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ABSTRACT

The Thurman Formation was sampled in two localities along the Rio Grande rift
for paleomagnetic and single-crystal 40Ar/39Ar geochronology to determine the timing
and duration of deposition and sanidine provenance of the synrift basin fill. More than
300 paleomagnetic specimens (32 sites) were drilled in 25-m intervals from two
approximately 400-m-thick sections of sandstones, conglomeratic sandstones,‘ and debris
flows near Johnson Spring in the Rincon Hills and Apache Canyon in the Caballo
Mountains. About 60 sanidines were analyzed by 4VAr/3%Ar single-crystal laser fusion
from three stratigraphic horizons at both localities to determine the age and provenance of
individual grains. Provenance ages span 34.9 to 27.4 Ma but cluster at ages of 34.7,33.3-
33.5,27.6,and 27.4 Ma.

Pétrographic examinations show that the tuffaceous sandstones have detrital
grains of sanidine, quartz, and plagioclase and detrital volcanic rock fragments of
rhyolitic tuff, pumice, and deuterically altered or oxidized andesite. Opaque minerals in
the rock fragments include magnetite, titanomagnetite, pyrite, ilmenite, and hematite.
Authigenic cement of clay, zeolites, and hydroxides coat rims of grains and rock
fragments. Clay and zeolites delicately line relict textures of pumice and tuff fragments
and partially infill dissolved plagioclase grains.

Specimens collected for paleomagnetic studies were examined by reflected light
microscopy and by alternating field and thermal demagnetization methods to assess the
magnetic mineralogy, components of remanent magnetism, and the nature of the
variations in remanence. Within the Apache Canyon section of the Thurman Formation,
two magnetic polarity zones are identified and, based on the position of sanidine

provenance ages within pumice and matrix of debris flows, the zones may span the time

near the reversal at 27.4 Ma.
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The sanidine provenance ages in the Thurman Formation can be correlated with
high-precision 40Ar/39Ar sanidine geochronology of rhyolitic ash-flow tuffs in the
Mogollon-Datil volcanic field. Sanidines dated at ~27.6 Ma from fluvial sandstones may
represent reworked fall material from the Weatherby Tuff (27.6 + .04 Ma) of the Boot
Heel volcanic field and sanidines dated at 27.4 + .21 Ma from pumice in a debris flow
may represent fall material from South Canyon Tuff (27.4 £ .07 Ma). Sanidines from
matrix in debris flows dated at 28.0, 33.3-33.5, and 34.7-34.9 may represent reworked
tuff from Lemitar Tuff, Box Canyon Tuff, and Kneeling Nun Tuff. Sanidines from South
Canyon Tuff and Lemitar Tuff were derived from an area more than 26 km to the west
and north, where the vents and areal extent of the ash-flow tuffs are located.

Correlation of the sanidine dates with the regional extent of dated tuffs,
independeﬁt]y established paleocurrent directions, and the magnetic polarity stratigraphy
‘show that the rhyolitic tuffaceous sands of the Thurman were largely derived by the
erosion of Box Canyon Tuff (33.5 Ma) and then Kneeling Nun Tuff (34.9 Ma) during and
soon after the catastrophic eruption of South Canyon Tuff (27.4 Ma) from the Mount
Withington caldera. The Thurman Formation is 2 syn- to posteruptive distal alluvial fan
sequence of stacked debris flows and conglomeratic sands that rapidly accumulated in an
early rift basin of the Rio Grande rift at an average rate of 1 mm/y. The Thurman
Formation records the erosion and unroofing of Oligocene andesitic and rhyolitic
volcanic rocks whlch were dlsrupted during the explosion of Mount Withington caldera
at27.4 Ma, and whnch contmued to be deposited as the lower Santa Fe Group through the
late Oligocene. Throughgoing late Oligocene paleodrainage in central New Mexico was

southward.
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Introduction

Age-dating and provenance work on single sanidine grains presented in this work
help to resolve the timing, duration, and source of alluvial fan deposition and elucidate
the mechanics of volcanism and faulting along the southern Rio Grande rift. Prior to this
study, the duration and provenance of Cenozoic alluvial fan deposition along the Rio
Grande rift have been examined (Barghoorn, 1981; Harrison and Burke, 1989;
Waresback and Turbeviile, 1990), but not directly dated. Primary pyroclastic tephra and
ignimbrites intercalated with rift-basin afluvial sediments have been dated, but the dating
of reworked volcaniclastic material has been largely ignored. High-precision, accurate
geochronélogic dates on synrift basin fill have been difficult to obtain because source
units are diverse in age and undergo alteration during transpdrt and diagenesis.

A number of new approaches to dating sedimentary sequences has recently been
developed. With the design of rare-gas mass spectrometers (>10-3 A/torr) to allow
precise measurements of small amounts of gas, laser fusion of single grains is now
possible (Deino and Dalrymple, 1990; York and others, 1981; Lo Bello and others, 1987;
Bogaard and others, 1987;) and is now being used with paleomagnetism to correlate ash-
flow tuffs (Deino and Best, 1988; Deino, 1989) and to identify multiple provenance ages
in sandstones (Renne and others, 1989; Heizler and Harrison, 1991; Harrison and Burke,
1989). A greater understanding of chemical and magnetic overprinting of marine and
terrigenous sedimentary rock during burial and diagenesis (Heider and Dunlop, 1987,
Walker and others, 1981; Larson and others, 1982; Mack and Grigsby, 1985; Welty,
1988: Karlin, 1990; Heider and others, 1993; Banerjee, 1987) have aided the

interpretation of magnetostratigraphy in sedimentary sequences (Johnson and others,
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1688; Johnson and McGee, 1983; Hillhouse and others, 1977). Magnetostratigraphy

combined with single-crystal 0Ar/39Ar laser fusion of terrestrial volcanic rocks are being

used to recalibrate the Geomagnetic Polarity Time Scale (Swisher and Prothero, 1990)
Within the last decade, careful field mapping and paleomagnetic work in southern New
Mexico (Ferguson, 1985; Harrison, 1990; Osburn and Chapin, 1983; Seager and Mack, in
prep: McIntosh, 1989) and the accumulation of high-precision 40Ar/39Ar sanidine
geochronology of volcanic units erupted at intervals of 0.2 Ma or less (Dalrymple and
Béf{r:g Gj1989 Mclntosh and others, 1990) have allowed the development of a time-
stratlgraphlc framework for the more than 30 major ignimbrites of the Mogollon-Datil
volcanic field. Provenance ages of individual sanidines can now be used to determine
which ignimbrites have been eroded and incorporated as detritus into synrift basin fill.
All these advances have led to the possibility of using magnetic polarity stratigraphy and
40A £/39Ar laser fusion of single grains for provenance and geochronologic work on
;rolcaniclastic sediments.

This study combines 40Ar/39Ar laser fusion and magnetic polarity stratigraphy to
examine the geochronology of the mid-Tertiary Thurman Formation in New Mexico.
Results primarily bear on the provenance of volcaniclastic detritus shed into the Thurman
Formation but also help elucidate the timing and processes of rift basin formation and the
timing, duration, and sedimentation rate of synrift basin fill along the Mogollon-Datil
volcanic field. Paleomagnetism is used to recover the polarity sequence in the Thurman
Formation with the hope that the polarity sequence of normal and reversed polarity zones
can be matched with the Geomagnetic Polarity Time Scale. Complex paleomagnetic
behavior observed in the volcaniclastic sediments is investigated to determine the
diagenetic processes that have affected the primary remanent magnetism. The age dates,
provenance work, and magnetic polarity stratigraphy of reworked volcanic pumice and
ash in the Thurman Formation reported here help to elucidate the dynamics of basin

development alongside large volcanic fields. The geochronologic work explains how and



when the basin that accumulated the detritus of the Thurman Formation formed after
development of the extensive Mogollon-Datil volcanic field. The provenance ages and
the timing of deposition show that the nature of this accumulation is different from older
and thinner sedimentary sequences in the Mogollon-Datil volcanic field and that the
denudation of andesitic and silicic volcanic rocks and their accumulation in the Thurman

Formation set the stage for the beginning of rifting in the Rio Grande rift.

Geologic Setting
The Mogollon-Datil volcanic field and Rie Grande rift

Previous workers have suggested that the beginning stages of rifting in the Rio
Grande rift coincided with the late Oligocene 1.6-my interval of volcanism in the
Mogéllon-Datil volcanic field from 29.0 to 27.4 Ma during collapse of more than four
caldera complexes (Chapin and Seager, 1975; Chamberlin, 1983; Seager and others,
1984: Mclntosh and others, 1986, 1992). La Jencia Tuff (1250 km3) erupted from
collapse of the Sawmill-Magdalena cauldron at 28.8 Ma, Vicks Peak Tuff (1050 km3)
from Nogal Canyon cauldron at ”8 6 Ma Bloodgood Canyon Tuff (1000 km3) from
Bursum cauldron at 28, 1 Ma and South Canyon Tuft (700 km3) from the Mount
Withington cauldron at 27.4 Ma (Figure 1; McIntosh and others, 1990). These
catastrophic eruptions followed more than 2.5 my of quiescence in volcanism (Mclntosh
and others, 1986, 1992) and coincided with local faulting. Syn- and posteruptive faulting
during the 1.6-my interval from 29.0 to 27.4 Ma have been documented in the Lemitar
Mountams where angular unconformities separate the ignimbrite sheets of La Jencia,
Vicks Peak and South Canyon Tuffs (Chamberlin, 1983). Extrusion of basaltic andesites
and smaller outbursts from rhyolite domes also spread andesitic flows and block-and-ash
and pyroclastic deposits locally throughout the Mogollon-Datil volcanic field during this

time.
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The location of the Rio Grande rift on the eastern edge of the Mogollon-Datil
volcanic field is controlled by pre-existing north-trending zones of weakness formed
during deformations from at least as far back as the Paleozoic when the ancestral Rocky
Mountains formed, through the Laramide (late Cretaceous to mid-Eocene), to the
voluminous intermediate volcanism in the late Eocene-early Oligocene (Chapin and
Seager, 1975; Christiansen and Lipman, 1972). Volcanlclasuc sedlmentary rocks eroded
from the late Eocene-early Oligocene intermediate volcanlsm m the Mogollon-Datil
volcanic field and deposited as detritus from about 37 to 32 Ma are preserved as thick
sequences of intercalated purplish red to brown mudstones, debris flows, and
conglomeratic sandstones. The 670-900-m-thick Spears Formation of the Datil Group of
the northern Mogollon-Datil volcanic field lies below the Hells Mesa Tuff (32.1 Ma) that
erupted from the Socorro cauldron (Osburn and Chapin, 1983; Cather and Chapin, 1989).
Regional ignimbrites are interbedded with this thick sedimentary sequence of andesitic to
rhyodacitic detritus that was shed into the 150-km wide Baca basin near Datil and the
100-km long Carthage-La Joya basin near Socorro (Cather and Chapin, 1989). The
Rubio Peak Formation and Palm Park Formation of the southeastern Mogollon-Datil
volcanic field are also up to 1000 m thick and consist mostly of andesitic to dacitic
volcaniclastic sediments that were deposited in broad basins prior to eruption of the
Kneeling Nun Tuff (34.9 Ma) from the Emory caldera (Harrison, 1990). These thick
sedimentary sequences were eroded from the pre-SCORBA (Southern Cordilleran
Basaltic Andesite) porphyritic basaltic andesites, smaller volume ignimbrites (36.2-35.0
Ma), and dominantly intermediate volcanic rocks of the late Eocene-early Oligocene
Mogollon-Datll volcamc field (Cameron and others, 1989; MclIntosh and others, 1992).

| By the.late Ohgocene (32 to 27 Ma) thinner sedimentary sequences of a few to 30
m thick were deposited and preserved beneath basaltic andesites of the SCORBA suite
and thick outflow sheets of rhyolitic to rhyodacitic ignimbrites. Correlative sedimentary

units of these early rift sediments are found scattered west of the Rio Grande as thin



wedges in the Black Range, Magdalena and San Mateo Mountains, and Gallinas Range.
In the Black Range, the sandstone of Monument Park, which contains clasts of Kneeling
Nun Tuff, plagioclase, quartz, sanidine, and biotite, lies below basaltic andesite of
Poverty Creek (29-28 Ma?) and is found beneath Rock House Canyon Tuff (34.4 Ma)
and intercalated with Caballo Blanco Tuff (31.7 = .06 Ma) in scattered outcrops about 15
m thick (Woodard, 1982; Harrison, 1990). In the Gallinas Peak area of the northern
Mogollon-Datil volcanic field, the sandstones and conglomeratic sandstones of the
sedimentary rocks of Antelope Flats lic above Vicks Peak Tuff (28.6 Ma), are
intercalated with La Jara Peak Basaltic Andesite (28-24 Ma?) in a 55 m thick section, and
then are conformably overlain by the South Canyon Tuff (27.4 Ma; LaRoche, 1980).
Volcaniclastic sandstones are found thinly bedded between flows of La Jara Peak Basaltic
Andesite east of Datil along the edge of the Bear Mountains (Mayerson, 1979). Thin
outcrops of similar voicaniclastic sedimentary uniis exposed mong ihe southern Rio
Grande rift include upper Oligocene conglomeratic sands sandwwhed b;:tween flows of
La Jara Peak Basaltic Andesite and the Lemitar Tuff (28.0 Ma) and overlain by the South
Canyon Tuff (27.4 Ma) in the Joyita Hills. Brownish red conglomeratic sands of the Bell
Top Formation are overlain by the Uvas Basaltic Andesite (28-27 Ma?) in the Rincon
Hills and a 3-m-thick wedge lies between the Kneeling Nun Tuff (34.9 Ma) and Vicks
Peak Tuff (28.6 Ma) at Apache Canyon in the Caballo Mountains.

