of the sequence and the other at its
lower contact, adjacent to the Valley Spring

Gneiss. To constrain the age relationships be-
tween the Packsaddle Schist and the Valley
Spring Gneiss and to examine previously postu-
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volcanic in origin. Volcanic and volcaniclastic<l mm matrix grains and sporadic, isolatedhat typically lack visible inclusions or cores.
rocks in this area are interlayered with metasedl—2 mm quartz and feldspar porphyroclasts, whichhese zircons vary from 25 to @i in length,
mentary units. Much of the sequence consists appear to be relict phenocrysts (Fig. 5B). Quartand their aspect ratios range from 2:1 to 4:1. Cath-
interlayered biotite and/or muscovite schist angorphyroclasts are rounded and consist of eithedoluminescence (CL) imaging shows straight
micaceous quartzofeldspathic schist, quartzofeldingle unstrained crystals (Fig. 5A) or aggregatéaternal growth zonation, typical of magmatic
spathic rock interlayered with muscovite schistf quartz grains. Many feldspar porphyroclastgrowth (Fig. 8A). The single morphological type
and biotite and/or muscovite schist. Interspersembntain inclusions of other feldspar, quartz, or biand internal zonation collectively imply an ig-
with these units are amphibole and/or biotitetite (Fig. 5C) or are aggregates (relict glomeraaeous origin for this zircon population, either
schists and gneisses that locally are epidote riatlasts) of smaller feldspar grains. The feldspagslutonic or volcanic. The lack of any other zircon
Crosscutting relationships indicate that some gforphyroclasts are partially altered to sericite diype precludes a mixed detrital component, and
the mafic units are intrusive (e.g., orthoamphiboealcite. The bimodal grain size is clearly part of théhe euhedral shapes require a very local source if
lites), but a volcanic origin for many is probableoriginal texture and not the result of grain-size rethe population is epiclastic.
Metasedimentary units include 0.2-5-m-thiclduction of matrix grains by dynamic recrystalliza- Three fractions of the best euhedral zircon de-
quartzite interlayered with 0.1-2-m-thick muscotion. The rock shows no evidence of shear-relatdohe a discordia line with intercepts at 1257
vite schist, garnet-staurolite-sillimanite-biotite-fabrics. In plane-polarized light, irregularly shaped‘sl_3 Ma and 507 275 Ma (71% probability of
muscovite schist, and microcline-andalusite-musaggregates of feldspar and quartz are surroundt}t fraction Z1 is concordant and coincides with
covite schist. The latter has been interpreted asw biotite (Fig. 6A), reminiscent of replaced andhe upper intercept (Fig. 7A). The large error on
metabauxite deposit (Carlson and Reese, 1994lattened lapilli. Minerals are inhomogeneouslythe upper intercept is due to clustering near con-
\olcanic and/or volcaniclastic rocks include vari-distributed across a single thin section, resulting icordia and lies well outside the errors for the
able ~10-30-cm-thick, fine-grained quartzofeldiocal compositional changes consistent with theoncordant point. We therefore prefer to assign
spathic rock interlayered with ~3—10-cm-thickunit being a volcanic tuff. The rock has the bullan error commensurate with the concordant point
micaceous quartzofeldspathic schist (Fig. 4). Theineral composition and texture of a slightly deto derive an age of 12573 Ma. Because we in-
quartzofeldspathic rock contains a color bandinfprmed and metamorphosed porphyritic dacitderpret these zircons to be igneous in origin, this
suggestive of a compositional layering, and n&ock types of adjacent units are similar, some beage is presumed to date the crystallization of the
corresponding difference in mesoscopic comparg slightly more micaceous and schistose and otprotolith.
sition, grain size, or degree of deformation is obers being more quartzose and finer grained. All Reese (1995) dated an additional unit near the
served. Granitic orthogneisses also occur and maits trend northwest, dip southwest, are polydésase of the Rough Ridge Formation, (3 km north-
be equivalent to the Red Mountain Gneiss. formed, and have sharp to slightly gradational (onortheast of the sample 1 (PSRRV) collection site
Packsaddle Schist—Sample 1 (PSRRWhis  the centimeter scale) contacts that are folded. Tlig. 3). He obtained an upper-concordia inter-
sample was collected from the structurally uppeaunit sampled is currently ~10 m thick, whereas theept of 1248 83 Ma (with a lower intercept of
part of the Rough Ridge Formation of the Packsackage of quartzofeldspathic rocks in which thea. 0 Ma), which he interpreted as the igneous
saddle Schist (Fig. 3). It is a poorly to moderatelynit is contained is ~70 m thick. Original thick-crystallization age of the volcanic protolith. Be-
foliated, fine- to medium-grained, quartz-micro-nesses have been modified by ductile deformatiocause this age is coeval with other ages for the
cline-plagioclase rock with minor biotite, epidote, This sample yielded a single population of eurest of the Packsaddle Schist, this sample was not
and Fe-Ti oxides. The sample contains equahedral, clear, colorless to slightly cloudy zirconsedated. This fine-grained quartzofeldspathic unit

TABLE 1. U-Pb DATA

Fraction Mass Concentration Measured Corrected atomic ratios* Ages
(mg) U Pb Total 206pp 208pp 206pp 207p 207pp (Ma)

(ppm) (ppm) common 204Pb 206Pb 238U 235U 206pb Zoﬁpb 207pb 207Eb

Pb (pg) 238U 235U 206pb

SAMPLE 1 (PSRRV)

7110 smclr euh prsm  0.008 104 233 4 3038 0.1263  0.21500 44 2.4439 60 0.08244 12 1255 1256 1256
72 6 smclr clrls 0.002 131 297 3 1335 0.1480 021333 52 24212 70 008232 14 1247 1249 1253
Z313smclreuh prsm  0.010 124 277 2 8691 0.1397 021189 46 24023 56 008223 8 1239 1243 1251
SAMPLE 2 (PSBG)

71 7 sub-euh wincl 0.006 82 18.6 1 6293 0.1540 021266 76 24071 86 0.08209 16 1243 1245 1248
72 8 sm cldy 0.011 112 254 22 788 0.1632 021253 62 24015 80 0.08195 18 1242 1243 1244
SAMPLE 3 (VSAG)