By 25-27 Ma normal faulting had disrupted the voluminous sheets of ignimbrites
and basalt ﬂow: along the edges of the Mogollon-Datil volcanic field and sedimentary
basins had formed and were accumulating detritus along the entire length of the Rio
Grande rift (Chapin, 1988). In southern New Mexico, north and northwest-trending fault-
bounded extensional sedimentary basins of late Oligocene to Miocene time have been
preserved east of the Gallinas Range east-of Datil in the Abbe Spring basin (also known
as northern Milligan Gulch graben) and north of Hatch in the Rincon Hills and Caballo

Mountains fault blocks, areas far from the center of Mogollon-Datil volcanic activity
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(Chapin and Seager, 1975; Seager and others, 1984; Figure 2). Late Oli goceng’:é;)dés/i.t’e»
complexe's/_‘_.‘ such aéthe Sierma de las Uvas south of Hatch and the Bear Mountains east of
Datig \fomiéd from the extrusion of (28-27 Ma?) Uvas Basaltic Andesite and (28-24 Ma?)
La Jeira Peak Basaltic Andesite, along the edges and near the sites of future basins
(Chapin and Seager, 1975; Seager and others, 1984; Chapin, 1972). SCORBA magmas
had leaked near faults that were reactivated as basin-bounding faults (Chapin and Seager,
1975; Chapin, 1988; Cameron and others, 1989) and the SCORBA suite and ignimbrites
were then eroded and shed as detritus into these early rift basins of the Rio Grande nft
(Chapin and Seager, 1975). The early rift basins were later disrupted by late Miocene-
Pliocene extensional basin-and-range faulting that resulted in the closely spaced grabens

and fault blocks seen today along the Rio Grande (Chapin and Seager, 1975).

Thurman Formation

The Thurman Formation is located in the early rift basin north of Haich that lies at
the eastern edge of the Mogollon Datil volcanic field (Seager and others, 1984). The
only exposures of the Thurman Formation are preserved in two localities east of the Rio
Grande in the Rincon Hills and Caballo Mountains (Figure 2). They lie north of the
Sierra de las Uvas north of Las Cruces among deformed Paleozoic and Mesozoic beds,

where the 20-km-long fault block of the southern Caballo Mountains divides the

southwest-tilted sandstone beds at Johnson Spring in the Rincon Hills from the southeast-

tilted beds at Apache Canyon in the Caballo Mountains. Kelley and Silver (1952) named

these beds as part of the Thurman Formation and Seager and Hawley (1973) described its
type section near Johnson Spring as a 600-m-thick exposure of rhyolitic volcaniclastic
sandstones, ash-flow tuffs, and andesitic flows. Seager and Mack (in preparation) have
redefined the Thurman Formation as the uppermost Thurman of Seager and Hawley
(1973), a 400-m-thick unit of volcaniclastic sandstones that lies above a tongue of the

Uvas Basaltic Andesite, which has been dated near Hillsboro at 28.1 + 1.6 Ma by K/Ar
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(Seager and others, 1984). Whereas tongues of the Uvas Basaltic Andesite lie beneath
the Thurman Formation in the Rincon Hills, the Vicks Peak Tuff (also known as Bell Top
7 wff; Clemons, 1976) dated at 28.6 + 0.04 Ma by 40A1/3%Ar (McIntosh and others,
1992) lies beneath the Thurman Formation at the Apache Canyon section in the Caballo
Mountains (Figure 3). An angular unconformity separates the Thurman Formation from
the Vicks Peak Tuff (Figure 4). At the Johnson Spring section in the Rincon Hills, the
Thurman Formation is unconformably overlain by the Camp Rice Formation (Pliocene)
of the Santa Fe Group. Elsewhere in the Rincon Hills and in the Caballo Mountains the
Thurman Formation is conformably overlain by the Haynor Ranch Formation (Miocene)
of the Santa Fe Group (Seager and Hawley, 1973).

These outcrops in the Rincon Hills and the Caballo Mountains are the only two
localities in New Mexico where the Thurman Formation has been exposed by basin-and-
range faulting afong the Rio Grande. Uplift of the Rincon Hills probably occurred after
initial uplift of the Caballo Mountains; the continued uplift of the southern Caballo
Mountains during late Miocene-Pliocene time is indicated by the offset of Rincon Valley
Formation along boundary faults (Chapin and Seager, 1975).

The Thurman Formation has been described as a volcaniclastic alluvial fan
sequence of rhyolitic tuffaceous sandstone accumulated in an early rift basin of the Rio
Grande rift that extended 20 km from the Rincon Hills to the Caballo Mountains (Seager
and others, 1984; Figure 2). Together with the overlying rocks of the Santa Fe Groug, the
deposits of this rift basin are 1900 m thick. The sandstones of the Thurman Formatiog
have been interpreted as debris flows, sheetflood, and streamf{low deposits of a medial to
distal alluvial fan (Kieling, 1993). The sediments consist of andesitic and silicic
volcaniclastic material that was redistributed through gravity and stream-flow
sedimentary processes (Kieling, 1993; Figure 5).

The Thurman Formation is the thickest sedimentary unit exposed among volcanic

units erupted after 34.9 Ma in the southern Mogollon-Datil volcanic field and after 32 Ma



el 904

Ul 26

W5og

wols
wzZag

el 5

‘SOMITE00] OM] 8 UOTRULIO,] UBULING [, 3Y) JO SUON0as omdesdnens--¢ aind1]

A A N |0 ¥ead sYOIA
e e
. 0
- -
— 0,0 O © o
QuUOIspUEs UOTIB IO ]
—///  SPOSoEm vewriny J,
RIuM
W/ /A
. i
o o
/77 suopspues UOHJeULIO]
a oﬁ.ﬁ&o&% ypuey Jouler]
o 4]
V2 a
a 8
o o o
: g
6 ] g
SUOJSPUES UOQEULID] 1
rp-Eae A3[eA UCcou
L eherd I=A il
=t apue |y sony dwen
. ‘duorspues

SUTZIUNO N Ofjeqe’) ‘vodue)) aypedy

auaazobip

auad0lL]

aqualnlid

wa'g

WwZzl

P A=Y

AN NSIPUY
P AN LN | onpeseq seAa)
o .
© o
[T ¢ suaspues TONRTIO Jf
- SNO0E Y gahpm—.h_...
UM
o
o )
|— o O -
< — .« o w,] 2oty dwre
- . SuDIspues S Radd | D

s[IH vooury ‘Suiadg wosuyor




e

T
) P "-P;."J. ‘ { o™
- - Rets ol

Lo
N LoRTTC
) {V‘“.{M’U‘A 1 L
Ve

(5
on (abal
(£ Aguibe Canyon,

foak Tubf | M

: V((_JLS g\e.__f; "

Urdis \7” N}

ks S0u !’L\C_ﬁ—«
: l‘ho{ i IAF‘:J lsite
\ (00t wits, é‘y‘s‘%i‘ﬁ Hhis basad 51
; e AL Coere
: S N i
Jr{?l LS
M;CM!/\

7.
\ 15 Y\'D(Vﬂ’\ww
VIV

. ) er

eds in »/lﬁlﬁ‘ (v A

%)

wi iy

k—/\‘



o




| 3

in the northern Mogollon-Datil volcanic field. The Thurman Formation was deposited
immediately prior to deposition of the 1-2 km thick synrift Santa Fe Group and its
thickness and apparent lack of paleosols suggest it aggraded during a catastrophic event
of high-sediment supply (Kieling, 1993). Its site of deposition is more than 70 km from
the sites of caldera complexes of the Mogollon-Datil volcanic field; this location far from
the center of volcanic activity, on the edge of a relatively high plateau bounded by normal
faults, is appropriate for sedimentation and preservation. The geothermal gradient was
relatively steep this far from the caldera complexes until 10 Ma, when it locally began to
shallow (Morgan and others, 1986). The Thurman Formation was never buried deep
enough to have experienced temperatures greater than 100 °C. The well preserved, nearly
complete, continual exposure of the sands make the Thurman Formation an ideal unit for
geochronologic study.

The primary goal of this project was to investigate the provenance, timing, and
duration of deposition of the debris flows and sheetflood deposits of the Thurman
Formation using 40Ar/39Ar single-crystal laser fusion of sanidines and magnetic polarity
stratigraphy. Magnetic polarity stratigraphy has been used as a correlation and
geochronologic tool (Khramov, 1958; Opdyke, 1972; Johnson and others, 1975; Johnson
and McKee, 1983) and magnetic polarity stratigraphy and radioisotopic dating have been
used together for dating the duration of alluvial fan deposition and for basin analysis
(Hillhouse and others, 1977; Johnson and others, 1983, 1988). Sanidine is ideal for
provenance and geochronologic studies because it is common in many tuffaceous
sandstones, resists diagenetic alteration, is anhydrous, highly retentive of argon, anciK
rich, and has fairly flat plateau ages that agree with total gas ages. The time-stratigraphic
framework of regional ignimbrites of the Mogollon-Datil volcanic field developed by
Meclntosh and others (1992) and based on a large collection of high-precision sanidine
dates also made the choice of sanidine highly favorable. Previous geochronologic work

using bulk sanidine separates on an ash unit near the top of the Thurman Formation at an
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outcrop in Apache Canyon, Caballo Mountains suggested that 40Ar/39Ar single-crystal
laser fusion is the best method touuseﬁ‘&). investigate the geochronology of the Thurman
Formation; the age spectra results indicated a mixed population of sanidines of different
ages (W. Mclntosh, unpublished data, 1989; Figure 6). Advantages of using
paleomagnetic techniques as a geochronologic tool on sandstones are that they are
inexpensive and nondestructive. This paper presents 40Ar/3%Ar results of 63 sandines and
paleomagnetic results from 280 specimens collected from two sections in the Thurman

—
Formation to help o elucidate the depositional history and provenance ages of the sands.

Methods

Paleomagnetism

The Thurman Formation was sampled near Johnson Spring in the Rincon Hills
and along Apaclie Canyon in the Caballo Mountains. Paleomagnetic samples were
collected at nearly uniform intervals from unweathered fine and medium sands from 16
sites across the two approximately 400-m-thick sections. The spacing between the 32
sites averaged 25 m and eight specimens were taken from each site. Sometimes
weathered faces of beds were hammered to find fresh surfaces. About 5 sites had
specimens drilled from within a one meter area; most other samples were taken across a
2-m-long horizon. Attitudes were determined from bedding orientation (Kieling, 1993).
The Kneeling Nun Tuff and Vicks Peak Tuff were also sampled below the Thurman
Formation at Apache Canyon to check for the possibility of block rotation about non-
horizontal axes. The Thurman Formation was also sampled at two sites near the contact
with the overlying Haynor Ranch Formation from an outcrop at another location along
Apache Canyon.

Altogether about 300 paleomagnetic specimens were analyzed from the 32 sites.
The cores were obtained using a hand-held battery-operated drill. The cores were 1.6 cm

in diameter and 5-7 cm in length and were oriented by sun compass to an accuracy of
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about + 2 degrees. Specimens were cut from the cores in lengths of 1.4 cm. Natural
remanent magnetism (NRM) of specimens from each site was initially measured by a
Schonstedt SSM-1 spinner magnetometer at the New Mexico Bureau of Mines and
Mineral Resources but intensities (typically 10-20 mA/m) were too weak for accurate
analysis by this instrument. Subsequent analyses were performed in the magnetic-field-
shielded room at the University of New Mexico Paleomagnetism Laboratory. After
remeasurement of NRM vectors, four specimens per site were thermally demagnetized in
9-11 steps and four specimens were demagnetized in prbgressive alternating fields of 2-
60 mT in 11 steps measured by a 2-G Model 760R cryogenic magnetometer. Only three
specimens were thermally demagnetized from site nm950. One pilot specimen from each
site was thermally demagnetized to 660 °C in 17 steps, except for sites nm956, nm961-
nm965, which were thermally demagnetized to 610 °C. Bulk susceptibility was measured
after each‘ heating increment by a Sapphire SI-2 induction coil to monitor changes in
mineralogy. No significant changes were induced by heating, however, a slight increase
at 350 °C may indicate that titanomaghemite formed from heating titanomagnetite in air
(Figure 7). The lab-induced titanomaghemite should inherit the direction of the primary
parent titanomagnetite (Gapeev and others, 1991). The slight increase in susceptibility at
350 °C may also reflect a minor amount of magnetite forming from alteration of clay

minerals or oxidation of pyrite.
Most specimens were progressively AF demagnetized to 60 mT, however, by 40

mT the intensity remaining was often less than 10% of NRM. Results were analyzed
using vector subtraction on orthogonal demagnetization diagrams (Zijderveld, 1967).

The best estimate of the characteristic remanent magnetization (ChRM) direction for each
specimen was obtained using principal component analysis (PCA; Kirschvink, 1980).
Two to three components were commonly found at each site and site mean directions for

the components were analyzed using Fisher (1953) statistics.
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Thin sections were made from rocks collected near and along the same
stratigraphic horizon as the 32 paleomagnetic drill sites. Petrdgraphic examination of the
thin sections were used to recover the diagenetic history of the sands from deposition
through burial, uplift, and tilting, to assess the depositional magnetic mineralogy, and to
check for alteration that may have occurred during diagenetic changes and that may have

affected the sanidines and the magnetic properties of the sands.

40Ar/39Ar single-crystal laser fusion

Samples were taken in the field at 25 m intervals and were crushed and sieved and
then chosen for mineral separation for 40Ar/39Ar geochronologic work. Based on the
presence of sanidine, five horizons were chosen for dating in the Apache section and
three horizons in the Johnson Spring section. The basal units of both sections were
included aithough they contain multiple populations of fine-grained plagioclase and
sparse sanidine. Detrital sanidines were separated from the samples using standard heavy
liquid methods and the surrounding silicic glass was cleaned ultrasonically in distilled
water and diluted HF. Most samples except those from the basal sands had identifiable
populations of sanidine that could be hand picked on the basi; of color and shape. Hand-
picked grains were 0.4-0.8 mm in diameter from the Apache Canyon section and 0.25-0.4
mm from Johnson Spring. Two sub-populations of sanidines that varied in size or degree
of abrasion were hand picked from samples from two horizons at Apache Canyon
(nm1011, nm1016) to check for bias picking of sanidines. Approximately 3 mg samples
of hand-picked sanidines were then wrapped in aluminum foil packets and were packaged
in two quartz vials along with packets of 0.18-0.25 mm Fish Canyon Tuff sanidine (27.84
Ma) flux monitors positioned 3-7 mm apart. The flux monitors and samples were
irradiated in the H-5 position at the University of Michigan Ford Reactor. Single grains
of sanidines were placed in a copper sample holder and fused with an automated 4-W

COj laser through a ZnSe window and then analyzed by an automated MAP 215-50 mass
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spectrometer. Blank gas was analyzed after every five samples. Total fusion and gas
cleanup entailed less than one minute of laser heating and 10 minutes of gettering. The
percentage of blank to sample gas remained low (<2%); the total 40Ar system blank was
typically less than 10-15 moles. The ages vs 3°Ar% released were plotied for each
horizon and a mean age was calculated for 3 or more grains based on 37Ar% released;
sanidines that showed large variance from a mean age were excluded from calculation of
the mean age (Figure 8). Crystals that showed low 39Ar% released or low 40Ar* from
incomplete fusion were rejected from further analyses. More accurate mean ages of
sanidines for a horizon were then calculated and grouped by K/Ca. Uncertainties are
quoted at the one sigma level.

Altogether 76 crystals were fused and analyzed; approximately eight crystals per
horizon, five horizons from the Apache Canyon section and three horizons from Johnson
Spring. The fine crystals from the basal units of the Apache Canyon section and Johnson
Spring section (sites am1004 and nm950) yielded anomalous data with low 40Ar* and
low K/Ca which suggested that crystals other than sanidine were separated. Data from

site nm 1004 have been rejected from this study.

Results

Petrography

The fine to medium coarse sand beds of the Thurman Formation are generally
massive, medium to medium-well sorted, and well cemented. A few crossbedded
horizons (sites nm950, nm1011, nm1016) are well sorted. Pumice (typically 1-6 mm),
andesitic and tuff fragments (1-2 mm), and feldspars and quartz (1-2 mm) are in a matrix
of clayey volcanic rock fragments and feldspar. Grain contacts are tangential to
longitudinal. Fractures along grains are largely nonexistent.

The detrital grains are angular to subrounded volcanic rock fragments (55-70%),

plagioclase (10-15%), sanidine (15-25%), quartz (5-10%), and a trace other minerals
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including biotite. The volcanic rock fragments are predominantly relict pumice, welded
and nonwelded tuff, and andesite (Figure 9). Delicate relict glass shards are also present
(Figure 10), but their abundance is difficult to estimate because they are so easily altered
from cristobalite and feldspar to clay and zeolite. The opaque minerals in andesitic
fragments include pyrite, ilmenite with trellis structure, magnetite, titanomagnetite, and
hematite that range in size from 0.6 to 5 . The opaque minerals in pumice and tuff
fragments include magnetite and titanomagnetite that are generally smaller in size.
Abundances of detrital grains change nonsystematically upsection, but no major change
in mineralogy was noted (Figures 9,10). A few detrital grains of plagioclase have
completely altered to calcite at certain horizons or have been partially to completely
dissolved away, vet their relict morphology has been preserved.

Clay is strikingly prevalent throughout both sections of the Thurman Formation.
Clay coats grain rims, lines pores, and delicately infills relict pumice. Some grains and
volcanic fock fragments have meniscus coatings of clay on one side. Clay is generally
absent at primary grain-to-grain contacts, yet is found infilling rare fractures in sanidines
and plagioclases. The interior intergranular clay within relict pumice fragments is
delicate and wispy and formed soon after deposition. The clay was largely denived by
intrastratal alteration of silicic glass and feldspar in the surrounding pore water.

Two zeolites line relict pumice and glass shards and infill pores of the Thurman
Formation. A tabular zeolite used the clay linings of pores, grain rims, and intergranular
material as a substrate for nucleation throughout the section at Apache Canyon (Figure
10). A tabular zeolite and a zeolite with a more fibrous habit are prevalent throughout the
section at Johnson Spring. The fibrous zeolite found only in the Johnson Spring section
uses the older tabular zeolite as a substrate for nucleation and may have formed in
response (o a change in pore fluid chemistry in the Johnson Spring area.

Calcite is common as an authigenic cement only within 3 m of the top of the

Thurman at both sections (sites nm965, nm1019, nm1021). A few calcite grains are
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disseminated in half of the other 30 thin sections of sites, except at another horizon (sites
nm 1006, 1007, 1008) near and above a clastic dike, where calcite grains are poikolotopic
and partially replace plagioclases or infill pores within 5 y of partially dissolved
plagioclases.

Throughout both sections amorphous hydroxides coat andesitic rock fragments or
fill nearby pores in splotches up to .05 mm wide (Figure 11). They are found crosscutting

zeolites and calcite. These hydroxides may be lepidocrocite or goethite.

40A1r/39Ar single-erystal laser fusion

The results of 40Ar/39Ar laser fusion on single grains from the Thurman
Formation are shown in Table 1. The one-sigma analytical errors of single ages are
listed; the J value represents the calculated analytical uncertainty of 0.25-0.33%. The
dates were grouped in terms of K/Ca and then mean ages were computed. The K/Ca of
sanidines from sandstone horizons at 205 m and 310 m (sites nm1011 and 1016) are
relatively high for sanidines from ignimbrites from the Mogollon-Datil volcanic field and
the Boot Heel volcanic field. These horizons aléo have abraded and blocky euhedral
grains with lower radiogenic yields of 77-94%. Most sanidines from each horizon have
radiogenic vields between 95 and 99%. Plagioclases with low K/Ca from site nm950
near the base of the Thurman Formation have low radiogenic yields of 56-90%.

The degree of abrasion had little to no effect on the results of dates from the
sanidines in the Thurman Formation. Sites nm950, nm965, and nm1019 from sandstones
and debris flows at the base and tops of both sections have sand-size sanidines that have
been slightly abraded through mechanical abrasion during transport or chemical
corrosion. Sites nm1011 and nm1016 from sandstones near the middle of the Apache
Canyon section have abraded 0.4-0.8 mm sanidines and blocky euhedral 0.4-0.6 mm
sanidines that show little to no abrasion, and yet the dates of the abraded and blocky

euhedral sanidines from sites nm1011 and nm1016 are similar. Six abraded sanidines
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Table 1--40Ar/39Ar Provenance Ages of the Thurman Formation.
Lab# 40139 37/39 36/38 39K moles KiCa  «ET %40 Age +Er SEM
nm1008, Apache Canyon, 98 m, sanidine, 0.6-0.8 mm, J=0.004287+0.00001
211-86A 3.65 8.28E-03 3.64E-04 1.0E-14 61.6 52 971 27.057 0.065
211-87A 3.64 7.54E-03 311E-04 2.9E-15 B67.7 25.1 97.5 27096 0.175
211-83A 3.59 3.42E-03 9.05E-05 39E-15 149.2 707 993 27215 0115
211-84A 3.7 7.94E-03 4 48E-04 5.8E-15 64.3 6.7 ~ 96.4 27.361 0.102
211-824 3.78 1.10E-02 6.38E-04 1.7E-14 45 4 1.1 95.0 27.439 0.063
211-90A 3.79 1.03E-02 6.59E-04 31E14 435 1.5 949 27.445 0.061
211-814 3.94 1.26E-02 1.17E-03 3.3E-14 40.5 08 912 27.455 0.070
211-854 4.00 B.OBE-03  1.27E-03 8.0E-15 839 g78 908 27.702 0107

mean of 1to 8 n=8 68.448 36.989 27.346 0214 0076
nm1011, Apache Canyon, 205 m, sanidine, 0.4-0.6 mm, J=0.004312+0.00001
211-96A 3.67 6.90E-03 3.11E-04 47E-15 73.9 140 975 27.467 0102
211-97A 4,59 1.38E-02 3.41E-03 1.8E-14 37.0 1.1 78.0 27.52% 0.107
211-95A 418 2.24E-03 2.02E-03 11E-14 227.8 378 857 27538 0090
211-81A 363 2.42E-03 9.72E-05 1.3E-14 210.8 386 992 27.683 0.061
211-944 . 3.83 1.70E-03 8.90E-05 1.2E-14 300.1 705 993 27.692 0.087
211-93A 413 2.03E-03 1.78E-03 1.1E-14 251.3 847 872 27.715 0.085
211-924A 3.66 2.65E-03 1.68E-04 7.5E-15 192.5 504 9868 27.745 0.082
211-984A 4 80 7.07E-03 1.95E-04 B8.0E~15 72.2 104 988 34859 0.089

mean of 1 to 2 n=2 55.5 n<3 27.496 n<3

mean of 3to 7 n=5 2365 4186 27.675 0.080 0.036

mean of 8 n=1 72.2 n<3 34.859 n<3
nm1011a, Apache Canyon, 205 m, sanidine (abraded), 0.4-0.6 mm, J=0.004332+0.00001
211-104A 4.01 9.89E-04 1.69E-03 74E-15 5759 612.3 875 27132 0103
211-105A 3.94 2.13E-03 1.21E-03 71E-18 239.1 1040 9089 27833 0.091
211-103A 3.62 3.03E-03 1.31E-04 1.2E-14 168.3 326 989 27636 0.114
211-101A 364 1.86E-03 1.83E-04 1.6E-14 274.0 458 985 27.683 0.065
211-99A 363 1.88E-03 1.34E-04 1.6E-14 270.8 1.2 989 27.730 0.0861
211-100A 3.61 2.88E-04 3.26E-08 8DE15 77697 25777 1000 27.857 0.086
211-102A 462 9.46E-03 3.60E-03 20E-14 53.9 23 789 27.443 0091

mean of1to 6 n=6 238.0 491 27614 0250 0102

mean of 7 n=1 53.9 n<3 27.443 n<3
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Table 1—-40Ar{“3_9Ar Provenance Ages of the Thurman Formation

{continued).