712 med clr euh prsm  0.008 219 491 1 18203 0.1307 021452 56 24571 66 0.08307 8 1253 1260 1271
72 2 med clr clrls 0.003 221 489 2 5827 0.1296 021227 58 24299 66 0.08302 10 1241 1251 1270
732 med clreuh prsm  0.005 181 400 4 3213 0.1299 021219 52 24303 62 0.08307 12 1240 1252 1271
SAMPLE 4 (VSHEG)

Zleuhfractcldyincl 0024 326  79.7 11 10546 0.1587 022841 58 27311 70 0.08672 10 1326 1337 1354
72 fract cldy 0.032 535  129.9 20 12271 0.1575 022673 56 27074 66 0.08660 10 1317 1330 1352
73 sub-euh cldy 0.020 506 1228 12 12503 0.1715 022399 74 26636 86 008624 12 1303 1318 1344
Z4 cldy crack mag 0.019 782 1671 40 4810 0.1164 020662 72 24191 82 008491 14 1211 1248 1314
75 sph v cIr prsm 0.015 121 299 5 5626 0.1886 022526 80 2.6423 94 0.08508 18 1310 1313 1317
76 sph v cIr prsm 0.016 110 274 3 7406 0.2029 022490 98 26389 112 0.08510 16 1308 1312 1318
Z7 clr sph mag 0.015 117 292 4 6376 0.2021 022483 84 26458 90 0.08535 20 1307 1313 1323

Note: Abbreviations: cldy—cloudy; cl—clear; clrls—colorless; euh—euhedral; fract—fractured; incl—inclusions; mag—magnetic (at 1° backslope, full magnetic field
strength on Frantz separator); med—medium size (75-100 pm); prsm—prisms; sm—small size (50—75 pm); sph—spherical; sub—subhedral; w—with; v—very.

*Ratios corrected for fractionation, 1 pg laboratory Pb blank, initial common Pb calculated by using Pb isotopic compositions of Stacey and Kramers (1975) and 0.25 pg U
laboratory blank. Two-sigma uncertainties on isotopic ratios, calculated with a modified unpublished error propagation program written by L. Heaman, are reported after the
ratios and refer to the least significant digits. All fractions were well abraded.
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Figure 5. Photomicrograph (B) and enlarge-
ments (A, C) of sample 1 (PSRRV). (A) Enlarge-
ment of B that shows an undeformed, rounded
quartz grain. Note the lack of a core and mantle
structure; an abrupt change to a very fine-grained
matrix occurs at the large quartz grain boundary.
(B) Recrystallized, slightly deformed, dacitic vol-
canic rock, containing 1-2-mm-size, isolated
quartz and feldspar porphyroclasts that represent
relict phenocrysts. Bimodal grain size is part of
original texture and not due to dynamic recrystal-
lization. (C) Enlargement of B that shows a feld-
spar phenocryst that has not been dynamically re-
crystallized; the area outlined forms one optically
continuous grain, but it is full of quartz and some
biotite inclusions. Both insets are from the center
of the photomicrograph. Crossed polarizers.
Width of photomicrograph represents 13 mm.

is well foliated, lineated, and crenulated. Overalihe Valley Spring Gneiss—Packsaddle Schist comsth 1-3 mm microcline porphyroclasts. The

it has the same texture as sample 1 (PSRRV), batct were selected to establish the absolute agast occurs at the structurally lowermost part of
is more deformed (Fig. 6B). The composition andf units in this contact zone. Samples of Packhe Packsaddle Schist (Fig. 3) ~200 m south of,
texture are consistent with those of a deformeshddle Schist and Valley Spring Gneiss from thand above, the Valley Spring Gneiss—Packsaddle
and metamorphosed, thinly layered rhyolitic tufshear zone and a second sample of Valley Sprigghist contact. The unit strikes to the northwest
(Fig. 4). It is part of a massive felsic schist an@neiss from a unit <100 m north of, and strucand dips moderately to the southwest. The rock
gneiss unit composed of quartz, microcline, antirally beneath, the shear zone were dated.  contains a mylonitic fabric with asymmetric, rota-
minor plagioclase, biotite, and muscovite. Micro- At this locality, the Packsaddle Schist (Honeytionally recrystallized feldspar tails on microcline
cline (partially altered to muscovite) occurs with+ormation) is predominantly a metasedimentargorphyroclasts. Thin layers of aligned biotite
in the matrix and as submillimeter-sized porphyrasuccession of marbles, calc-silicate, graphitiqyarallel the foliation. Although some porphyro-
clasts; rare grains are up to 3 mm in size. Foliaticend micaceous schists, and minor quartzofeladiasts are large microcline crystals, others are
is defined by quartz-rich and feldspar-rich layerspathic rocks (McGehee, 1979) with amphibelast-shaped aggregates of smaller grains (relict
and aligned biotite, and no evidence exists faslitic layers of probable mafic volcanic origin glomeroclasts). These aggregates are generally
shear-related fabrics. The unit is in sharp contaillings, 1962). Immediately below the struc-composed of either (1) garnet and lesser amounts
at its base and top with poorly exposed amphtural contact with the Packsaddle Schist, the Vabf quartz and plagioclase (highly altered to
bole schists; all units strike northwest and are polyey Spring Gneiss is composed of a laterally exepidote, muscovite, and calcite) (Fig. 6C) or
deformed. The sampled rock layer is ~3 m thickensive, layered sequence of gneisses subdividét) equal amounts of microcline, plagioclase, and
and the entire quartzofeldspathic rock packagelisy McGehee (1963) and Barnes (1978c). Bothuartz. The unit has been folded by at least two
~50 m thick and extends for at least 6 km tanits sampled are part of Barnes'’s (1978c) Vallelater generations of folds (Reese, 1995). The unit
the west-northwest (Barnes, 1978a, 1978b; NelSpring Gneiss layer C. The structurally uppersampled is concordant and in sharp contact with

etal., 1989). most part of the Valley Spring Gneiss (in contacurrounding, thick amphibole and muscovite-bi-
with the Packsaddle Schist) is a 5-m-thick augestite schists of the Honey Fortitan. The unit is

Contact Between Packsaddle Schist and gneiss that extends laterally westward for as famterpreted to be volcanic on the basis of its field

Valley Spring Gneiss as 32 km (McGehee, 1979), occupying the sanend thin-section characteristics. It is relatively

structural position in the Little Llano River areaisolated from other similar units within the Pack-
The contact between the Valley Spring Gneisd.idiak et al., 1961). It also extends northeastsaddle Schist, but is interlayered with units inter-
and the Packsaddle Schist along Honey Crestard around the hinge of the Babyhead anticlingreted to be mafic volcanic flows on the basis of
(Fig. 3) is an ~100-m-wide, southwest-dippingBarnes, 1978c). geochemistry and nearby basaltic pillow lavas
ductile shear zone. Both the Packsaddle SchistPacksaddle Schist—Sample 2 (PSBGJhe (Billings, 1962; Farmer, 1977).
and the Valley Spring Gneiss have mylonitic fabsampled Packsaddle Schist unit is a 5-m-thick, Locally within the unit, very thin (<0.5 cm),
rics with a top-to-the-northeast (thrust) sheawell-foliated, thinly layered (0.5-10 cm), fine- variably deformed, quartzofeldspathic veins par-
sense (Reese, 1995). Three samples adjacengtained, biotite-rich quartzofeldspathic gneissllel the dominant metamorphic fabric. We pref-
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Figure 6. Photomicrographs of dated Pack-
saddle Schist samples. (A) Sample 1 (PSRRV):
Irregularly shaped clusters of fine-grained, in-
termixed microcline, quartz, and plagioclase
surrounded by biotite and opaques. Grains in
clusters have distinctly different optical orien-
tations and do not reflect dynamic recrystal-
lization of a single larger grain. (Plane-polar-
ized light; dark gray—plagioclase; light
gray—microcline; clear—quartz; small, well-
defined, dark gray blades—biotite; black—
opaque grains.) Elongate clumps of biotite and
opaque grains intermixed with lesser amounts
of fine-grained plagioclase are interspersed.
Rectangular shape in upper left is an optically
continuous, twinned plagioclase grain. Rock is
weakly foliated parallel to layering. The texture
is consistent with that of a volcanic tuff; irregu-
lar clusters may be recrystallized and flattened
lapilli. Different part of the same thin section in
5B, showing the variation in texture and min-
eral proportions between fine layers. Width of
photomicrograph represents 13 mm. (B) Sam-
ple (PSRRB) dated by Reese (1995) from mid-
dle of Rough Ridge Formation (see Fig. 4 and
text): Moderately foliated, layered rhyolite or
felsic tuff. Composition varies across the slide.
Large porphyroclast in upper center is an ag-
gregate (glomeroclast) of fine-grained micro-
cline (right side, light gray) and plagioclase (left
side, dark gray, partly altered to calcite and
muscovite) with interspersed biotite, opaque
grains, quartz (clear), and amphibole.
Rounded, dark gray porphyroclasts in lower
left are single plagioclase crystals. Width of
photomicrograph represents 13 mm. (C) Sam-
ple 2 (PSBG): Well-foliated, quartzofeldspathic
rock (Packsaddle Schist) from near the contact
between the Valley Spring Gneiss and the Pack-
saddle Schist. Large glomeroclast on right part
of photomicrograph is composed of garnet and
fine-grained plagioclase and quartz with minor
microcline and biotite. (Plane-polarized light;
colors represent same minerals as in A.) A sec-
ond foliation is at ~50 to the main foliation (up-
per left to lower right). Width of photomicro-
graph represents 13 mm.

erentially collected material devoid of these veindistinguishable from those obtained from th&his single morphological type is also interpreted
to avoid possible zircon contamination. No physether Packsaddle Schist (sample 1—PSRRYV, ite be igneous in origin; minor resorption may
ical or optical evidence of multiple populations ofcluding internal zonation; Fig. 8B), but have ahave caused the pitted faces. Two fractions of eu-
zircons was observed. slightly greater percentage of cloudy grains andedral zircons overlap concordia within error and
Zircons from sample 2 (PSBG) are nearly ingrains that commonly exhibit pitted crystal facesyield an averaged®PbP%Pb age of 1247
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Figure 7. Concordia diagrams. (A, B) Packsaddle Schist samples 1 (PSRRV) and 2 (PSBG), respectively. (C, D) Valley Spring Gneiss samples
3 (VSAG) and 4 (VSHEG), respectively. Isotopic data are given in Table 1.

+ 4 Ma, interpreted as the crystallization age for Zircons from sample 3 (VSAG) are clear, col-Creek (Fig. 3) and is concordant with adjacent

this rock (Fig. 7B). orless, and euhedral; their aspect ratios are belsic gneiss units. It lies structurally beneath and
tween 2:1 and 5:1, and they range in size from 2B contact with the augen gneiss from which sam-
Valley Spring Gneiss to 100um. Internal growth zonation is typically ple 3 (VSAG) was collected and does not have