Lab# 40139 37139 36/39 39K moles KiCa < ET  %40° Age «Err SEM
nm1016, Apache Canyon, 310 m, sanidine, 0.4-0.6 mm, J=0.004345+0.00001
211-37A 364 2.29E-03 3.24E-04 2.8E-14 223.0 243 974 27.425 0.057
211-24A 369 2.31E-03 4 29E-04 2.8E-14 220.9 172 966 27.612 0.055
211-254A 4.54 1.41E-03 3.28E-03 2.4E-14 362.1 525 785 27.832 0.093
211-384A 373 3.51E-03 5.26E-04 1.5E-14 14586 224 958 27682 0.076
211-23A 4.04 2 98E-03 1.54E-03 1.8E-14 171.4 21.8 887 27.719 0,080
211-36A 3.60 2.65E-03 6.77E-05 2.6E-14 1928 239 994 27.726 0.059
211-51A 3.85 2.66E-03 8.83E-04 3.5E-14 192.0 125 3932 27765 0.060
211-49A 3.87 2.96E-03 9.51E-04 2.2E14 172.4 16.0 927 27.770 0.065
211-50A 3.64 2.14E-03 1.36E-04 2.8E-14 238.8 28.2 989 27.842 0.057

mean of 110 9 n=3 213.2 63.1 27686 0.121 0.040
nm1016a, Apache Canyon, 310 m, sanidine (abraded), 0.6-0.8 mm, J=0.004338+0.00001
211-40A 414 2.80E-03 2.05E-03 4.4E-14 182.4 148 853 27.329 0.0€5
211-53A 4.60 2.68E-03 3.55E-03 3.5E-14 190.1 200 771 27.444 0.087
211-79A 3.98 1.37E-03 1.45E-03 37E-14 371.2 494 B892 27.448 0.066
211-14A 3.68 2.67E-03 3.81E-04 2.6E-14 191.2 218 969 27.560 0.067
211-01A 3.61 2.51E-03 9.66E-05 3.8E-14 2030 217  99.2 27.686 0.052
211-66A 3.65 2. 96E-03 1.96E-04 57E-14 172.4 7.8 984 27.764 0.053
211-27A 3.91 3.06E-03 1.08E-03 2.8E-14 166.8 110 918 27774 0.070

mean of 1to 7 n=7 211.0 71.7 27.572 0.174 0.066
nm1019a, Apache Canyon, 362 m, sanidine (abraded), 0.4-0.6 mm, J=0.004371+0.000014
211-47A 3.61 4 39E-03 2.22E-04 8.4E-15 116.1 16.8 982 27617 0.075
211-42A 3863 1.68E-03 2.25E-04 1.5E-14 3046 475 98.2 27.710 0.0e1
211-43A 5.39 1.96E-08 8.10E-03 1.2E-14 260.5 682 664 27.886 0141
211-41A 3.67 2.33E-02 3.16E-04 1.2E-14 219 05 975 27.852 0.071
211-45A 4.31 1.34E-02 9.59E-05 1.6E-14 37.9 18 994 33.305 0.069
211-484A 4.34 1.03E-02 2.01E-04 2.0e-14 484 23 986 33.319 0.0866
211-46A 4.33 1.55E-02 1.40E-04 1.3E-14 33.0 1.7 991 33.365 0.073
211-44A 4.70 B.32E-03 8.09E-04 2.4E-14 61.4 16 949 348671 0.070

mean of 1 to 3 h= 2271 98.86 27.738 0137 0.079

mean of 4 n=1 21.9 n<3 27.852 n<3

mean of 5to 7 n= 401 8.4 33.330 0.032 0018

mean of 8 n=1 61.4 n<3 34671 n<3
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Table 1--40Ar/39Ar Provenance Ages of the Thurman Formation (continued).

Lab# 40/39 37139 36/39 39K moles KiCa zBr %40° Age =BT SEM
nm950a, Johnson Spring, 9.5 m, sanidine & plagiociase (abraded), 0.25-0.4 mm, J=0.004349+0.000014
211-354A 433 6.71E+00 6.15E-03 2.3E-16 0.1 0.0 B899 23.593 1.823
211-29A 4.36 2.50E+00 3.36E-03 51E-16 0.2 00 B815 27.633 0.886
211-28A 4.00 2.69E+00 2.02E-03 6.6E-16 ¢.2 0.0 902 28.013 0.676
211-314A 6.64 3.97E+00 1.09E-02 6.7E-16 0.1 00 580 28953 0819
211-33A 408 4.62E+00 1.68E-03 3.7E-16 0.1 0.0 985 30.606 1.045
211-32A 8.21 6.27E+00 1.01E-02  23E-16 0.1 0.0 695 44299 2149
211-30A 4.46 9.668E-03 ~ 4.57E-04 5.0E-15 528 682 970 33.452 0.111
plagioclase meanof1to 5 n=5 0.1 0.1 27760 2597 1.161
plagioclase mean of & n=1 01 n<3 44 299 n<3
sanidine mean of 7 n=1 52.8 n<3 33.452 n<3
nm954, Johnson Spring, 122 m, sanidine, 0.25-0.4 mm, J=0.004325+0.00001
211-644 3.63 1.63E-02 2.22E-04 6.1E-15 3t.2 25 882 27.461 00394
211-624 3.85 2.92E-02 9.55E-04 7.7E-18 175 0.8 927 27.48¢ 0.091
211-884A 367 1.97E-02 3.38E-04 7.9E-15 25.9 17 973 27548 0.092
211-75A 374 4.43E-02 5.33E-04 8.2E15 11.5 05 959 27.604 0.088
211-88A 3.62 1.71E-02 1.17E-04 52E-15 29.8 3.0 931 27638 0114
211-77A 3.85 1.83E-02 8.72E-04 4.4E-15 31.4 28 933 27685 0137
211-76A 504 3.19E-02 4.74E-03 8.6E-15 16.0 05 722 28.062 0.143
211-63A 4.36 2.27E-02 1.12E-04 2.1E-14 22.5 06 993 33.293 0.068
mean of 1t0 6 n=8 24.6 8.3 27.571 0.088 0.036
mean of 7 h=1 16.0 n<3 28.062 n<3
mean of 8 n=1 225 n<3 33.293 n<3
nm965a, Johnson Spring, 362 m, sanidine (abraded), 0.25-0.4 mm, J=0.004378+0.000014
211-70A 4.30 1.04E-02 6.33E-05 1.3E-14 49.0 24 996 33.371  0.081
211-74A 4.31 1.49E-02 7.04E-05 B.4E-15 342 2.3 9985 33.418 0.094
211-67A 4.40 8.98E-03 3.60E-04 5.7E-15 51.1 72 978 33.433 0120
211-72A 4 31 1.08E-02 5.50E-05 8.1E-15 47.0 40 936 33.461 0.083
211-68A 4.45 1.28E-02 4.89E-04 6.7E-15 398 37 968 33.571 0.100
211-73A 4.47 8.77E-03 5.44E-05 5.4E-15 58.2 9.1 89.7 34722 01411
211-69A 450 1.32E-02 1.41E-04 6.2E-15 386 27 991 34748 0109
meanoftto b n=5 44.2 7.0 33.451 0075 0.033
mean of 610 7 n=2 3B8.6 n<3 34,735 n<3

+ Em
D= 1.00810 0.0015000
Ca 39/37= 0.00067 0.0000037
Ca 36/37= 0.00026 0.0000017

K 38/39= 0.01190
K 40/39= 0.01800 0.0010000
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from site nm1011 have an age of 27.61 + .25 Ma and a K/Ca of 238 and five blocky
euhedral sanidines have an age of 27.67 + .08 Ma and a K/Ca of 237. Site nml1011 also
has two blocky euhedral sanidines and one abraded sanidine dated at 27.47 + .10 Ma,
2752 + .11 Ma, and 27.44 + .09 Ma with a mean K/Ca of 55 and one blocky euhedral
sanidine dated at 34.86 + .09 Ma with a K/Ca of 72. Site nm1016 has seven abraded
sanidines with an age of 27.57 + .17 Ma and a K/Ca of 211 and nine blocky euhedral
sanidines with an age of 27.69 + .12 Ma and a K/Ca of 213. The abraded sanidines from
site nm 1016 were 1.5 to 2 times larger than the sanidines with uneroded surfaces yet the
ages and K/Ca values are similar for both sizes of grains. Radiogenic yields, however,
were slightly lower for the abraded sanidines from sites nm1011 and nm1016. They
ranged from 76.9 and 77.1 to 99%, whereas the blocky euhedral sanidines have
radiogenic yields from 78.0 and 78.5 to 99%. The effect of abrasion on the sanidines
appears to have-only slightly increased the error of the ages of grains. It is important to
note that the source of the sanidines cannot be distinguished by degree of abrasion or size
of grain. At205m and 310 m the source of sanidines in the Thurman Formation is
similar: sanidines with an age of 27.64 + .15 Ma and mean K/Ca of 222 + 58. At205m
there are two other minor sources of sanidines with an age of 27.48+.05Maanda K/Ca
of 55 + 19 and an age of 34.86 + .09 Ma with a K/Ca of 72 + 10.

Although the sparse sanidines at the base of the Apache Canyon section could not
be adequately separated and dated, sanidines were dated from 1.5-2 cm pumice ina
debris flow from site nm1008 at 98 m from the base of the Apache Canyon section. The
eight blocky euhedral 0.6-0.8 mm sanidines have an age of 27.35+ .21 Ma and a K/Ca of
68 + 37. In contrast, abraded 0.4-0.6 sanidines dated from a debris flow at the top of the
Apache Canyon section (site nm1019) vary in age from 27.74 £ .14 Ma to 34.67 £ .07
Ma. Three sanidines have an age of 27.74 + .14 Ma and a K/Ca of 227 + 99, one
sanidine has an age of 27.85 + .07 and aK/Caof 22 £ 1, three sanidines have an age of

33.33 + .03 Ma and a K/Ca of 40 + 8, and one sanidine has an age of 34.67 + .07 Ma and
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a K/Ca of 61 + 2. The delicate pumice collected at the 98 m horizon of the Apache
Canyon section appear to have been derived from the same fall unit yet the abraded
sanidines at 362 m have been reworked and eroded from four different ash-flow tuffs or
fall units.

Horizons at 9.5 m, 122 m, and 362 m from the base of the Johnson Spring section
have 0.25-0.4 mm sanidines that range in age from 27.57 + .09 Ma to 34.74 £ .11 Ma.
Five plagioclases from site nm950 at 9.5 m from the base of the Thurman Formation have
an age of 27.76 + 2.6 Ma and another plagioclase is as old as 44.3 + 2.15 Ma. The only
sanidine date from this basal horizon is from a sanidine with a K/Ca of 53 + 6 and an age
of 33.45 + .11 Ma. The mean age of six sanidines from site nm954 is 27.57 £ .09 Ma and
the ages of the other sanidines are 28.06 + .14 Ma and 33.29 + .17 Ma. The grain dated at
28.06 + .14 Ma showed a relatively low radiogenic yield of 72.2%. The mean age of five
sanidines from site nm965 is 33.45 + .08 Ma. The ages of two other sanidines from this

horizon at the top of the Thurman are 3472+ .11 Maand 34.75 + .11 Ma.

Demagnetization Behavior

AF demagnetization successfully isolated the characteristic remanent magnetism
(ChRM) in the Kneeling Nun Tuff and Vicks Peak Tuff at the Apache Canyon locality
and the site mean directions are in agreement with previously established magnetic
directions for these tuffs (Mclntosh, 1991; Figures 12, 13). The similarity in directions
indicates that the ChRM in these ignimbrites is thermal remanent magnetism (TRM) in
origin and that the fault block that comprises the Thurman Formation in the Caballo
Mountains has not been rotated about non-horizontal axes. The site-mean directions for
the Thurman Formation at the Apache Canyon section should reflect directions of the
paleomagnetic field soon after deposition of the Thurman Formation if the isolated

ChRM is detrital remanent magnetism (DRM) in origin.
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The Thurman Formation was sampled at two sites near the contact with the
overlying Haynor Ranch Formation from an outcrop near the Apache Canyon section,
however, the paleomagnetic data from the two ash units were spurious and were rejected
from further analyses. [Previous 40Ar3%Ar geochronologic work on one of these ash
units showed multiple age populations of sanidines (W. Mclntosh, unpublished data,
1989).] Site nm1015 at the Apache Canyon section displayed a strong IRM component
that could not be removed by AF or thermal demagnetization and also was rejected from
further paleomagnetic study (Figure 12).