straight (Fig. 8C). The single morphological typemylonitic textures. These units, including the au-
Two samples from distinct, adjacent felsicsharp terminations, internal zonation, and lack ajen gneiss, constitute Barnes’s (1978c) Valley
gneiss units in the Valley Spring Gneiss werabrasion on crystal surfaces are consistent with &pring Gneiss layer C. This unit shows a distinct
collected from directly north of, and structurallyigneous origin, either volcanic or intrusive. compositional banding in the field with thin lay-
beneath, the southwest-dipping Valley Spring Three fractions of clear euhedral zircon definers rich in epidote. In thin section, the banding is
Gneiss—Packsaddle Schist contact along Honaydiscordia line with 12728/_5 Ma and 50 composed of alternating thin, nearly monominer-
Creek (Fig. 3). Both are part of the laterally ex+ 425 Ma intercepts (57% probability of fit) alic layers of either plagioclase (partly altered to
tensive layered sequence of gneisses. (Fig. 7C). The large error on the upper interceppidote), microcline, or amphibole; some layers
Valley Spring Gneiss—Sample 3 (VSAG). is due to clustering of data points near the comrontain a mixture of these minerals.
A sample was collected from a 5-m-thick augewordia upper intercept. This age is interpreted to This sample contains two distinct zircon mor-
gneiss 20 m north of the Valley Spring Gneisstepresent the crystallization age of the protolittphologic types. One type is elongate (3:1 to 4:1 as-
Packsaddle Schist contact (Fig. 3). The unit ihe lateral continuity of this thin (5 m) unit acrosgect ratios) clear to cloudy, colorless, cracked zir-
concordant and in sharp contact with adjacemore than 32 km suggests that it is a pyroclast@ons that are typically slightly rounded but contain
finer-grained felsic gneisses. It is well foliatedrhyolitic sheet, although the texture observed istraight internal zonation (Fig. 8D). Some, how-
and medium to coarse grained; it is composed tifin section is compatible with it being a mylo-ever, exhibit flat crystal faces and euhedral termi-
microcline, quartz, and plagioclase, with only mi-nitized plutonic rock. nations. The second type is spherical to slightly
nor biotite, apatite, iron oxides, and zircon. Micro- Valley Spring Gneiss—Sample 4 (VSHEG). elongate, is clear and colorless, and does not ex-
cline occurs within the matrix and as 3—-20 mmA second sample, collected from the upper partbit crystal faces. The shape and dominance of
pink augen porphyroclasts with asymmetric reef the Valley Spring Gneiss, is a well-foliated, finethe elongate type are consistent with an igneous
crystallized tails. The rock contains mylonitic fab-grained, quartz-plagioclase-microcline gneisheritage, whereas the spherical grains could be
rics defined by rotationally recrystallized elongatevith minor biotite, amphibole, and epidote. Thiseither igneous or metamorphic. Overgrowths that
microcline, plagioclase, and quartz. No composknit occurs ~100 m north of the Valley Springtruncate the regular zonation (observed in CL im-
tional segregation between minerals is observe@neiss—Packsaddle Schist contact along Honeges as bright rims as in Fig. 8D) must be sec-
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dle of Mosher, 1993) are 1292-1275 Ma foliated
tonalites, gabbros, and granodiorites that form a
plutonic complex (informally termed the Coal
Creek plutonic complex by Mosher, 1996), which
intrudes the 1326—1301 Ma Big Branch Gneiss
(Roback, 1996a). These rocks, together with the
Big Branch Gneiss and Coal Creek Serpentinite,
are part of Roback’s (1996a) Coal Creek domain;
their isotopic and geochemical signatures are dis-
tinct from those of the rest of the uplift (Roback
etal., 1995; Whitefield, 1996). Following the sug-
gestion of Roback (1996a), these units should no
longer be grouped with the Packsaddle Schist.
Mapping and isotopic work by Whitefield

(1996) has shown that the tectonic boundary be-
tween the Coal Creek domain and the genetically
unrelated supracrustal rocks to the north is located
at the southern margin of the Sandy Creek shear
zone, a zone of mylonitization, intense transposi-
tion, and polyphase ductile deformation (Carter,
1989; Nelis et al., 1989; Roback, 1996a; White-
field, 1996). This major boundary lies within what
was previously mapped as the Click Formation of
the Packsaddle Schist. The rocks immediately
i pm north of the Coal Creek domain are a heteroge-

Figure 8. Cathodoluminescence images of typical zonation observed in zircons from each€oUs package of quartz-feldspar-muscovite,

sample analyzed. (A) Sample 1—PSRRV. (B) Sample 2—PSBG. (C) Sample 3_VSAGmuscov_ite-_cordierite, musgovite, _hornblende,
(D) Sample 4—VSHEG. and actinolite schists and fine-grained quartzo-

feldspathic rock (Barnes, 1978a; Carter, 1989)

and thus are lithologically, as well as geochemi-
ondary zircon and may be related to the sphericadcks across the uplift appears to be significantigally and isotopically, distinct from the Coal Creek
zircons. The overgrowths were abraded prior tmore complex than previously envisioned. Thusjomain (Roback, 1996a; Whitefield, 1996). This
analyses of the elongate grains. the regional map units as previously defined obremaining part of the Click Formation and the

Four fractions of elongate, clear to cloudyscure lithotectonic and chronostratigraphic relastructurally underlying Rough Ridge, Sandy, and

cracked zircons define a discordia line betweetionships among individual units. In addition, theHoney Formations of the original Packsaddle
1366+ 3 Ma and 524 40 Ma (27% probability polydeformed, metamorphic rocks consist of botschist (McGehee, 1979) are an interlayered se-
of fit); the upper intercept is interpreted to repreplutonic and supracrustal rocks that in many areggsience of schistose and gneissic units of great
sent the crystallization of this igneous protolitthave been transposed so much that the protolitlithologic diversity. We retain the term “Packsad-
(Fig. 7D). U-Pb data from three multigrain frac-can no longer be identified. Consequently, we hawite Schist” for this sequence, which forms most
tions of spherical zircons overlap and plot discomot defined a new stratigraphy, although our resf what was originally mapped as Packsaddle
dantly above this line, yielding an averagé®b/ sults add to a developing chronostratigraphy fdschist in the southeastern part of the Llano uplift
208ph age of 1322 Ma. We assumed that these zihe uplift. In the discussion below, we reevaluatéFig. 3). We abandon the previously designated
cons had been subjected to a Pb-loss history sithe regional map units and previously defineformation names within the Packsaddle Schist,
ilar to that affecting the igneous grains; thereforestratigraphic and structural relationships, explorgiven that the Click and Rough Ridge Formations
these three fractions were regressed with a copessible connections to North America, and groupoth contain genetically unrelated rocks of widely
servative lower intercept of 524150 Ma to yield the units into lithotectonic packages to facilitatelisparate ages (Roback, 1996a; this study).

an upper intercept age of 1325 Ma. Although the recognition of different tectonic settings. In an attempt to establish the age of the Pack-
not a rigorous regression, we think that this age saddle Schist (as defined above), layers of pre-
provides a reasonable estimate for the timing &eevaluation of Regional Map Units and sumed volcanic origin have been dated from the
metamorphic zircon growth at this locality. Previous Stratigraphy structurally lowest (1247 4 Ma, this study), mid-

dle (1257 43 Ma, this study; 1248 3 Ma, Reese,
DISCUSSION Packsaddle SchistThe Packsaddle Schist, as1995), and uppermost (1245/”/76 Ma, Walker,

originally defined, contains rocks ranging in agel992) part of this sequence. The units dated in this

The U-Pb zircon geochronologic results of thisrom 1292 to 1243 Ma that formed in separate testudy and in Reese (1995) have original textures
study and those of Walker (1992), Reese (1995pnic environments (Walker, 1992; Reese, 199%nd field characteristics of volcanic rocks and oc-
and Roback (1996a) show that the regional mdgpoback, 1996a; this study). In the far southeasteour as thick, laterally extensive lithologic succes-

units (i.e., the Packsaddle Schist, Valley Springart of the uplift near the Coal Creek Serpentinitsions. No intrusive contacts are observed, and the
Gneiss, and Big Branch Gneiss) each contaiffrigs. 1 and 3), rocks previously mapped as ugampled layers are not sufficiently deformed to
genetically and geochronometrically distinct, anghbermost Packsaddle Schist (mafic part of thebliterate such contacts, if present. It should be
thus unrelated, units. The age distribution o€lick Formation, McGehee, 1979; older Packsadioted that even within the Sandy Creek shear
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Zone, crosscutting intrusive relationships betwegplutonic complex. More recent isotopic workpart of the uplift. The origins of foliated granites
the Red Mountain Gneiss and adjacent rocks af@oback, unpublished Sm-Nd data) suggests thaithin the Valley Spring Gneiss and of meta-
still locally well preserved despite intense ductilehis unitis more closely related to the Packsaddplites within the Packsaddle Schist have long
deformation of all units (Garrison, 1985; Nelis eSchist. This unit may be the basement of thieeen a matter of speculation (Paige, 1912; Sten-
al., 1989; Carter, 1989). Packsaddle Schist, a part of the Valley Springel, 1935; McGehee, 1979; Barnes, 1988; Reese,
This interpretation is consistent with that ofGneiss, or an even older component of the Pack995). Barnes (1988) noted that some of the Val-
Walker (1992), who first interpreted the 1247saddle Schist. Further work is needed to distidey Spring Gneiss, during orogenesis, may have
+8/_6 Ma quartzofeldspathic layer at the top of thigjuish these possibilities. undergone partial melting or been intruded by
section to be volcanic and representative of the Valley Spring GneissResults from this study granitic magma to produce migmatites. McGe-
approximate age of the Packsaddle Schist ashow that in the eastern part of the uplift, the Vakhee (1979, p. 25) proposed a possible genetic re-
whole. Patchett and Ruiz (1989) also interpretd@y Spring Gneiss also contains units of evelationship among the Red Mountain intrusive
similar fine-grained quartzofeldspathic unitsmore widely disparate ages. Two adjacent layerscks, metagranitic bodies distributed throughout
from the middle part of the Packsaddle Schist agithin what was previously mapped as Valleythe Valley Spring Gneiss, and meta-aplitic bodies
felsic volcanic layers. Roback (1996a), howeveSpring Gneiss (Figs. 2, 3) yield igneous protolithn the far southeastern part of the uplift (Fig. 3).
noted that the layer dated by Walker (1992) is lcages of 12728/_5 Ma (sample 3—VSAG) and In fact, the Inks Lake gneiss shares a similar em-
cated within the Sandy Creek shear zone and isi366+ 3 Ma (sample 4—VSHEG). The felsic placement age (1232 4 Ma) with the Red
tectonic contact with the underlying schist and agneiss from Inks Lake State Park dated biountain (1239‘5/_3 Ma) and Comanche Creek
overlying mylonitic sill. He questioned whetherWalker (1992) yielded an igneous protolith ag<é1238+8/_6 Ma) Gneisses. We speculate that the
the layer dated by Walker (1992) represented thaf 1232 +4 Ma. The age diversity indicates thatinks Lake gneiss is related to these gneisses and
age of the Packsaddle Schist protoliths. The lay#rese units represent separate, genetically untéat it represents a later granitic or possibly
dated by Walker (1992) structurally overlies a sdated, suites of rocks. The oldest (1368 Ma) migmatitic body contained within the older com-
quence of interlayered muscovite-cordieritgneiss, because of its age and earlier metamamonents of the Valley Spring Gneiss and is not
schist and thin quartzofeldspathic units that anghic history, most likely represents basement teepresentative of Valley Spring Gneiss.
interpreted as a metasedimentary sequence cdime other units. Big Branch Gneiss.The Big Branch Gneiss,
taining thin, probable metavolcanic layers. The The Valley Spring Gneiss, as previouslyas previously mapped (Barnes, 1978a; McGehee,
dated sample comes from the thickest (~30 nmapped, is areally the most extensive unit in thed79), also contains two temporally distinct
and structurally highest of the quartzofeldspathiaplift (Fig. 1). Ongoing research, including a sysunits. The type Big Branch Gneiss is a gray
layers. This layer is very similar in its compositematic U-Pb geochronologic study, is charactetenalitic gneiss dated at 1326—-1301 Ma (Walker,
tion, age, field characteristics, and relationship t@ing the units comprising the Valley Spring1992; Roback, 1996a). The type locality of the
metasedimentary units to the other layers withiGneiss and will determine the regional signifibody is located directly south of the Coal Creek
the adjacent schist sequence and to the Packsaddace of the three distinctly different ages identiSerpentinite (Fig. 3) in the far southeastern part
Schist units dated in this study. The dated layefied in the present study. Until then, we retain thef the uplift. North of the Coal Creek domain, a
therefore, is interpreted as a volcanic unit that wadalley Spring Gneiss as a regional map unit as pré238+8/_6 Ma (Walker, 1992) microcline augen
deposited conformably within this supracrustaviously defined, but suggest that two well-characgneiss, previously mapped as Big Branch Gneiss
sequence. terized, geochronometrically diverse componen{&€labaugh and Boyer, 1961; McGehee, 1979;
Thus, fine-grained quartzofeldspathic rocks, inbe given informal names as outlined below. Barnes, 1988; Carter, 1989; marginal facies of
terpreted as volcanic in origin and found through- To avoid confusion with the undated andGarrison, 1985), crops out in a west-northwest—
out the Packsaddle Schist, indicate that the inteyounger dated components of the Valley Springending belt (Fig. 3) parallel to and immediately
layered sedimentary protoliths were deposited &neiss, we informally refer to the older (1366south of the Red Mountain Gneiss. We differenti-
ca. 1247-1257 Ma. A granitic sill within the struc-+ 3 Ma) component of the gneiss as the Honegte this younger unit from the Big Branch Gneiss
turally uppermost Packsaddle Schist dated b@reek gneiss. This gneiss has a metamorphic agred rename it the Comanche Creek Gneiss, fol-
Roback (1996a) at 1256/ , Ma is most likely (1325+ 5 Ma) that predates the protolith ages ofowing Reese (1995). The Comanche Creek
cogenetic with the volcanic units and intrusivall other dated rocks within the uplift. Its unusu-Gneiss is a thin, elongate (0.3 by 5.5 km) quartz
into this volcanosedimentary sequence. The uppalty old age should not be assumed to reflect theonzonite body with microcline augen and is
and lower time limits on deposition of the supratypical age of what has been mapped as the Vallegnsidered aill on the basis of its homogeneous
crustal sequence, however, remain unconstrainegpring Gneiss. composition, relict igneous texture, and outcrop
The sequence, where exposed in the southeasteriThe younger (1232 4 Ma; Walker, 1992) pattern. The type locality of the Comanche Creek
part of the uplift, is polydeformed, structurallycomponent of the Valley Spring Gneiss is inforGneiss (Fig. 3) is located where the augen gneiss
imbricated internally along ductile thrust zonesinally referred to as the Inks Lake gneiss (Reeskelt is exposed along Comanche Creek just south
and bounded on both sides by major shear zonE895), recognizing its similarity to other foliatedof Red Mountain. At this location, the structure
(Reese, 1995). Thugounger or older units could granitic units of the same age that are not mappefithis unit has been mapped in detail by Carter
be included in the sequence, and the entire depas part of the Valley Spring Gneiss. This body i€1989) and sampled for U-Pb zircon geochro-
sitional record may no longer be preserved. &xposed on the eastern side of Inks Lake Statelogy by Walker (1992). Clabaugh and Boyer
white, cordierite-bearing, quartz-plagioclasePark and is of unknown regional extent. Wherél961), McGehee (1979), Garrison (1985), and
muscovite-epidote gneiss, previously mapped akted, it is a foliated, compositionally and textuCarter (1989) provided detailed lithologic de-
part of the Rough Ridge Formation, yields amally homogeneous granitic rock, markedly dif-scriptions of this unit.
older age (1274 2 Ma; Roback, 1996a) com- ferent in character from the polydeformed, inter- The Comanche Creek Gneiss and adjacent Red
pared to the units dated in this study. Robadiyered felsic and mafic gneisses forming th&lountain Gneiss bodies both intrude the Pack-
(1996a) originally suggested that it was a tecton/alley Spring Gneiss elsewhere in the parkaddle Schist and appear to share a common geo-
ically interleaved part of the Coal Creek domairfHelper, 1996) and outside of the northeasterngic history (Carter, 1989). The Red Mountain
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Gneiss has been dated at 12@_% Ma (Walker, tional contact, as originally defined by Paiggi.e., the Honey Creek gneiss) may represent the
1992) at a locale ~5 km north of Red Mountair{1912) and McGehee (1979) and as interpretdzhsement of the Packsaddle Schist and younger
proper. (The type Red Mountain Gneiss intrudeslsewhere in the uplift (Billings, 1962; Lidiak components of the Valley Spring Gneiss in a tec-