For the other 31 sites drilled, thermal demagnetization was more efficient than
alternating field (AF) demagnetization in removing secondary magnetization components
and in isolating ChRM directions (Figure 12). Many specimens showed spurious
behaviour at peak alternating fields above 30 mT, and sufficient isolation of ChRM was
in most cases not achieved by peak inductions <30 mT. ChRM directions were isolated

| by AF demagnetization in only one of the 16 sites from Johnson Spring and five of the 16
sites from Apache Canyon (nm956, nm1004, nm1005, nm1006, nm1008, nm1019).
These sites displayed a low-coercivity viscous remanent magnetism (VRM) component
and a medium-coercivity ChRM component. Directions were widely scattered for many
sites yet a consistency in polarity was displayed from 15 to 35 mT for 2 or more
specimens from 11 of the 16 sites from Apache Canyon.

Thermal demagnetization behavior for most specimens at Johnson Spring and
Apache Canyon displayed remanences that unblocked by 590 °C with less than 20%
NRM remaining (Figure 14). Four types of behavior during thermal demagnetization
were observed (Table 2). Type A specimens (11%) showed a stable normal polarity
magnetization that unblocked by 450 °C, above which no useful paleomagnelic data
could be discerned. Type B specimens (30%) displayed a normal polarity component
unblocked by 300 °C and a component of intermediate direction unblocked at higher

temperatures. These anamolous specimens with remanences of overlapping coercivities
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Table 2--Types of thermal demagnetization behavior displayed by specimens. * = sites with specimens with

NRM stable to 610-660 C
Specimens Unblocking Polarity Component{Unblocking Polarity Component Sites
temperature temperature
low temperature high temperature
Type A 11% 450C N nm9351,952,934,955,959,
‘ 960,965
Type B 30% 200-300C N C1 500-5%0C  Int nm1006,1007,1009,1012
1014,1017,1018, 950,
952,953,955,957,958,
959,962,964
Type C 47% 200C N c1 500-590C R cz nm1006,1008% 1011,1012%,
(610-660)* 1013,1014,1016%*,1017,
1018*,1019%,952,953%,
955,956* 958,961,962,
964,965%
Type D 12% 200300C N C 500-610C N C3 nm1004*,1005*,1010% 950
(610-660)* 951,957,963
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that were not isolated by thermal demagnetization may contain a secondary NRM
component with medium to high unblocking temperatures and opposite polarity.

Type C specimens (47%) displayed a normal polarity magnetization component removed
below 300 °C and ene or more components with a southerly direction and negative
inclination unblocked at higher temperatures. Type D specimens displayed normal
polarity components that remained stable at high temperatures.

Types A and B specimens are strongly overprinted by secondary components of
magnetization. In type A specimens, the directions stable up to 450 °C were nearly
parallel to the direction of the Earth’s present field before tilt correction, although three
specimens displayed intermediate directions that indicate overlapping low-temperature
components of opposite polarity.

In type B specimens, the directions of the normal polarity low-temperature
component uncorrected for tilt were parallel to the direction of the Earth’s present field-
and to the low-temperature component of types C and D. This low-temperature normal
polarity component (C1) was removed below 200 °C from specimens from Apache
Canyon but the overprint persisted at higher demagnetization levels in specimens from
Johnson Spring, where it was not removed until 300 °C (Table 2). Type C specimens
displayed the low-temperature normal polarity component (C1) and a high-temperature
reverse polarity component (C2). Type D specimens displayed insitu and tilt-corrected
normal polarity components removed from 0 to 300 °C (C1) and from 300 to 500/525 °C,
500 to 560 °C, or 540 to 610 °C (C3), which were found in sites nm963, nm957, nm1010,
and in the basal sandstones at both localities (sites nm950, nm951, nm 1003, and

nm1004).

Magnetic Mineralogy
The variations in paleomagnetic behavior are due to components that acquired

variations in magnetic field directions at different times and to variations in magnetic



mineralogy or domain state. Altogether 13 type C and D specimens from Apache
Canyon did not lose their natural remanent magnetism during thermal demagnetization
until 610 to 660 °C (Table 2). One of these directions was intermediate (nm1004), one
represented an insitu direction (nm1010), and nine of the 11 specimens displayed ChRM
directions isolated by thermal demagnetization from 560 to 660 °C (nm1004, nm 1005,
nm1008, nm1012, nm1016, nm1018, nm1019).

Five specimens from sites nm 1005 and nm1010 displayed stable insitu normal
polarity magnetization up to 60 mT, one specimen from site nm1004 displayed tilt-
corrected normal polarity up to 60 mT, and 3 specimens from sites nm1018 and nm1019
displayed tilt-corrected reverse polarity up to 60 mT. These rare high coercivity
specimens from sites with specimens that also unblocked between 610 and 660 °C may
carry hematite as a dominant magnetic mineral, however, only the AF demagnetization
behavior of site nm1010 displayed sufficient isolation of a hematite component.

Mbst sites with type C specimens displayed medium-coercivity stable
magnetizations and medium- to high-temperature stable magnetizations that unblocked
between 525 and 590 °C (Figures 14, 15; Table 2). Sites from Johnson Spring with type
C specimens displayed spurious low-coercivity magnetizations and medium- to high-
temperature stable magnetizations that unblocked between 450 and 590 °C. Sites with
medium-coercivity specimens and specimens that unblocked between 525 and 590 °C
may carry impure magnetite as a dominant magnetic mineral. The range in unblocking
temperatures may reflect the percentage of titanium in magnetite or the variation in
domain state of the magnetite. Both localities showed only a slight variation in magnetic
intensity and magnetic susceptibility with stratigraphic height (Figure 16). IRM
acquisition and stepwise thermal demagnetization of IRM and SEM and electron
microprobe work may more conclusively identify the domain state and magnetic

mineralogy.
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Discussion

The resolutions of single-crystal provenance ages and magnetic polarity
stratigraphy are limited by the inherent weaknesses of 4Ar/39Ar geochronelogy and
paleomagnetism. Correlation of provenance ages of individual sanidines reported here
with established ignimbrite ages of the Mogollon-Datil volcanic field is limited by the
accuracy of the ages. Errors in ages are induced from variations in the neutron flux (J
factor) and from the nature of the two 40Ar3%Ar methods used by the two different
laboratories. The provenance ages of individual sanidines reported here have an error.
that is largely based on the J factor, calculated from laser fusion of single grains of Fish
Canyon Tuff (27.84 Ma). Total laser fusion produces an age from one gas fraction for a
sanidine that caﬁnot be analyzed for possible contamination by inclusions or alteration as
can plateau ages from multiple gas fractions of sanidines that are incrementally heated
and analyzed using age spectra diagrams. The sanidines from Fish Canyon Tuff and the
Thurman Formation are generally unaltered and inclusion free. This assumption is based
not only on the appearance of sanidines under a binocular microscope, but also on the
agreement of total gas ages with plateau ages reported for the Fish Canyon Tuff of the
San Juan volcanic field and for most ignimbrites from the Mogollon-Datil volcanic field
(Mclntosh and others, 1990). Therefore, the total fusion ages and K/Ca of individual
sanidines in the Thurman Formation can be correlated with confidence with the plateau
ages and mean K/Ca of ignimbrites determined from incremental heating of bulk sanidine
separates (Mclntosh and others, 1991).

Disparity between ignimbrites erupted at intervals of 0.2 Ma or less (27.4 Ma vs.
27.6 Ma ages) and between K/Ca of 30-50 and 100-250 that are observed for ages of
individual sanidine grains reported here, however, are not resolved by correlation with the

established 40A5/39Ar sanidine geochronology of Melntosh and others (1992), which is
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based on dating bulk sanidine separates. Itis difficult to estimate the effect of differences
in ages and K/Ca of sanidines that may be represented by these established ages and the
within-unit standard deviation of three to four bulk age determinations. In this study,
Fish Canyon Tuff with an established age of 27.84 Ma (MclIntosh, W., pers. comm. 1993)
showed K/Ca values in individual sanidine grains that varied from 36 to 100.
Paleomagnetic methods are potentially sensitive as a geochronologic tool
depending on the extent to which the detrital remanent magnetism of sedimentary units,
which is 1000 times weaker than the thermal remanent magnetism of volcanic rocks
(Stacey, 1958, 1962), has been disturbed by chemical and diagenetic processes
(Khramov, 1958; Opdyke, 1972; Verosub, 1977; Johnson and othefs, 1975; Reynolds,
1979; Karlin, 1990). Sandstones and debris flows record directions of the geomagnetic
field at a lower resolution than mudstones and siltstones due to postdepositional
alignment errors at the time magnetic grains rotate and line up with the paleomagnetic -
field (Irving, 1957, Irving and Major, 1957; Collinson, 1965; Verosub, 1977). Magnetic
grains in water-saturated ash often lie within larger glass shards and volcanic rock
fragments and the attachment to these angular fragments restrict adjustment to the
ambient field (Reynolds, 1979). The Thurman Formation represents a medial to distal
alluvial fan sequence so bedding errors from deposition on a sloping surface are
negligible.

The presence of authigenic minerals of clay, zeolites, calcite, and hydroxides
indicate that chemical changes have affected the detrital grains and minerals of the
Thurman Formation. Intrastratal alteration of unstable silicic glass produced one or two
stages of clay and zeolite formation. Some grains and volcanic rock fragments were even

partially to completely dissolved with only the relict morphology preserved by clay- and

zeolite-coated rims. Plagioclases, which are sensitive to changes in pore-water chemistry,

appear to have remained somewhat stable; some plagioclase show dissolution or

replacement by calcite at certain horizons. Sanidines, however, appear to have remained
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chemically and physically intact. Magnetic grains are especially sensitive to chemical
changes and the late-stage formation of hydroxides evident in petrographic thin sections
may have formed at the cost of preservation of primary remanent magnetism carried by
magnetite and titanomagnetite. Late-stage genesis of hydroxides may be related to uplift
and tilting of the Thurman Formation prior to deposition of the Camp Rice Formation.

Postdepositional DRM (detrital remanent magnetism) is the dominant process
involved in the magnetizaticn of sediments prior to diagenesis (Verosub, 1977).
Successful paleomagnetic recovery of the DRM and its site-mean directions and polarity
stratigraphy in the Thurman Formation at two localities in New Mexico requires the
adequate isolation of the carriers of the NRM. Hillhouse and others (1977) reported their
cautious approach to interpreting paleomagnetic polarity data from siltstones and
sandstones in the Koobi Fora Formation in the East African rift. They concluded that
some specimens acquire chemical remanence during periods of reversed polarity, but that
most secéndary components carry normal polarity. They developed a scheme on how to
interpret scattered and intermediate directions of specimens taken from sandstones at a
site along one stratigraphic horizon. The intermediate directions represent the
superposition of primary and secondary magnetic components with opposite polarity.
They rejected results from horizons where specimens yielded one or more intermediate
and no reversed polarity and where only one short isolated normal zone occurred in a
large reversed zone. This method was applied in determining the polarity profile for the
Thurman Formation after isolation of the characteristic remanent magnetism (ChRM).

The ChRM in the Thurman Formation appears to be DRM in origion. The
Thurman Formation is tuffaceous and white and does not appear to contain hematite
which is often a red-staining diagenetic mineral in sandstones; the Thurman Formation
appears to contain detrital magnetite that has escaped martitization or alteration to
hematite. Detrital magnetite and titanomagnetite can survive diagenesis and dissolution

in terrigenous red beds and pelagic marine sandstones but their abundance is minor and



43

often contributes little to the overall remanence of a sediment (Walker and others, 1982,
Karlin, 1990; Roberts and Pillans, 1993; Roberts and Tumer, 1993). The record of the
paleomagnetic field is disrupted by nonfield effects on the DRM, such as variation in
' mineralogy, grain size, and concentration, and by chemical changes during diagenesis.
The presence of detrital magnetite as a stable remanence carrier in the Apache Canyon
section of the Thurman Formation suggests that the isolated ChRM is detrital in origin
and that the site-mean directions and magnetic polarity stratigraphy represent the
paleomagnetic field soon after deposition. The wide dispersions of site-mean directions
reported here reflect the effect of the size of magnetic minerals in angular volcanic
fragments (Irving and Major, 1957; Reynolds, 1979).

The difficulty in matching the magnetic polarity stratigraphy of the Thurman
Formation with the Geomagnetic Polarity Time Scale is twofold: 1) the pattern must be
ambiguous and the more the reversed and normal polarity zones the easier the fit and 2)

late Oligocene-early Miocene ages are being calibrated.