the ca. 1238 Ma Comanche Creek Gneiss.) Tlet al., 1961). tonic setting proximal to Laurentia.
two units, however, are lithologically distinct.
The Comanche Creek Gneiss is granodioritic tBossible North America Connections Resolution of Age Suites

guartz monzonitic in composition and bears bi-

otite and abundant, large, white microcline augen. The felsic gneiss dated at 136@ Ma (sam- The regional distribution of geochronometric
In contrast, the Red Mountain Gneiss is variablple 4—VSHEG; Figs. 3 and 7; Honey Creekdata from this study, coupled with the results of
foliated to massive, pink to red, and granitic irgneiss) is the oldest rock yet found in the Llan®Valker (1992) and Roback (1996a), reveals a
composition (Garrison, 1985). The units are readplift. The age and compositional similarity offundamental pattern of chronostratigraphic units
ily distinguishable in the field and can be mappethis unit to rocks of the Western Granite-Rhyoin the southeastern part of the Llano uplift. Four

as separate units. lite terrane (Denison et al., 1984; Thomas et alage sulites, incorporating metamorphic units that,
1984) north of the Llano province (Fig. 10) raisen large part, are geographically segregated, can
Reevaluation of Structural Relationships the possibility of a genetic relationship. Reesbe resolved from the current data (Figs. 2 and 3).