Sanidine Provenance Ages and Correlation with Oligocene Ignimbrites

The Thurman Formation is filled with silicic and andesitic detritus shed from the
Mogollon-Datil volcanic field. The sandstones are largely derived from cinder and the
eroded rubbly tops of local andesite to basaltic andesite flows and from pumice and ash
falls and nonwelded pumiceous rhyolitic and welded rhyodacitic ignimbrites shed from
the Mogollon-Datil volcanic field. Provenance ages of individual sanidine grains help to
determine which ignimbrites have been eroded and incorporated as detritus into the
Thurman Formation. The sanidine age populations at different horizons of the Thurman
Formation reflect the denudation and drainage of the eastern edge of the Mogollon-Datil
volcanic field during the time of Thurman deposition.

The sanidine provenance ages are shown in Figure 17 along with established ages

of correlative ignimbrites of the Mogollon-Datil volcanic field and Boot Heel volcanic
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field that are similar in age and K/Ca (Mclntosh and others, 1990, 1992b). The plateau
ages of the ignimbrites are shown with their within-unit standard deviation of the mean
from 3 to 7 bulk age determinations (Mclntosh and others, 1990; 1992b). These standard
deviations are identical with those from total gas ages for the Kneeling Nun Tuff and
Lemitar Tuff. The total gas ages of the other ignimbrites vary, however; Box Canyon
Tuff ranges from 33.4 to 33.7 Ma, South Canyon Tuff from 27.4 to 27.6 Ma, Weatherby
Tuff from 27.4 to 27.8 Ma, and tuff of Skeleton Canyon from 26.3 to 27.7 Ma.

The oldest sanidines are 34.7 to 34.9 Ma and may correlate with Kneeling Nun
Tuff (34.9 + .03 Ma). An abraded detrital grain of 34.7 Ma was dated at the top of the
Apache Canyon section, whereas two abraded grains of 34.7 Ma were dated at the top of
the Johnson Spring section. The 34.7 Ma ages may reflect tff of Lebya Well or Rock
House Canyon Tuff, however, anomalous data for Rock House Canyon Tuff and
uncertainty in tﬁe extent of the wff of Lebya Well have been reported (Mclntosh and
others, 1992). Although the source calderas for both tuffs remain unknown, Mclntosh
and others (1992) suggested vent locations in the northern part of the Mogollon-Datil
volcanic field, far from the site of deposition of the Thurman Formation. Midway
through the Apache Canyon section a lone blocky euhedral sanidine dated at 34.9 Ma
may be Kneeling Nun Tuff or Bell Top tuff 4, which were distributed to the north and
west and within the study area. The Bell Top tuff 4 is slightly older than Kneeling Nun
Tuff at 35.0 + .04 Ma. The analytical error of 0.07-0.19 Ma for these four sanidines
found in sandstones and debris flows at the top and middle of the Thurman Formation
cannot exclude the strong possibility that all four sanidines were derived from Kneeling
Nun Tuff.

Besides the oldest grains at the top of the Thurman, four prominent age groups are
apparent and may reflect sanidines from Box Canyon Tuff (33.5 £ .13 Ma), the Lemitar
Tuff (28.0 + .08 Ma), the Weatherby Tuff (27.6 + .04 Ma) of the Boot Heel volcanic field
(now correlated with the tuff of Walking X Canyon, 27.6 % .10 Ma; Mclntosh, W, pers.



comm. 1994), and South Canyon Tuff (27.4 + .07 Ma). The two ignimbrites of the
Weatherby Tuff and the tuff of Skeleton Canyon from the Boot Heel volcanic field are
included as possible ignimbrite sources for the detrital sanidines. Although their source
calderas and extent of outflow lie far to the southwest, ash fall distributed from their
eruptions could have been blown as far north as the edge of the Mogollon-Datil volcanic
field; the wind direction for the late Oligocene was from the southwest (Lambert, 1968;
Ferguson, 1985).

The youngest sanidines of 27.4 Ma are found in fragile 1.5-2-cm-wide pumice 98
m from the base of the Apache Canyon section (nm1008; Figure 9) and as detrital grains
in a sandstone at the 205 m horizon (nm1011). The 27.9 to 28.1 Ma sanidines found in
debris flows at the 122 m horizon of the Johnson Spring section and at the top of the
Apache Canyon section were probably derived from the Lemitar Tuff. The K/Ca for
these two sanidines is 16-22, which matches well with the K/Ca measured {from Lemitar
Tuff sanidines (McIntosh and others, 1990). Although Bloodgood Canyon Tuff (28.1 +
.04 Ma) is similar in age to these sanidines, it has higher K/Ca of 40-50.

The 33.3-33.5 Ma and 27.6-27.8 Ma sanidines in sandstones and debns flows in
the middle of both sections and the dominantly 33.3-33.5 Ma detritus found at the base
and top of the Johnson Spring section may represent erosion of Box Canyon Tuff (33.5 +
.13 Ma) and the Weatherby Tuff (27.6 + .04 Ma). The extent of preserved outflow sheets
of Box Canyon Tuff, which erupted from the Schoolhouse Mountain caldera, lie as far
east as the study area (Figure 18). No known outcrops of ash fall units from the
Weatherby Tuff are preserved in the Mogollon-Datil volcanic field. However, the
presence of these 27.6 Ma sanidines suggests a distal unconsolidated fall of Weatherby
Tuff tephra may have been deposited locally north of the site of deposition of the
Thurman Formation and then reworked and redeposited as fluvial detritus into the
Thurman. The 27.6 Ma sanidines are found in sandstones that are crossbedded. The

sanidines have been abraded and the abrasion probably occurred during wind transport
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prior to fluvial deposition. The high K/Ca of the 27.6 Ma sanidines, however, does not
match the K/Ca of the sanidines measured from Weatherby Tuff sanidines (Mclntosh,

W., pers. comm. 1994). The K/Ca values are 100-300 compared to 17-33 measured from
the Weatherby Tuff sanidines (Table 1). The range in total gas ages reported for the
South Canyon Tuff (27.4-27.6 Ma; Mclntosh and others, 1990) cannot exclude the strong
possibility that these sanidines are from reworked fall material from the South Canyon
Tuff. The K/Ca of South Canyon Tuff, however, is low at 19-39 (Mclntosh and others,
1990).

The South Canyon Tuff has been described as a multiple flow, simple cooling unit
(LaRoche, 1980). The poorly welded upper unit preserved as a distal fringe in the
Gallinas Peak area is relatively pumiceous (2-5%) and crystal rich with 6-9% 0.5-2.5-
mm-long sanidines, quartz, a trace of plagioclase and biotite, and sparse andesitic lithic
fragments (LaRoche, 1980). The South Canyon Tuff erupted from Mount Withington
\cauldron, north of the localities of Thurman Formation outcrops (Figure 18), which may
have also been the caldera site for the source of the Lemitar Tuff. Lithic fragments of
Lemitar Tuff are found in outflow sheets of South Canyon Tuff close to the cauldron
(Ferguson, 1985). Itis possible that the detrital sanidines of 28.0 Ma from Lemitar Tuff
and sanidines from 27.4 Ma pumice that are found in debris flows in the middle and top
of the Thurman Formation are derived from reworked nonwelded tuff of South Canyon
Tuff and pumice fall from its early plinian phase (Ferguson, 1985).

The ignimbrite sources for the sanidine provenance ages in the Thurman
Formation are summarized in Figure 19. The detrital sanidines of 33.3-33.5 Ma and
34.7-34.9 Ma from sandstones and debris flows are from reworked tuff of Box Canyon
Tuff and Kneeling Nun Tuff. The detrital sanidines of 27.6 Ma with anomalously high
K/Ca from sandstones in the middle of the Thurman Formation and abraded sanidines of
27.6 Ma with high K/Ca in a debris flow at the top of the Thurman Formation are from an

unknown reworked ash fall (possibly from South Canyon Tuff or the Weatherby Tuff).
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Because sanidines from an ash fall are often abraded during wind transport, the relatively
high proportion of blocky euhedral sanidines of relatively large size from the 205 m and
310 m horizons (sites nm1011, nm1016) suggests sanidines from this ash fall may have
not traveled very far before they were reworked and deposited in a debris flow. Sanidines
collected from the Johnson Spring section, the southern locality of the Thurman
Formation, were also slightly smaller than those from the Apache Canyon section. The
questionable ignimbrite source for 27.6 Ma sanidines with high K/Ca may be South
Canyon Tuff, which has total fusion ages of 27.6 Ma for multiple bulk sanidines
(McIntosh and others, 1990). South Canyon Tuff is the source of delicate pumice ina
pumiceous debris flow at the 98 m horizon in the Apache Canyon section and is the
source of detrital grains in a pumiceous debris flow at the 122 m horizon in the Johnson
Spring section. Petrographic thin sections of debris flows from these horizons and other
units near these middle horizons show that the middle part of Thurman Formation is
comprised mostly of South Canyon Tuff pumice fragments (Figure 9). Pumice and ash
fall from South Canyon Tuff appear to be a dominant source for the volcaniclastic

detritus shed into much of the Thurman Formation.

Detrital Remanent Magnetization and Dissolution

Petrographic examinations show that the lithology (mineral and volcanic rock
fragment concentrations and sizes) in the Thurman Formation is similar at both localities.
The samples contain a relatively large percentage of pyrite, clay, and hydroxides.
Titanomagnetite, magnetite, hematite, and ilmenite as small as .06 ym were identified in
volcanic rock fragments in thin section. AF and thermal demagnetization results indicate
a mineral or minerals with a relatively soft component and an unblocking temperature of
300 °C is a dominant NRM carrier (component C1) at Johnson Spring, and is also present
at a lower blocking temperature of 200 °C in most sites at Apache Canyon (Table 1).

Sites with low- and high-temperature components (types C and D specimens) also
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contain specimens with medium-coercivity components that were isolated from 15 to 35
mT. Sites with type C specimens contain a reversed-polarity medium-coercivity high-
temperature C2 component with unblocking temperatures of 500-590 °C. Sites with type
D specimens contain a normal-polarity medium-coercivity high-temperature C3
component with unblocking temperatures of 500-610 °C. The presence of a small
percentage of high-coercivity minerals in some sites with types C and D specimens with
maximum unblocking temperatures between 610 and 660 °C suggests a slight mixture of
minerals with different coercivities. This variation in mineralogy and demagnetization
behavior is expected for debris flows and fine to medium sandstones with angular
volcanic fragments of variable size and composition.

Unblocking temperatures and peak induction fields together can indicate the
dominant magnetic mineralogy that records the polarity and magnetic direcuon ina
specimen. Ferrimagnetic iron sulphides (greigite and pyrrhotite) and iron oxides
(titanomagnetite and titanomaghemite) display soft coercivities and thermal stability to
200-350 °C and 350-400 °C (Dekkers, 1989; Snowball, 1991). Goethite displays soft
coercivities and thermal stability to 150 °C and then converts to hematite during
laboratory heating to 300 °C (Butler, 1992). These minerals may comprise part of the C1
component of NRM in types B, C, and D specimens. The higher range of unblocking
temperature of 500-610 °C observed in type C and D specimens (from sites with medium-
coercivity ChRM components) indicates that the dominant ChRM carrier of the C2 and
C3 components is impure magnetite. Hematite may be a significant remanence carrier in
only about 5% of types C and D specimens (Table 1), however, its presence as a
dominant remanence carrier is highly suspect. The hematite behavior displayed during
thermal demagnetization in a few specimens may reflect hematite formed from oxidation
of magnetite or dehydration of a minor component of a hydroxide (goethite?) during

heating .
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The dominant remanence of the high-temperature component in type B specimens
may also be carried by impure magnetite. Intermediate directions recorded (northerly
declinations and low positive or negative inclinations or southerly declinations and
positive inclinations) in many specimens may reflect chemico-viscous remanence
(CVRM; Dunlop and Ozdemir, 1990). Gapeev and others (1991) suggested that
intermediate directions may reflect chemical remanent magnetism (CRM) forming
parallel to direction of the initial remanence and viscous remanent magnetism (VRM)
forming in the direction of the field applied during near-surface oxidation in the presence
of groundwater. Thermal, not AF, demagnetization removes CVRM. Thermal
demagnetization removes secondary NRM carried by grains of low relaxation time and
low thermal blocking temperature. Intermediate directions that remain after thermal
demagnetization in type B specimens may reflect composites of remanences with normal
and reversed polarities with similar coercivity spectra or complications induced during
laboratory heating.

ChRM could not be adequately isolated in many specimens from Johnson Spring.
The low-coercivity low-temperature CVRM C1 component and medium-coercivity high-
temperature ChRM C2 and C3 components were isolated by AF and thermal
demagnetization in most sites at Apache Canyon with types C and D specimens, but were
only isolated by thermal demagnetization from sites with types A and B specimens that
comprise most of the Johnson Spring section. The C2 and C3 components could not be
adequately isolated by thermal demagnetization for many sites from Johnson Spring. The
sands at certain horizons at this section may contain a strong CVRM or CRM component
that was inherited during diagenesis. The relative paleomagnetic instability and weak
remanence intensities in the Johnson Spring section may be caused by lower
concentrations of impure magnetite that resulted from its preferred dissolution during

diagenesis and during precipitation of the hydroxides.
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The differences in demagnetization behavior of specimens from Johnson Spring
can be explained by the mineralogy. Detrital magnetite can survive diagenetic
dissolution and retain early magnetizations in marine sediments that have experienced
reduction-oxidation reactions (Karlin, 1990; Roberts and Pillars, 1993). The more stable
magnetization found at Apache Canyon reflects the diagenetic history and fluid
composition of the Thurman Formation at this locality. Submicron to 1 Hm-size
titanomagnetites have been observed as inclusions in volcanic glass and pumice and as
phenocrysts in lithic clasts of ash and ash-flow tuffs (Heider and others, 1993; Schlinger
and others, 1986; Geissman and others, 1983). Petrographic examination reveals that
magnetite as small or smaller than 0.06 ym is present in the Thurman Formation.
Preferential dissolution of these fine grains is expected during diagenesis (Roberts and
Pillans, 1993) and pumice dissolution is well documented by petrographic examinations
in many of the sites in the Thurman. The Johnson Spring section may contain slighily
‘smaller pumice fragments (with grains of titanomagnetite) that were more susceptible to
dissolution than those at the Apache Canyon section. (Smaller sanidines were recovered
from the Johnson Spring section.) The Johnson Spring section also contains two different
zeolites, whereas the Apache Canyon section has only one zeolite. Petrographic
observations indicate that the sediment and porewater geochemical conditions played a
part in the variations seen at the Johnson Spring section. The lithology of the sands at
both localities are largely similar so magnetic remanent variations may reflect this
difference in postdepositional diagenesis.

Walker and others (1978) reported dissolution of homblende in the Haynor Ranch
Formation. Mack and Grigsby (1985) reported that hematite rims formed earliest in the
diagenetic history of the Haynor Ranch Formation at San Diego Mountain. Zielinski and
others (1983) reported that heavy metals (Co, Cr, Cu, Fe, Mn, Ni, Pb, U, V, Zn) are often

redistributed on an intergranular scale from detrital host to secondary iron oxides.



Magnetite is commonly altered during burial and diagenesis (Walker and others, 1978;
Welty, 1988), which may explain why the primary remanence of detrital impure
magnetite at Johnson Spring could not be successfully isolated in many specimens.
Titanomagnetite and magnetite dissolution and precipitation of hydroxides compromise
the fidelity of the DRM record.

At least three components comprise the NRM in the Thurman Formation. The C1
component has a consistent direction common throughout both sections of the Thurman
Formation. It is nearly parallel to the Earth’s present day magnetic field direction and
formed since the time the beds were tilted. This component was effectively removed by
AF demagnetization to 10 or 15 mT and by thermal demagnetization to 200 °C. The C2
and C3 components were isolated by AF and thermal demagnetization at higher
thresholds. The normal-polarity C3 component is found near the base of the Apache
Canyon and Johnson Spring sections. The reverse-polarity C2 component is prevalent
throughout most of the Apache Canyon (Table 3). One site in the Apache Canyon
section shows anamolous normal-polarity directions (nm1010) but the demagnetization
behavior displayed may indicate a late-stage CRM carried by hematite or CRM formed
during laboratory heating.

Carriers of NRM vary through each section. Carrier of the C1 component may be
a late-stage hydroxide (goethite), a sulfide mineral (greigite or pyrrhotite) or impure
magnetite (titanomagnetite). Carriers of the C2 and C3 components is dominantly impure
magnetite in ash and detrital andesitic and pumice fragments.

In summary both sections contain hydroxides that carry VRM and impure
magnetite that carries ChRM. Most of the ChRM in magnetic minerals in smaller
volcanic rock fragments may have been removed by dissolution or obliterated by CRM-
CVRM at the Johnson Spring section. The dissolution and chemical overprints may have
been induced by the changing pore water chemistry represented by two different zeolites

in the Johnson Spring section. Slight differences in the ChRM in sandstones and debris
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Table 3--Polarity of ChRM isolated by AF and thermal demagnetization.
AF=coercivity range; Temp=temperature range.

o
——"

Strat
Height {Polarity  No. AF |Polarity No. Temp
(m) (mT) (©)
nmi1019 362 R 79 1530 R 3/4 450-610
int 2/9 15-30 int 1/4 450-590
nm1018 350 R 4/5 1535 R 2/4 500-610
int 2/4 300-580
AmMm1017 324 R 5 1030 R 3/4 300-590
int 14 500-580
nm1016 310 R 2/5 1530 R 3/5 500-560
int 2/5 450-590
nmi1014 260 int 3/5 3560 R 2/5 200-560
int 2/5 500-580
nm1013 225 R 214 1540 R 4/4 200-660
int 2/4 15440
nm1011 205 | R 1/4  20-40 R 4/4 300-540
int 3/4 2540 |
nm1012 198 R /4 1525 R 2/4 375-660
int 214 1525
Am1010 183 N 6/6 2560 N 5/6 450-630
int 16 450-590
nm1009 125 R 3/6 1535 | int 3/4 525-590
int 3/6 1535
nmi008 98 R 9/9 1535 R 4/4 450-660
nm1007 70 R 4/8 2535 | int 2/4 525-560
nm1006 55 R 6/7 1535 R 2/4 300-560
int 2/4 350-540
nmi005 25 N 3/4 8-40 N 4/4 540-610
int /4 2535
nm1004 17 N 4/4  10-60 N 3/4 500-610
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flows were documented during demagnetization. These differences survived diagenesis
and allowed statistical derivation of ChRM directions at both localities. Although there
are multiple carriers of NRM, a reliable polarity stratigraphy can be constructed for the

Apache Canyon section and part of the Johnson Spring section.

‘Magnetic Polarity Stratigraphy

The polarity profile for the Apache Canyon section is shown in Figure 20 and is
constructed from isolation of ChRM by AF and thermal demagnetization (Table 3).
Polarity results from AF and thermal demagnetization methods are in agreement (Table
3): AF and thermal demagnetization successfully removed secondary viscous and
chemical overprints and ChRM has been adequately isolated for all sites in the Apache
Canyon section. Site- mean directions of tilt-corrected C2 and C3 ChRM components are
shown in Table 4 and Figure 21. Six horizons from the Apache Canyon section displayed
field directions of ChRM isolated by thermal demagnetization near the ime-averaged
Oligocene field direction (Table 4). A complete polarity profile through the section at
Johnson Spring could not be produced, however two horizons give statistical directions
that are near the time-averaged Oligocene field direction (nm950, nm956; Table 4). The
mean directions are fair to poor. Inclination errors from a high sedimentation rate
coupled with slight compaction and dispersion from variable grain size, angular volcanic
rock fragments, and multiple carriers of ChRM explain the scatter. Itis difficult to
acquire a direction of high resolution (k>30; a95<15) from specimens drilled from
sandstones and debris flows, and from averaging only 3 out of 4 specimens, rather than 7
out of 8 specimens.

The determination that the polarity of ChRM in the Apache Canyon section is
DRM in origin is not unequivocal. The set of ChRM site-mean directions obtained from
400 to 590 °C in the Apache Canyon section could not be adequately tested by a tilt test

because all the beds have the same strike and dip, however the proximity of the tilt-
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Table 4--Site-mean directions of ChRM isclated by thermal and AF demagnetization.
* = sandstone

Site Strat Pol dm n/t inc dec a95
height
(m)

AF nm956 174 R 1540mT 6/8 -27.9 1798 147 18.07
aml004* 17 N 10-60mT 4/4 52.2 33 928 3.5
nml005* 25 N 10-40mT 3/4 50.4 5.5 278.3 7.4
nm1006 55 R 1535mT &5/8 -25 155 8.1 28.6
nm1008 98 R 1535mT 9/9 -445 1416 616  6.61
nml009 125 R 1035mT 3/7  -31.9 128 49 627
nml018 350 R 1535mT 2/3 -66.8 136.2  21.1 57.4
nml019 362 R 1035mT 5/9 -546 171.5 253 155

Thermal |nm950* 95 N  200560C 2/3 181 158 26.9 50.17
nm956 174 R 300-610C 3/4 -49.9 1886 303 228
nm961* 294 R 450610C 3/4 -33.9 2119 103 4053
nm962 318 R 300-560C 2/4 -51.2 1445 5.4 17.72
nm965 362 R 500-590C 3/4 -43.7 2106 6.9 51.14
nml00d* 17 N 500-610C 3/4 55 43 353 21.07
nml005* 25 N = 540-610C 4r4 47.7 35%3.2 32.6 16.33
nm1008 98 R 400-580C 414 -47.1 152.4 105  9.01
pml011* 205 R 200-560C 3/4  -57.5 156  10.3 30
nml013 225 R  200-580C 4/4 -54.4 167.5 353 1586
nmi0lé* 310 R 450-590C 4/5 -33 1952 146 248
nml017* 324 R 300-590C 374 -39.7 139 5.9 56
nml019 362 R  450-610C 3/4 -57.7 166.9  16.7

31.2
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corrected site-mean directions to the time-averaged Oligocene field direction suggests
that the remanence isolated by thermal demagnetization formed prior to tilting. ChRM
directions have been adequately isolated in the Apache Canyon section, but
postdepositional DRM cannot be confirmed. Comparison with the calculated time-
averaged field direction (dec=350.5, inc=50; Diehl and others, 1988) for the Oligocene
shows that the site-mean directions of ChRM isolated by thermal demagnetization and
corrected for tilt lie within a 12° arc of the time-averaged Oligocene field direction
(Figure 22). The site—me;m directions of ChRM isolated by AF demagnetization and their
proximity to the time-averaged Oligocene field direction after correction for tilt is shown
in Figure 23. Although the site-mean directions are closest to the time-averaged
Oligocene field direction, they are also close to the time-averaged Miocene field direction
(dec=355.4, inc=48; Hagstrum and others, 1987) calculated for this area (Figure 21). If
ChRM is carried by impure magnetite, which should be detrital in origin, the direction
and polarity should represent the magnetic field soon after deposition. Demagnetization
behavior indicates ChRM in the Thurman Formation is carried by detrital magnetite.
Therefore, the site-mean directions corrected for tilt and the polarity of ChRM in the
Apache Canyon section are detrital in origin and the site-mean directions are close to the
time-averaged field direction for the Oligocene.

In the Johnson Spring section the only site that responded adequately to AF |
demagnetization was the site drilled into a laminated sandstone interpreted as a sheetflood
deposit (Kieling, 1993). The site-mean direction of site nm956 is dec=179.8 inc=-27.9
k=14.7 a95=18.07, n=6/8 , which is similar both to the mean direction of site nm956
determined by thermal demagnetization from 400 to 580 °C, dec=188.6, inc=-49.9,
k=30.3, a95=22 8, n=3/4 and to the time-averaged field direction for the Oligocene,
dec=170.5, inc=-50 (Diehl and others, 1988; Table 4). Resulis from thermal
demagnetization of eleven of the 16 sites in the Johnson Spring section agree with the

Apache Canyon polarity profile and a set of magnetic directions obtained from isolation
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of component C2 at 400-590 C from 4 sites also clustered within a 127 arc of the time-
averaged Oligocene field direction.

The time-averaged Miocene field direction calculated for the area is dec = 175.5
and inc=-48 (Hagstrum and others, 1983) so the fair to poor mean directions do not
preclude the possibility that they represent the time-averaged field direction for the
Miocene, not the Oligocene. During the Miocene, however, reversals occurred more
often than in the Oligocene, and more than one reversal would be expected in a 400-m-
thick sandstone unit. The polarity recovered from isolated ChRM from the horizon at
183 m (nm1010) in the Apache Canyon section suggests normal polarity, yet this normal
polarity is carried by a high-temperature component with an unblocking temperature as
high as 630°C and units drilled above and below it have reversed polarity. The horizon at
174 m in the Johnson Spring section has reversed polarity so this lone thin normal
polarity zone recovered at 183 m may represent a very short polarity interval or may not
be detrital in origin.