et al. (1992) speculated that the Honey CredRelatively young Packsaddle Schist (ca. 1257—
New age data (this study) combined with struggneiss may represent a part of the Western Gral247 Ma and possibly older) is structurally
tural mapping (Reese, 1995) for the Packsaddite-Rhyolite terrane along the southern margin affedged between older (1366—-1272 Ma) felsic
Schist and the Valley Spig Gneiss across their the North American craton reworked during thgneisses to the north and older (13261275 Ma)
mutual contact in the Honey Creek area (Figs. Grenville orogeny. mafic and tonalitic rocks to the south; younger
and 9) demonstrate that the temporal relationship The age of this older gneiss provides anoth€t239-1232 Ma), meta-intrusive rocks occur lo-
postulated by Walker (1992) is incorrect. On thgiece of evidence suggesting that the Llano proeally throughout the southeastern part of the
basis of his ages for units that were separated mce, of which the Llano uplift is but a small ex-Llano uplift.
~25 km, he surmised that older (1243-1247 Mg)osure, formed along the southern margin of The southernmost age suite consists of the
Packsaddle Schist lies structurally above youngéaurentia. On the basis of crustal-formation ageSoal Creek domain of Roback (1996a), including
(1232+ 4 Ma) “Valley Spring Gneiss” (as previ- determined from Nd isotope data, Nelson anthe 1326-1301 Ma Big Branch Gneiss, the
ously defined) and that the contact is tectonic iDePaolo (1985) and Patchett and Ruiz (1989)292—-1275 Ma Coal Creek plutonic complex,
nature with older rocks thrust over younger rocksuggested that Llano province crust could havend the Coal Creek Serpentinite. These rocks
We have demonstrated that the Valley Sprinfprmed along the southern cratonal margin cormepresent an allochthonous ensimatic arc terrane
Gneiss is 12728/_5 to 1366 £3 Ma immediately temporaneously with 1300—-1500 Ma Midcontithat was accreted during Grenville orogenesis
beneath a Packsaddle Schist unit dated at 12d4&nt Granite-Rhyolite terrane crust and coul@Roback, 1996a) (Fig. 11).
+ 4 Ma; thus younger rocks are in fault contachave been later reworked during Grenville oro- Structurally underlying the Coal Creek arc
above older rocks (Figs. 3 and 9). genesis. Initial Pb isotope ratios from Llano upeomplex is the second age suite, the Packsaddle
It is important to note that rstratigraphicre-  lift meta-igneous rocks are similar to those reSchist. Dates for several Packsaddle Schist units
lationship can be inferred from the field relationported for the Western Granite-Rhyolite terranéom the highest to lowest structural levels within
ships. The contact is a ductile shear zone with #dames and Walker, 1992), suggesting that thefee sequence cluster around 1257-1243 Ma (this
unknown amount of displacement. Kinematic inmeta-igneous rocks may have been equivalent &tudy; Walker, 1992). These dates are interpreted
dicators show that the younger Packsaddle Schsthad their source in, this terrane. The presenes protolith ages for felsic metavolcanic rocks
has been translated northeastward over the old#rthe similar age Western Granite-Rhyolite terand therefore date the interlayered metasedimen-
Valley Spring Gneiss (Reese, 1995) (Fig. 9). Thusane directly to the north suggests that the oldéary rocks. If further work shows that these ages
this contact is not a primary, gradational, deposgneissic component of the Valley Spring Gneisare representative of the entire Packsaddle Schist,
then its protolith formed in a brief time span. The
possibility of a longer history of deposition, how-

13663 Ma 1972 +8/-5 Ma 1247 + 4 Ma ever, is suggested by the white gneiss of ques-
(sample 4) sample 2) sample 2) tionable affinity dated at 12742:Ma (Roback,
NE / / SW 1996a). The Packsaddle Schist is interpreted as a

basinal sequence formed along a continental
shelf and slope that received mafic and felsic vol-
canic and volcaniclastic material from an active

continental arc as well as terrigenous sediment
from the continent (Garrison, 1981a, 1981b, 1985;

Mosher, 1998).

Structurally underlying and directly north of
the Packsaddle Schist is the third age suite. It
consists of the Valley Spring Gneiss, including
the 1272*8/_5 Ma augen gneiss and a sequence of

Figure 9. Generalized cross section through the Valley Spring Gneiss—Packsaddle Schist commneisses with preliminary U-Pb ages of 1288—
tact. Younger Packsaddle Schist lies structurally above older Valley Spring Gneiss. Units on both1275 Ma (Roback, reported in Mosher, 1996),
sides of the contact are mylonites with top-to-the-northeast shear sense, indicating that this conand the substantially older 13668 Ma Honey
tact is a ductile thrust zone. The mylonites have been folded by two later generations of foldsCreek gneiss (Figs. 2 and 3). The Valley Spring

"""/ VALLEY SPRING: "~ 7
SOV GNEISS Il

’

VARES

21-7 (1366-1272 Ma) '
VANV N , /\
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Gneiss is interpreted to represent plutonic, felsi

volcanic, volcaniclastic, and sedimentary rock:

that either formed along an extended passi Figure 10. Generalized
margin (Reese, 1995) or as part of a continentegeok)giC map showing the
margin arc and forearc basin (Mosher, 1998). Tt |30 province and the NEW
extent and probable protolith of the Honey Cree\yestern Granite-Rhyolite MEXICO
gneiss are currently unknown. It provides a linkerane. A gneissic unit
to the Western Granite-Rhyolite terrane, how Honey Creek gneiss)
ever, and thus ties the Llano uplift to the soume'within the Valley Spring
margin of Laurentia. Gneiss in the southeastern

The fourth suite consists of felsic plutonicpart of the Llano uplift is

rocks that intrude the Packsaddle Schist and Vexgnsistent in age (1366
ley Spring Gneiss. Within the Packsaddle Schisy 3 Ma) with rocks of the )
adjacent to the boundary with the Coal Creek aGranite-Rhyolite terrane, Franklin

S0

Q;Q"\)\ " okLAHOMA
WA

$ /\2‘;\_‘_/ Tillman

Grougj

terrane, is a belt of younger felsic sills, i“d“dinﬁsuggesting a possible tec- Mtns ©

the 1239-1238 Ma Comanche Creek and Ré& i i P LLANO UPLIFT

Montain Grei Cins. 2 and 3. Of simil tonlgllnk between the.two Carrizo W )
ountain Gneisses (Figs. 2 and 3). similapyovinces (after Denison e

age and bulk mineral content, but geographicalls; 1 1984 and Thomas 1366 Ma gneiss

removed, is the 1232 4Ma Inks Lake gneiss. & al., 1984).
Numerous other foliated fine-grained granitic

sills (undated) are found within the Valley Sprinc

Gneiss. Recognition of metaplutonic units with

protolith ages clustering around 12391232 Ma

raises the possibility that a regionally pervasi

. . COLLAPSED

igneous evept may have occurred at this tl_me OPHIOLITE (2) ARC

the uplift. This event may have been a period REWORKED
crustal melting marking the onset of Grenvill COLLAPSED INTERVENING CONTINENTAL
continental collision, orogenic thickening, an ENSIMATIC ARC BASIN MARGIN (?)
contractional deformation (Reese, 1995). Alte sw ~_ \E

natively, it may have been a continuation of tt
earlier magmatism recorded in the Packsadt
Schist. If so, the entire suite may be part of a cc
tinental margin arc that formed as a result of st
duction under the southern North American me
gin prior to continental collision (Mosher, 1998)

/\",//\/ oSN oy,

< "NORTH AMERICA -7 L 2

SOUTHERLY =
CONTINENT (?) et
zZ==

Llano Uplift

PARTIALLY SUBDUCTED
CONTINENTAL MARGIN

CONCLUSIONS

Integration of new and existing U-Pb age dat=

) ) . Figure 11. Schematic cross section showing post—1232 Ma, pre—1098 Ma Grenville collisional
shows that previously defined regional metamol

X N margin in the southeastern part of the Llano uplift, assuming south-dipping subduction (after
phic map units in the southeastgrn part of thReese, 1995). Several different tectonic assemblages were telescoped and transported onto the
Llang upllft,.central Texas, cont.r;un geochrono‘southern North American continental margin. They include from southwest to northeast (in de-
metrically disparate and_gene_tlcally _unrelate'scending tectonic order): older plutonic arc rocks (1326—-1301 Ma Big Branch Gneiss; horizon-
components. On the ba_s_ls of I|tholog_|c and Gy ruling), possible fragmented ophiolite (Coal Creek Serpentinite; black), and slightly younger
contr_agts, we have mOd'f'(_ed wo and |nf_ormall)arc rocks (1292—-1275 Ma Coal Creek plutonic complex; coarse dot pattern); a younger inter-
Su_bd'v'ded one of the regionally eXtenS_'Ve mavening basinal sequence (ca. 1257-1247 Ma and possibly older, Packsaddle Schist; fine dot pat-
units Tor the southeastern part of the upln‘t. tern); and older, felsic plutonic and supracrustal rocks including the possibly tectonically re-
This study has shown that, where in contac, o ked Mesoproterozoic southern margin of North America (1366—1272 Ma Valley Spring

youngerPacksaddle _SCh'St IS n tectonic ContacGneiss; random dashes). Boxed area shows present Llano uplift exposure.
aboveolderValley Spring Gneiss, contrary to the

opposite relationship proposed by Walker (1992).

The oldest unit dated thus far in the uplift is alder crustal component likely formed as part oPacksaddle Schist—an arc-flank, continental-
felsic gneiss with an igneous protolith age of 136the southern margin of Laurentia and was lateshelf-and-slope sequence with protolith ages of
+ 3 Ma and a metamorphic age of 1325 Ma. tectonized during Grenville orogenesis. ca. 1257-1247 Ma (and possibly older)—occupies
This gneiss may represent the basement on whichWith new U-Pb age data, four southwest-dipa structural position below the 1326-1275 Ma
the Packsaddle Schist and younger componentspifg, lithotectonically distinct packages of metaCoal Creek ensimatic arc to the south and above
the Valley Spring Gneiss were deposited. Thmorphic rocks are recognized in this part of théhe 1366—1272 Ma Valley Spring Gneiss (with an
similarity in age to rocks of the Western Graniteuplift. These age packages of rocks apparentbider gneiss component) to the north. Younger
Rhyolite terrane directly north of the Llano provformed in different tectonic settings and wereneta-intrusive rocks—including the 1239 Ma
ince suggests a genetic link with this terrane. Thlater juxtaposed during Grenville orogenesisRed Mountain and 1238 Ma Comanche Creek
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; ; ethods Carlson, W. D., and Nelis, M. K., 1986, An occurrence of
Ortthnel_sses and, tentatively, the 1232 Ma lnl@ staurolite in the Llano uplift, central Texas: American
Lake gneiss—occur locally throughout the east- Rock samples were crushed to mineral size und Mineralogist, v. 71, p. 682-685.
ern Llano uplift. These intrusive rocks may rep- L . . - arlson, W. D., and Reese, J. F., 1994, Nearly pure iron stauro-

P ; y pclegn conditions by using a jaw crusher and disc pul- e in the southeastern Llano uplift and its petrologic sig-
resent early orogenic melts related to crustakrizer, and minerals were separated by using aWilfley nificance: American Mineralogist, v. 79, p. 154-160.
thickening or arc-related rocks associated wittable, disposable sieves, heavy liquids, and a Frantarison, W. D., and Schwarze, E., 1997, Petrologic significance
the 1257—1247 Ma volcanic rocks within themagnetic separator at the University of Texas at Austin.  of prograde homogenization of growth zoning in gamet:
Packsaddle Schist Zircons were characterized through the use of a binoc-  An example from the Llano uplift: Journal of Metamor-

ular reflected-light microscope, transmitted-light petro-_Phic Petrology, v. 15, p. 621-644. =
d arter, K. E., 1989, Grenville orogenic affinities in the Red

graphic microscope (with condenser lens inserte Mountain area, Llano uplift, Texas: Canadian Journal of

ACKNOWLEDGMENTS minimize edge refraction), and a scanning cathodolu- £+ Sciences, v. 26, p. 11241135,
minescence (CL) imaging system on a JEOL 730 sCa@apaugh, S. E., and Boyer, R. E., 1961, Origin and structure of
Financial support for this work was provided”'”g electron microscope. the Red Mountain Gneiss, Llano County, Texas: Texas
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SAMPLE LOCALITIES AND METHODS etal. (1971). Errors on isotopic ratios were calculated Ryarison, J. R, Jr., 1985, Petrology, geochemistry, and origin of
-~ propagating uncertainties in measurement of isotopic ra-  the Big Branch and Red Mountain Gneisses, southeastern

Sample Localities tios, fractionation, and amount of blank. Results are re-  Llano uplift, central Texas: American Mineralogist, v. 70,
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