In summary, the site-mean directions corrected for tilt show that the polarity
recovered and the isolated ChRM are detrital in origin and that the mean directions are
close to the time-averaged field directions for the Oligocene. The magnetic polarity
stratigraphy of the Thurman Formation and its correlation with the provenance ages of
sanidines is shown in Figure 24. The base of the Thurman Formation has normal
polarity and the middle and top have reversed polarity. The questionable normal-polarity
horizon at about 183 m may be DRM in origin. The independent age control of 27.4 Ma
sanidines of South Canyon Tuff pumice suggest that the reversal recorded in the Thurman
Formation occurred at 27.4 Ma. The Geomagnetic Polarity Time Scale (GPTS; Cande
and Kent, 1992) and the best match with the magnetic polarity stratigraphy in the
Thurman Formation is shown in Figure 25. Although not shown in the GPTS of Figure
25, a normal polarity horizon has been recorded in marine magnetic profiles during the

reversal that occurred at 27.4 Ma (91-1; Cande and Kent, 1992). This short normal-
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polarity interval is less than 30 ky and may match the anomalous normal-polarity horizon

at 183 m (site nm1010).

Fauiting, volcanism, and deposition of the Thurman Formation along the Rio
Grande rift

The Thurman Formation represents the distal facies of a volcaniclastic alluvial fan
sequence that extended from the eastern margin of the Mogollon-Datil volcanic field and
accumulated in an early rift basin of the Rio Grande rift. The sediments consist of
andesitic and silicic pyroclastic and epiclastic material that was redistributed through
gravity and stream-flow sedimentary processes. The sediments are largely pumiceous
sandstones deposited as debris flows and sheet-flood deposits (Kieling, 1993). The debns
flows and conglomeratic, crossbedded sandstones are comprised of pumice and tuff
clasts, andesitic rock fragments, grains of sanidine, quartz, plagioclase and a trace of
biotite in a matrix of finer ash that has been altered to clay, zeolites, and hydroxides. The
debris flows and conglomeratic, crossbedded sandstones are largely derived from the
eroded unwelded bottoms and tops of pumiceous rhyodacitic ignimbrites shed from the
Mogollon-Datil volcanic field. Provenance ages of sanidines show that the Thurman
Formation was also eroded in part from Box Canyon Tuff (33.5 Ma) and then Kneeling
Nun Tuff (34.9 Ma), which are regional ignimbrites that extended to the eastern margins
of the volcanic field. This epiclastic material shed from andesitic rocks, Box Canyon
Tuff, and Kneeling Nun Tuff was deposited into a northwest-trending basin, whefe the
Thurman Formation has been preserved. Independently established paleocurrent
directions are southwestward (Kieling, 1993).

The Thurman Formation was deposited on tongues of Uvas Basaltic Andesite at

the southern locality in the Rincon Hills and on the Vicks Peak Tuff (28.6 Ma) at the
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northern locality in the Caballo Mountains. The Uvas Basaltic Andesite and the Vicks
Peak Tuff extruded and erupted from their volcanic centers along a shallow-dipping
shield. The sparse volcaniclastic rocks which were intercalated with these volcanic rocks
and other 29.0-27.4 Ma SCORBA and rhyolitic ignimbrites indicate the Mogollon-Datil
volcanic field was topographically low and formed a shallow-dipping plateau
immediately prior to deposition of the Thurman Formation. The magnetic polarity
stratigraphy recorded at the base of the Thurman Formation indicates that deposition of

" the Thurman Formation began during a normal polarity zone. Sanidine provenance ages
show that Box Canyon Tuff was being eroded during this time.

The petrography and the sanidine provenance ages from the middle and top of the
Thurman Formation indicate that andesitic volcanic rocks and the Box Canyon Tuff
continued to be eroded and deposited as detritus throughout deposition of the Thurman
Formation. Sanidine provenance ages from pumice at a 98 m horizon indicate that
pumice fall from South Canyon Tuff was also incorporated into debris flows that fed into
the medial to distal edges of the alluvial fan. Sanidines of South Canyon Tuff and the
Lemitar Tuff were also dated at other middle to upper horizons of debris flows and
sandstones in the Thurman Formation. The magnetic polarity stratigraphy recorded at
these horizons indicate that a polarity reversal had occurred soon after the Thurman
Formation first began to accumulate. This volcanic debris, which had been removed
from rhyolitic volcanic centers to the north, were redeposited as volcaniclastic debris
flows and sheet-flood deposits along the alluvial fan during a reversal of the geomagnetic
field. Because the base of the Thurman Formation is relatively sparse in sanidines, lacks
sanidines of South Canyon Tuff, and has normal polarity and because the South Canyon
Tuff has reversed polarity and erupted soon after a polarity reversal (Mclntosh and others,

1992), the age of the reversal recorded in the Thurman Formation appears to be the one at
27.4 Ma. The duration of this reverse-polarity zone is 0.4 my and indicates that

volcaniclastic detritus was being deposited at an average rate greater than 1 mm/year.



The Thurman Formation records a change in the sedimentary system of the Mogollon-
Datil volcanic field that coincided with the eruption of South Canyon Tuff from Mount
Withington cauldron at 27.4 Ma.

Ferguson (1985) mapped the South Canyon Tuff (27.4 Ma) and located the
southern margin of its cauldron from the distribution of co-ignimbrite lag-fall deposits
along a structural depression. He also mapped at least 200 m of pumiceous and
tuffaceous sandstones and debris flows in a basin to the south of the Mount Withington
cauldron that formed after eruption of South Canyon Tuff and prior to the tuff of Turkey
Springs (24.3 Ma). He described this unit of East Red Canyon as having rhyolitic and
andesitic volanic rock fragments, burrows buried by ash, up to 15% pumice fragments 5
to 10 times larger than the median grain size, and clasts of rhyolite lava and tuff that
decreased in size from the southeast to the northwest. A highland lay to the southeast of
the Mount Withington cauldron during eruption of South Canyon Tuff and was blanketed
by 20 m of pumice fall from South Canyon Tuff (Ferguson, 1985). The South Canyon
Tuff is a multiple flow, simple cooling unit (Ferguson, 1985; LaRoche, 1981). A basal
plinian deposit, a welded lower member, and an unwelded upper member that contains 6-
9% pumice have been described near its source and the welded and unwelded members
have been preserved as outflow (Ferguson, 1985; LaRoche, 1981). The South Canyon
Tuff is a two-feldspar tuff that has a 3:2 proportion of sanidine to quartz and plagioclase
and biotite present in trace amounts (Ferguson, 1985). Pumice fall at the base of the
South Canyon Tuff is 20-70 m thick near the Mount Withington cauldron and its overall
extent indicates that the prevailing wind was from the southwest (Ferguson, 1985). The
late Oligocene prevailing wind direction recorded by these plinian deposits of South
Canyon Tuff also parallels the direction recorded by eolian sandstones of the basin fill
(Ferguson, 1985).

The prevailing wind during the late Oligocene was from the southwest (Ferguson,

1985). The pumice of South Canyon Tuff in the Thurman Formation could only have



6@?}1

been carried to its site of deposition by fluvial processes. Pumice fall of South Canyon
Tuff or its unwelded tuff was reworked and deposited in debris flows and fluvial
sandstones in an area along the eastern edge of the plateau of the Mogollon-Datil volcanic
field, where the drainage pattern was to the south. The source of most of the
volcaniclastic sandstone in the Thurman Formation was derived from a highland slightly
southeast of the Mount Withington cauldron.

Volcaniclastic sediments of epiclastic, pyroclastic and autoclastic origin
accumulate within 1 to 5 years after cataclysmic eruptions from stratovolcanoes, when
more than half of fall material is removed (Swanson and others, 1982). Pyroclastic
material usually ranges from sand to pebble size and when reworked can be deposited as
what appears to be poorly sorted sand with larger buoyant pumice clasts (Smith, G., wr.
comm. 1989). For shield-like volcanic centers, accumulation rates are far less for
rhyolitic ash and pumice and andesitic cinder, as is documented by the sparse sediments
accumulated from 34.9 and 32.1 to 27.4 Ma in the Mogollon-Datil volcanic field. The
dramatic increase in sediment supply that began with the Thurman Formation and
continued with the Haynor Ranch Formation of the Santa Fe Group was triggered by the
sudden change in stress of the tectonic regime for southern New Mexico that coincided
with the formation of the San Andreas transform fault 1000 miles to the west. The
sanidine provepance ages and the magnetic polarity stratigraphy in the Thurman
Formation show that this change in stress took place at about 27.4 Ma immediately prior
to the catastrophic eruption of South Canyon Tuff (700 km3) from Mount Withington
caldera. The increase in sediment supply in grabens of the southern Rio Grande rift
began with deposition of reworked pyroclastic fall of South Canyon Tuff and continued

with faulting and deposition of the lower Santa Fe Group through the late Oligocene.



Conclusions

1) Although there are multiple carriers of NRM, a reliable polarity stratigraphy
can be constructed for the Apache Canyon section and part of the Johnson Spring section
and can be matched with the Geomagnetic Polarity Time Scale.

2) The magnetic polarity stratigraphy recorded at the base of the Thurman
Formation indicates that deposition of the Thurman Formation began during a normal-
polarity zone. Sanidine provenance ages show that Box Canyon Tuff was being eroded
during this time.

3) A polarity reversal occurred soon after tuffaceous sandstones and pumiceous
debris flows in the Thurman Formation first began to accumulate. Except for one short
normal-polarity interval of <30 ky recorded at 183 m, the rest of the Thurman Formation
records a reverse polarity.

4) Provenance ages indicate that pumice and ash fall from South Canyon Tuff
appear to be a dominant source for the volcaniclastic detritus shed into much of the
Thurman Formation.

5) The polarity stratigraphy, provenance ages, and the pumiceous lithology of the
sandstones and debris flows indicate that the Thurman Formation was deposited near the
reversal at 27.4 Ma that lasted 0.4 my. Volcaniclastic detritus was being accumulated at
an average rate greater than 1 mm/year.

6) The Thurman Formation may correlate with the 200-m-thick pumiceous and
tuffaceous sandstones and debris flows of the unit of East Red Canyon in a basin to the
south of the Mount Withington cauldron that formed after eruption of South Canyon Tuff
and prior to the tuff of Turkey Springs (24.3 Ma).

7) Most of the detritus in volcaniclastic sandstones and debris flows in the
Thurman Formation was derived from a highland slightly southeast of the Mount

Withington cauldron.
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8) The Thurman Formation records a sudden change in the sedimentation pattern
along the eastern edge of the Mogollon-Datil volcanic field that coincided with the
eruption of South Canyon Tuff from Mount Withington cauldron at 27.4 Ma.

9) The depositional history of the Thurman Formation can be determined from the
petrography, polarity stratigraphy, and provenance ages. In summary, a source area
underwent rapid unroofing at a time that fresh pumice was incorporated as float into at
least one debris flow (nm1008; 98 m horizon). The independent age control of the 27.4
Ma sanidines of South Canyon Tuff pumice suggest that the Thurman Formation is as old
as 27.4 Ma. No sanidines this young were dated from the base of the Johnson Spring
section. Only Box Canyon Tuff appears to have been eroded during the normal polarity
zone recorded at the base of the Thurman Formation. A reversal that occurs at 27.4 Ma
(McIntosh et al., 1992) matches well with the magnetic polarity stratigraphy at the
Apache Canyon section.

Sanidine provenance ages indicate the sands of the Thurman were derived locally
and from the north and west, where the caldera explosions arfébglgs[:to;butions for the
Lemitar Tuff and South Canyon Tuff are located. The ignimbrite detritus in the Thurman
Formation is not derived solely from local outcrops because the extents of South Canyon
Tuff and Lemitar Tuff end 20 km to the north of the Caballo Mountains. Local faulting,
tectonic unroofing, and erosion of rhyolitic and andesitic volcanic rocks and mass
wasting soon after a caldera explosion produced the thick assemblage of volcaniclastic
rock fragments and minerals found in the Thurman Formation. Local faulting and a
caldera explosion remobilized thick poorly consolidated 27.6-27.4 Ma ash fall, pumice,
and tuff. At 27.4 Ma debris flows along a southward drainage pattern carried detritus of
Lemitar Tuff and freshly erupted pumice and ash fall of South Canyon Tuff into a newly

formed rift basin, where volcaniclastic detritus was deposited at an average rate of 1

mm/year.
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The provenance age distributions and magnetic polarity stratigraphy support
carlier conclusions that extensional faulting and basin subsidence associated with rifting
and volcanism began along the Mogollon-Datil volcanic field around 28 to 27 Ma. The
Thurman Formation represents the medial to distal edges of an alluvial fan in an area that
was undergoing faulting at the time that the Mount Withington caldera erupted the 27.4
Ma South Canyon Tuff. The Thurman Formation documents the change in sedimentation
along the edge of the Mogollon-Datil volcanic field that began at 27.4 Ma and continued

with sedimentation of the lower Santa Fe Group through the late Oligocene.
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